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PO1-57 Quantum simulation with cluster embedding strategy for surface chemistry 
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PO1-61 Development of quantum embedding computing for Quantum Chemistry 
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PO1-62 Chemoexcited Formation and Radiationless Decay Dynamics of Firefly Chromophore 
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Bing Yin / 314 
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Guoao Li / 315 
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PO1-66 Mapping Hydrogen Positions along Proton Transfer Pathway in Organic Crystals by 
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Ruihao Bi / 363 
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Ruiyi Zhou / 364 

PO2-30 A Grid-based Gauge-Invariant Non-Perturbative Solution of the Schrodinger Equation for 

Electrons and Nuclei in Strong Magnetic Fields 

Sangita Sen / 365 

PO2-31 Non-adiabatic molecular dynamics on ultrafast relaxation of ortho-nitrophenol upon 

photoexcitation 

Satoi Wada / 366 

PO2-32 Theoretical Study of the Spin Transition Processes of Molecular Systems 

Shuming Bai / 367 

PO2-33 Phonon-Mediated Ultrafast Energy- and Momentum-Resolved Hole Dynamics in 
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Siyuan Gao / 368 

PO2-34 Large-Scale Nonadiabatic Dynamics Study of Doping Process within PbSe Quantum Dots 

Tenghui Li / 369 

PO2-35 Multi-scale Modeling of Hydroxyl Radical Reactions with Isoprene in the Gas Phase and 

at the Air-Water Interface 

Tianren Zhu / 370 
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PO2-37 Study of the influence of the grain boundary structure on the properties of CsPbBr3 
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Mikhail Samatov / 372 

PO2-38 Time-domain ab initio analysis of facet-dependent carrier dynamics in Cuprous oxide 
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Shuang Chen / 377 

PO2-43 Theoretical Studies of 0D-Perovskite Based Luminescent Materials 

Songqi Cao / 378 
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PO2-47 Analysis of Organic Reactions by Combinatorial Optimization and Dimension Reduction 
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PO3-37 Hierarchical Approximation and Question-Driven Strategy for Efficient Computation of 

Charge Transport in Molecular Devices 

Xuan Ji / 460 

PO3-38 Activation volume in mechanochemistry: A theoretical formulation and its implication 

Yang Wang / 462 

PO3-39 Design of Bipolar Organic Matrices for Rechargeable Redox Reactions in Non-Aqueous 
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PO3-43 Simultaneous Intra- and Intermolecular Singlet Fission Through Macrocyclic Structures 

Zhangxia Wang / 467 

PO3-44 PM6/L8-BO Thin Films through Layer-by-Layer Engineering: Formation Mechanism, 
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PO3-49 Active Learning for Fast and Robust Dynamics Simulations 

Yifan Hou / 474 
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Schrödinger, Born and Kohn:  

Pioneers in Theoretical Chemical Physics 

David C. Clary 

Department of Chemistry 

University of Oxford 

david.clary@cham.ox.ac.uk 

This talk will describe the careers and contributions to theoretical chemical 

physics of Erwin Schrödinger, Max Born, Walter Kohn and their associates. 

The presentation will be based on original research carried out by the speaker 

for three recent books [1-3].   

[1] D. C. Clary,  Schrödinger in Oxford (World Scientific, March 2022).

[2] D. C. Clary, The Lost Scientists of World War II (World Scientific, March 2024)

[3] D. C. Clary, Walter Kohn: From Kindertransport and Internment to DFT and the Nobel

Prize (World Scientific, November 2024).
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Theoretical chemistry based on the exact solutions of 
the scaled Schrödinger equation 

Hiroshi Nakatsuji 

Quantum Chemistry Research Institute, Kyoto, Japan 

h.nakatsuji@qcri.or.jp 

 

In natural science, the so-called “God Equation” is important. Newton’s 
equation of motion is an example. It is solvable and its exact solutions 
on astronomy were useful for preparing calendar and space rockets. On 
the other hand, for chemical worlds, quantum mechanics is the principle 
and the exact solutions of the Schrödinger equation (SE) are crucial. 
However, unfortunately, this equation was considered “insolvable”, for 
long, except for the hydrogen atom. Therefore, the benefits like those 
Newton’s low produced, could not be expected in the chemical world.  

In 2004, however, the theory for solving the SE was discovered [1]. 
A reason of its insolvability lied in the incompleteness of the SE itself: 
its variational formula diverges to infinity, instead of zero as the 
variational principle demands. Then, the author proposed the scaled 
Schrödinger equation (SSE), g(H - E)Ψ=0, where g is the scaling 
function, positive always. The SSE is equivalent to the SE, but its 
variational formula does not diverge. Therefore, the SSE is the correct 
basic equation of the quantum mechanics.  Further, the author derived 
the general theory for solving the SSE, called Free Complement (FC) 
theory. Thus, the same road as for the Newton’s low had been opened. 

     When the SSE and the FC theory were applied to Li2 molecule, the 
calculated potential curves of the lower 9 valence states completely 
overlapped with the elaborate experimental curves [2]. Thus, the SSE, 
equivalent to SE, became solvable with the FC theory. Thus, a fruitful 
way has been opened in the field of quantum mechanics. We are 
currently developing this road and the topic today is its progress report.  

[1] H. Nakatsuji, “Scaled Schrödinger equation and the exact wave function”. 
Phys. Rev. Lett. 93, 030403 (2004). doi:10.1103  

[2] H. Nakatsuji and H. Nakashima, “Potential curves of the lower nine states of 
Li2 molecule: Accurate calculations with the free complement theory and SAC/ 
SAC-CI theory”.  J. Chem. Phys. 157, 094109 (2022). doi:10.1063/5.0101315 
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MP2 made better and faster?  

Recent developments in regularization and local correlation 
Martin Head-Gordon,  

Department of Chemistry, University of California Berkeley, and, 

Chemical Sciences Division, Lawrence Berkeley National Laboratory, 

Berkeley, CA 94720 USA 

m_headgordon@berkeley.edu 

 

Rayleigh-Schrodinger perturbation theory, and its ab initio application 
to many-electron systems via Moller-Plesset (MP) perturbation theory, 
are not regular order by order, and therefore can exhibit erratic behavior 
for systems with small HOMO-LUMO gaps. In the first part of this talk, 
I will discuss a new approach to regularize MP2 theory against 
divergence in the small gap limit, based on modifying Brillouin-Wigner 
perturbation theory to be size-consistent as well as regular at second 
order. The extent to which these advanced regularizers need to be 
system-specific versus universal will be discussed. 

 My second topic is revisiting the design of local correlation 
methods at the MP2 level, for its own sake, and well as a prototype for 
higher order methods. In our view, the main challenge for local 
correlation is to achieve full control over errors such that a user only 
needs to select a single numerical drop tolerance. To achieve this goal, 
we have designed a new “single threshold” approach to local MP2, that 
also avoids use of projected AOs and PNOs to span the virtual space, 
by instead employing a localized orthogonal virtual basis. Accuracy and 
performance will be assessed via a range of example calculations. 
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Nucleophilic Addi-on :  
Input from computa-ons from the Felkin-Anh rule to the Grignard reac-on 

 
Odile Eisenstein 
ICGM Université de Montpellier, CNRS ENSCM Montpellier France 
Department of Chemistry and Hylleraas Center for Quantum Molecular Sciences, University 
of Oslo, Norway   
Odile.eisenstein@umontpellier.fr 
 
The study of the Grignard reacIon is part of our long-standing interest in the study of 
nucleophilic addiIon [1]. Many years ago, calculaIons could be performed using very 
simplified models of the reagents. These very simplified models of the chemical systems 
were successful in providing qualitaIve insights for many reacIons [2]. Today, it is possible to 
model reacIons using realisIc representaIons of the chemical species and methods that 
represent properly the thermodynamics of complex systems. We have looked at the Grignard 
reacIon in an aUempt to provide insight into a reacIon, which has remained elusive despite 
extensive studies since its discovery in 1900. We will present the arguments that led us to 
believe that the Grignard reacIon occur via numerous parallel pathways[3,4]. We pursue 
with the study of lithium salts (LiX, X = halide) (5) with the goal to understand the role of 
addiIves such as LiCl[6] in the reacIon. 
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[3] R. M. Peltzer, O. Eisenstein, A. Nova, M. Cascella J. Phys. Chem. B 121, 4226 (2017) 

[4] R. M. Peltzer, J. Gauss, O. Eisenstein, M. Cascella J. Am. Chem. Soc. 142, 2984 (2020) 

[5]  M. de Giovanetti, S. H. Hopen Eliasson, S. L. Bore, O. Eisenstein, M. Cascella ChemRixv 
doi:10.26434/chemrxiv-2024-mxjqn 

[6] M. de Giovanetti, S. H. H. Eliasson, A. C. Castro, O. Eisenstein, M. Cascella J. Am. Chem. 
Soc. 145, 16305 (2023) 
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∆SCF Excited-State Approach: Theoretical Foundation, Linear Conditions for Fractional 

Charges, and Physical Meaning of Orbital Energies 

Weitao Yang, Duke University, USA 

Since the 1970s, the Kohn-Sham functionals, while formulated only for ground states, have been 

employed for ∆SCF calculations of excited states, achieving accuracy comparable to ground state results, 

despite a lack of theoretical justification. Furthermore, our recent functional development overcoming 

the systematic delocalization error associated with commonly used approximations leads to orbital 

energies accurately approximating the corresponding  quasiparticle energies, which are the ionization 

energies and electron affinities to ground and excited state electron removal and addition states. Both 

observations indicate that the functional theoretically formulated and approximations constructed for 

grounds states contain excited state information.  

Indeed so. We establish the theoretical foundation for ∆SCF calculations of excited states, showing that 

it is necessary to go beyond electron density and use the first-order density matrix of the noninteracting 

reference system to define the energy functional. While the minimum of the same functional 

corresponds to the ground state energy, consistent with ground state DFT, the stationary solutions yield 

excited-state energies and electron densities, establishing the foundation of ∆SCF calculations.  

We extend the theory to fractional charges and show that the exact energy functional for fractional 

charges, expressed as a linear combination of the density matrix of an N −electron and that of an (N + 1) 

−electron excited state, is a straight line interpolating the energies at integers. We introduce the 

concepts of excited-state chemical potentials to describe the slopes of these linear lines. Numerical 

calculations reveal the excited-state delocalization error with common approximate functionals but 

good performance of corrected functionals on the proven linear conditions. Finally, we prove the 

general chemical potential theorem: the noninteracting one-electron orbital energies in DFT ground 

states and ∆SCF excited states are corresponding chemical potentials of electron addition or removal, 

from an N -particle ground or excited state to an (N ± 1)-particle ground or excited state.  

1. Cohen, A. J.; Mori-Sanchez, P.; Yang, W. Insights into Current Limitations of Density Functional Theory. 

Science 2008, 321 (5890), 792–794. 

2. Li, C.; Zheng, X.; Su, N. Q.; Yang, W. Localized Orbital Scaling Correction for Systematic Elimination of 

Delocalization Error in Density Functional Approximations. National Science Review 2018, 5 (2), 203–215.  

3. Mei, Y.; Li, C.; Su, N. Q.; Yang, W. Approximating Quasiparticle and Excitation Energies from Ground State 

Generalized Kohn–Sham Calculations. J. Phys. Chem. A 2019, 123 (3), 666–673. 

4. Yu, J.; Mei, Y.; Chen, Z.; Yang, W. Accurate Prediction of Core Level Binding Energies from Ground-State 

Density Functional Calculations: The Importance of Localization and Screening. arXiv June 10, 2024. 

https://doi.org/10.48550/arXiv.2406.06345. 

5. Williams, J. Z.; Yang, W. Localized Orbital Scaling Correction with Linear Response in Materials. arXiv June 

12, 2024. https://doi.org/10.48550/arXiv.2406.07351. 

6. Yang, W.; Ayers, P. W. Foundation for the {\Delta}SCF Approach in Density Functional Theory. arXiv March 

7, 2024. https://doi.org/10.48550/arXiv.2403.04604. 

7. Yang, W.; Fan, Y. Fractional Charges, Linear Conditions and Chemical Potentials for Excited States in $\Delta 

SCF$ Theory. arXiv August 18, 2024. https://doi.org/10.48550/arXiv.2408.08443. 

8. Yang, W.; Fan, Y. Orbital Energies Are Chemical Potentials in Ground-State Density Functional Theory and 

Excited-State $\Delta$SCF Theory. arXiv August 19, 2024. https://doi.org/10.48550/arXiv.2408.10059. 
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Quantum chemistry of core-level states 

Anna Krylov 

Department of Chemistry, University of Southern California 

 krylov@usc.edu 

 

Spectroscopy is a powerful tool for interrogating the matter. Techniques 

exploiting X-ray offer unique insights. However, decoding the message 

delivered by the spectra is far from trivial. How do we convert the 

spectra into what the nuclei and electrons are doing? The theoretical 

modeling provides a way to do so. This lecture will discuss new and old 

challenges faced by quantum chemistry in the context of modeling 

electronic structure in high-energy regime and highlight recent progress 

in many-body methodology in treating spectroscopic signatures of core-

vacancy states. 
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Accurate and Effective Studies of Peptide Conformations 

and Protein-Peptide Interactions 

Yun-Dong Wu 

Lab of Computational Chemistry and Drug Design, Peking University Shenzhen 

Graduate School, and Institute of Chemical Biology, Shenzhen Bay Lab 

(wuyd@pkusz.edu.cn) 

Abstract：Residue-specific force fields (RSFF) have been developed based on 

fitting the statistical free energy distributions of individual amino acid residues.1,2 

These force fields lead to promising description of peptides, especially cyclic 

peptides, and their interactions with proteins through molecular dynamics 

simulations.3-5 A probability density reweighting method has been developed 

which can accurately convert the conformational free energy distributions 

obtained from high-temperature molecular dynamics simulations to those at 

any designated temperature.6,7 The generation of large among structures and 

their relative free energies allows us to use deep learning methods to develop 

free energy functions to effectively study the conformations of peptides and 

their interactions with proteins.8 

References: 

1. Zhou, C. Y. et. al. J. Phys. Chem. B. 2015, 119, 1035. 

2. Kang, W. et al. J. Chem. Theor. Comput. 2018, 14, 4478. 

3. Wu, H. N. et. al. J. Phy. Chem. Lett. 2017, 8, 3199 

4. Feng, J. J. et. al. J. Chem. Theory Comput. 2021, 17, 4614 

5. Chen，J. N. et al. J. Chem. Theor. Comput. 2022, 18, 6386.  

6. Chen, J. N. et al. J. Chem. Theory Comput., 2024, 20, 4977. 

7. Dai, B. T. et. al. J. Phys. Chem. B 2024, 128, 7322 

8. Zeng. Q. et. al. submitted.  
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Localized active spaces and quantum embedding  

for molecular and periodic systems 

 

Daniel S. King, Valay Agarawal, Bhavnesh Jangid,  

Matthew R. Hermes and Laura Gagliardi 

Department of Chemistry and  

Pritzker School of Molecular Engineering 

University of Chicago 

lgagliardi@uchicago.edu 

 

Transition metal systems present a significant challenge in quantum chemistry 

owing to the near-degeneracy of d-shell electrons. We have addressed this 

challenge by introducing the localized active space (LAS) self-consistent field 

method. This approach factorizes a complete active space (CAS) wave function into 

localized active space wave function fragments, facilitating the reintroduction of 

correlation between fragments through LAS state interaction (LASSI).  

I will outline our latest efforts to automate the LASSI method and its application to 

tri- and tetra-iron complexes [1]. Additionally, I will present advancements in 

density matrix embedding theory utilizing multireference solvers for the accurate 

calculation of valence and core excitations [2]. Finally, I will show that the LAS 

concept can be applied naturally to solid state phenomena by treating each unit cell 

as a molecular fragment, which provides a comprehensive basis for the study of 

charge and energy transfer in solids. [3]. 

[1] V. Agarawal, D. S. King, M. R. Hermes, and L. Gagliardi, “Automatic State 

Interaction with Large Localized Active Spaces for Multimetallic Systems” J. 

Chem. Theory Comput., 20 (2024) 4654. DOI: 10.1021/acs.jctc.4c00376. 

[2] B. Jangid, M. R. Hermes, and L. Gagliardi, “Core Binding Energy Calculations: 

A Scalable Approach with the Quantum Embedding-Based Equation-of-Motion 

Coupled-Cluster Method” J. Phys. Chem. Lett., 15 (2024) 5954. DOI: 

10.1021/acs.jpclett.4c00957. 

[3] D. S. King, M. R. Hermes, and L. Gagliardi “Bridging the Gap Between 

Molecules and Materials in Quantum Chemistry with Localized Active Spaces” 

ChemRxiv, (2024), DOI: 10.26434/chemrxiv-2024-rhgvg. 
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Non-adiabaticity from first principles: The exact factorization 
E.K.U. Gross 

The Hebrew University of Jerusalem 

eberhard.gross@mail.huji.ac.il 

 

The adiabatic approximation, describing the molecular wave function 
as a single product of a Born-Oppenheimer state and a nuclear wave 
packet, is a corner stone of modern quantum chemistry. It not only 
makes computations feasible, it also provides an intuitive picture of 
many chemical processes. Yet, many fascinating phenomena appear 
outside the adiabatic regime. A prime example is the phenomenon of 
electronic decoherence, i.e. the loss of quantumness, well-known for its 
capacity of preventing genuine scalable quantum computing to this day. 
In this lecture a unified approach to non-adiabaticity, known as the 
exact factorization, will be presented. The approach starts from a 
formally exact representatation of the full electron-nuclear wave 
function as a product of  a purely nuclear part and a many-electron wave 
function which parametrically depends on the nuclear configuration and 
which has the meaning of a conditional probability amplitude [1]. The 
equations of motion for the two factors provide an ideal starting point 
to develop efficient algorithms for the study of non-adiabatic 
phenomena. The successful prediction of laser-induced isomerization 
processes [2], the ab-initio description of decoherence [3], calculations 
of the molecular Berry phase [4] will demonstrate the power of the 
approach. We shall develop the concept of exact forces on the nuclei 
which involve time-dependent potential-energy surfaces and Berry-
connection-type vector potentials [5]. A particular manifestation of the 
latter are current-induced forces in molecular junctions where the 
vibrational and rotational motion is determined by an intricate interplay 
between the “electron wind”and electronic friction [6].  

[1] A. Abedi, N.T. Maitra, E.K.U. Gross, PRL 105, 123002 (2010). 
[2] F. Agostini, S.K. Min, I. Tavernelli, E.K.U. Gross, JPCL 8, 3048 (2017). 
[3] S.K. Min, F. Agostini, E.K.U. Gross, PRL 115, 073001 (2015). 
[4] S.K. Min, A. Abedi, K.S. Kim, E.K.U. Gross, PRL 113, 263004 (2014). 
[5] Chen Li, R. Requist, E.K.U. Gross, PRL 128, 113001 (2022).                         
[6] V. Nazarov, T. Todorov, E.K.U. Gross, PRL 133, 026301 (2024). 
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Multistate Density Functional Theory and Applications 

Jiali Gao 

1
 Institute of Systems and Physical Biology, Shenzhen Bay Laboratory, Shenzhen, China 

2
 Department of Chemistry, University of Minnesota, Minneapolis, MN 55455, USA 

 

In this talk, I will introduce multistate density functional 

theory (MSDFT) of multiple electronic states, extending the 

Hohenberg-Kohn theorems for the ground state to any number 

of N eigenstates.  For the subspace spanned by the lowest N 

eigenstates of a molecular system, the fundamental variable is 

a matrix density 𝑫(𝑟),  consisting of state and transition 

densities. Then, the Hamiltonian matrix projected to the Hilbert 

subspace is a matrix functional 𝐻[𝑫(𝑟)] of the matrix density 

𝑫(𝑟). It follows that for any N-dimensional trial matrix density 

𝑫′(𝑟),  
 

𝑡𝑟{𝐻[𝑫′(𝑟)]} ≥ 𝑡𝑟{𝐻[𝑫(𝑟)]} 
 

where the equal sign holds true when 𝑫′(𝑟) = 𝑫(𝑟). Thus, it is 

of interest to note that a single variational minimization, 

followed by diagonalization of the Hamiltonian matrix 

functional 𝐻[𝑫(𝑟)], yields exactly all eigenvalues of these N 

states. 

 

Computationally, the N-matrix density 𝑫(𝑟)  can be 

mapped to a set of auxiliary, multiconfigurational wave 

functions, which can be expressed in terms of no more than 𝑁2 

Slater determinants. Then, the corresponding correlation 

matrix functional can be defined. Importantly, by enforcing the 

symmetry of a Hilbert subspace, namely the subspace 

invariance property, we further establish that given the 

correlation functional for a single state, all elements of the 

correlation matrix functional for the entire N-dimensional 

subspace are uniquely determined.  

 

The existence of an upper bound in the number of 

determinant configurations to exactly represent 𝑫(𝑟) defines a 

minimal active space (MAS), and different computational 

procedures can be designed to construct the auxiliary wave 

functions, purely used to represent the N-matrix density 𝑫(𝑟). 
I will present the computational method and application of 

MSDFT to excited-state energy-transfer processes in light-

harvesting of photosystem II and in photoreceptor proteins, 

along with examples of valence and core-level excitations of 

both open-shell and closed-shell molecules.  

 

 

  

Fig. 1: Comparison of vertical excitation energies for 100 

excited states determined by multistate density functional 

theory with nonorthogonal state interaction (MSDFT-NOSI) 

and time-dependent density functional theory (TDDFT) using 

the M06-2X functional and aug-cc-pVTZ basis set against the 

theoretical best estimates by Loos and coworkers. Root-of-

mean-square errors are indicated in red. 

References 

1. Y. Lu, J. Gao, Journal of Physical Chemistry Letters, 13, 

7762 (2022). 
2. H. Zhu, R. Zhao, Y. Lu, M. Liu, J. Zhang, J. Gao, Journal 

of Physical Chemistry A, 127, 8473 (2023). 
3. C.P. Hettich, X. Zhang, D. Kemper, R. Zhao, S. Zhou, Y. 

Lu, J. Gao, J. Zhang, M. Liu, JACS Au, 3, 1800 (2023). 
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Spin adapted multireference correlation methods for 

construction of potential energy curves (PECs) 

Debashis Mukherjee, Sangita Sen, Dibyajyoti Chakravarti 

Centre for Quantum Education and Research, TCG CREST, Kolkata 

700091, India 

pcdemu@gmail.com 

 

In my talk, I will briefly explore the various ways our Unitary Group 

Adapted Multireference Coupled Cluster (UGA-MRCC) theories [1,2] 

and their perturbative versions (UGA-MRPT) [3,4] can be utilized in 

different interesting situations: (a) the study of interlacing and avoided 

crossing in a manifold of PECs of a given symmetry using a state-

specific (SS) theory; (b) the comparison of a rigorous, reformulated 

UGA-SSMRCC equation with our previous approximate one and the 

effect on accuracy of the PECs; (c) a new UGA-MR formulation will 

be proposed to treat multiple states of a given space-spin symmetry at 

the same time. 

 

[1] R Maitra, D Sinha and D. Mukherjee, J.Chem. Phys. 137, 024105-1-24 (2012). 

[2] D. Chakravarti, S. Sen, and D. Mukherjee, J. Chem. Phys. 159, 134102 (2023). 

[3] A. Sen, S. Sen and D. Mukherjee, J. Chem. Theory Comput 11, (2015), 4129–
4145. 

[4] D. Chakravarti, K. Hazra, R. Kayal, S. Sasmal and D. Mukherjee, J. Chem. 

Phys 155 , 014101-1-15 (2021). 
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Classical Molecular Dynamics Simulations of Electronically Non-Adiabatic 
Processes 

William H. Miller 

Department of Chemistry, and Kenneth S. Pitzer Center for Theoretical Chemistry, 

University of California, Berkeley 

A symmetrical quasi-classical (SQC) windowing methodology for classical trajectory 

simulations has been applied to the Meyer-Miller (MM) model for the electronic degrees 

of freedom in electronically non-adiabatic dynamics.  The approach treats nuclear and 

electronic degrees of freedom (DOF) equivalently (i.e., by classical mechanics, thereby 

retaining the simplicity of standard molecular dynamics), providing ``quantization'' of the 

electronic states through the symmetrical quasi-classical (SQC) windowing model. The 

approach is seen to be capable of treating extreme regimes of strong and weak coupling 

between the electronic states, as well as accurately describing coherence effects in the 

electronic DOF (including the de-coherence of such effects caused by coupling to the 

nuclear DOF).    It is able to provide the full electronic density matrix from the one 

ensemble of trajectories, and the SQC windowing methodology correctly describes 

detailed balance (unlike the traditional Ehrenfest approach).  Calculations can be 

(equivalently) carried out in the adiabatic or a diabatic representation of the electronic 

states, and it is shown that a modification of the canonical equations of motion in the 

adiabatic representation eliminates (without approximation) the need for second-derivative 

non-adiabatic coupling terms.  
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Breaking down the barrier between the quantum and classical
worlds

Jeremy O. Richardson

Department of Chemistry and Applied Biosciences, ETH Zurich,
Switzerland

jeremy.richardson@phys.chem.ethz.ch

Quantum mechanics  is  hard  –  hard  to  simulate  and  often  hard  to
interpret. I will discuss how we can design classical algorithms such
that they give accurate predictions of certain quantum processes, while
remaining simple and intuitive.

First, nonadiabatic ring-polymer instanton theory allows us to capture
heavy-atom tunnelling using classical  particles  and anti-particles  in
imaginary  time  [1].   Recent  developments  have  shown  that
singularities can appear in the flux correlation function, leading to a
new type of transition-state theory with an infinite number of equally
contributing mechanisms [2].

Second, the mapping approach to surface hopping [3] combines the
best aspects of fewest-switches surface hopping (FSSH) with rigorous
quasiclassical  mapping methods to describe nonadiabatic transitions
within a molecular  dynamics framework.  We show how it  can be
used  to  simulate  rare  events  and  explain  why  FSSH  fails  where
MASH succeeds in capturing the correct Marcus behaviour [4].

[1] JO Richardson, J. Phys. Chem. Lett., 15, 7387-7397 (2024).

[2] I Ansari, ER Heller, G Trenins and JO Richardson, Nat. Commun., 15, 4335
(2024).

[3] JR Mannouch and JO Richardson, J. Chem. Phys. 158, 104111 (2023).

[4] JE Lawrence, JR Mannouch and JO Richardson, J. Phys. Chem. Lett., 15, 707
(2024).
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Nonadiabatic Field: A Conceptually New Approach for Nonadiabatic 
Dynamics 

Jian Liu 1 

1 Beijing National Laboratory for Molecular Sciences, Institute of Theoretical and Computational Chemistry, 
College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, China 

Nonadiabatic transition dynamics lies at the core of many electron/hole transfer, 
photoactivated, and vacuum field-coupled processes. About a century after Ehrenfest 
proposed “Phasenraum” and the Ehrenfest theorem, we report a conceptually novel 
trajectory-based nonadiabatic dynamics approach, nonadiabatic field (NaF), based on a 
generalized exact coordinate–momentum phase space formulation of quantum mechanics, 
which includes U(F)/U(F-1) constraint phase space for electronic degrees of freedom (DOFs) 
and infinite phase space for nuclear DOFs. It does not employ the conventional Born–
Oppenheimer or Ehrenfest trajectory in the nonadiabatic coupling region. Instead, in NaF the 
equations of motion of the independent trajectory involve a nonadiabatic nuclear force term 
in addition to an adiabatic nuclear force term of a single electronic state. A few benchmark 
tests for gas phase and condensed phase systems indicate that NaF offers a practical tool to 
capture the correct correlation of electronic and nuclear dynamics for processes where the 
states remain coupled all the time as well as for the asymptotic region where the coupling of 
electronic states vanishes. 

[1] J. Liu, J. Chem. Phys. 145, 204105 (2016)
[2] J. Liu, J. Chem. Phys. 146, 024110 (2017)
[3] X. He, J. Liu, J. Chem. Phys. 151, 024105 (2019)
[4] X. He; Z. Gong, B. Wu, J. Liu, J. Phys. Chem. Lett. 12, 2496–2501 (2021)
[5] X. He; B. Wu, Z. Gong, J. Liu, J. Phys. Chem. A 125, 6845–6863 (2021)
[6] J. Liu, X. He, B. Wu, Acc. Chem. Res. 54, 4215-4228 (2021)
[7] X. He, B. Wu, Y. Shang, B. Li, X. Cheng, J. Liu, Wiley Interdiscip. Rev. Comput. Mol. Sci. 12(6),

e1619 (2022)
[8] B. Wu, X. He, J. Liu, J. Phys. Chem. Lett. 15(2), 644-658 (2024)
[9] X. Cheng, X. He, J. Liu, Chin. J. Chem. Phys. 37(2), 230-254 (2024)
[10] X. He, X. Cheng, B. Wu, J. Liu, J. Phys. Chem. Lett. 15(20), 5452–5466 (2024)
[11] Y. Shang, X. Cheng, J. Liu, Fundam. Res. [Invited Contribution]
[12] B. Wu, B. Li, X. He, J. Liu, J. Chem. Theory Comput. [Invited Contribution]
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Small Matrix Path Integral Methods for Quantum Dynamics 

Nancy Makri 

University of Illinois at Urbana-Champaign 

nmakri@illinois.edu 

Since the early 1990s, the iterative quasi-adiabatic propagator path integral (QuAPI) methodology 

has enabled numerically exact, fully quantum mechanical simulation of dynamical properties for a small 

system coupled to a bath of harmonic oscillators, at zero or finite temperature. The QuAPI algorithm achieves 

linear scaling with the number of time steps by propagating a tensor that spans the memory interval, but the 

storage of QuAPI tensors effectively restricts application of the method to small systems and short or 

intermediate memory. Much recent effort has focused on the development of algorithms that reduce the 

storage requirements of QuAPI. In particular, recent work showed that one can further disentangle the path 

integral variables through the rigorous small matrix decomposition (SMatPI), which leads to expressions that 

involve matrices of size equal to that of the system’s reduced density matrix (RDM), The SMatPI propagation 

matrices are obtained by evaluating path sums within the memory interval, which are accelerated through 

blip, kink, or other decompositions. The SMatPI algorithm eliminates tensor storage, enabling the simulation 

of long-memory processes and multistate systems.  

Recent work has developed small matrix path integral decompositions for Hamiltonians that involve 

anharmonic baths, utilizing propagation matrices constructed by parsing the influence functional from the 

environment. The anh-SMatPI algorithm allows the exploration of novel effects induced by essential bath 

anharmonicity, which cannot be captured by effective harmonic bath mappings. These include skewed and 

blue-shifted population oscillations and enhanced or suppressed coherence.  

Last, it has been shown that the time evolution of the full RDM encodes powerful information related 

to the amount of delocalization and instantaneous population derivatives. Coherence maps offer a powerful 

visualization tool for understanding the creation and destruction of quantum superpositions and enable a state-

to-state pathway analysis of dynamical processes.  
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Quantum evolution represented by Brownian motion: Theory and applications 
Jiushu Shao 

Beijing Normal University 

The exact quantum evolution is shown to be the ensemble average of random progresses 
described by a stochastic Schroedinger equation. In the stochastic formulation the momentum 
operator is coupled to a white Gaussian noise and thus the time evolution operator factorizes 
into two contributions due to the kinetic and the potential energies respectively. As the kinetic 
part is analytically solved, the quantum evolution is determined by the expectation of a 
stochastic amplitude resulting from the potential: The system moves with a constant velocity, 
subjected to a complex Brownian motion.  
The stochastic representation of quantum evolution may provide flexible tools for studying 
quantum dynamics and thermodynamics. We will discuss how use it to derive propagators of 
some solvable systems. We will also show how to develop semiclassical approximations and 
Wigner-Kirkwood expansions.  

Jiushu Shao, Quantum evolution represented by Brownian motion, J. Chem. Phys. 159, 024128 
(2023); Yun-an Yan and Shao, unpublished. 
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Simulation of quantum dynamics and transport using the 
hierarchical equations of motion method 

Michael Thoss 

Institute of Physics, University of Freiburg, Germany 

michael.thoss@physik.uni-freiburg.de 

The hierarchical equations of motion (HEOM) formalism is an accurate 
and efficient approach to simulate the dynamics of open quantum 
systems [1]. Formulated as a density matrix scheme, it generalizes 
perturbative quantum master equations by including higher-order 
contributions as well as non-Markovian memory and allows for the 
systematic convergence of the results. In this talk, the formulation of 
the HEOM approach for molecular systems at metal surfaces is 
discussed, with a focus on the interaction of the molecular degrees of 
freedom with the electrons in the metal [2]. Employing a matrix-product 
state representation in twin space, larger molecular systems can be 
treated [3]. Furthermore, the use of the HEOM method to describe 
electronic friction is outlined [4]. Applications of the method are 
presented to simulate molecule-surface scattering, nonequilibrium 
reaction rates [5], as well as electron transport in molecular junctions 
[6].  

[1] Y. Tanimura. J. Chem. Phys. 153 (2020), 020901.

[2] C. Schinabeck, A. Erpenbeck, R. Härtle, M. Thoss. Phys. Rev. B 94 (2016),
201407(R); J. Bätge, Y. Ke, C. Kaspar, M. Thoss. Phys. Rev. B 103 (2021),
235413.

[3] Y. Ke, R. Borrelli, M. Thoss. J. Chem. Phys. 156 (2022), 194102.

[4] S. Rudge, Y. Ke, M. Thoss. Phys. Rev. B 107 (2023), 115416; S. Rudge, C.
Kaspar, R.L. Grether, S. Wolf, G. Stock. J. Chem. Phys. 160 (2024), 184106.

[5] Y. Ke, C. Kaspar, A. Erpenbeck, U. Peskin, M. Thoss. J. Chem. Phys. 157
(2022), 034103.

[6] C. Kaspar, M. Thoss. Phys. Rev. B 105 (2022), 195435; Y. Ke, J. Dvorak, M.
Cizek, R. Borrelli, M. Thoss. J. Chem. Phys. 159 (2023), 024703.
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On the Stability of Path Integral Molecular Dynamics 

Simulations 

Zhonghan Hu*, Yihao Zhao and Liyan Ni 

Qingdao Institute of Theoretical and Computational Sciences, 

Shandong University 

zhonghanhu@sdu.edu.cn 

In this talk, we will discuss the stability of imaginary time path integral 

molecular dynamics simulations with or without coupling to a 

thermostat. The results are mostly based on an explicit understanding 

of the simple harmonic oscillator model in which the exact 

Hamiltonians associated with the discrete symplectic dynamics without 

a thermostat is solvable[1]. It is shown that the stability condition can 

be made free of any coupling strength such that a stable distribution can 

be always outputted from the simulations once certain symmetry 

conditions are satisfied. 

[1] Liyan Ni, Yihao Zhao and Zhonghan Hu. “Non-unique Hamiltonians for

discrete symplectic dynamics”. Journal of Chemical Physics (2024), 161, 054102
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Ultrafast Dynamics on Many Electronic States 

Benjamin G. Levine, Andrew S. Durden, Fangchun Liang, Jiří Suchan 

Department of Chemistry and Institute for Advanced Computational 
Science, Stony Brook University, Stony Brook, NY  11794, USA 

ben.levine@stonybrook.edu 

Many important problems in chemistry and materials science involve 
nonadiabatic dynamics on large numbers of electronic states. 
Phenomena important for strong-field physics, energy conversion, hot 
carrier cooling, and relaxation of plasmonic excitations fall into this 
category.  Some of these phenomena involve long lived coherences, 
which are challenging to accurately model with many mixed quantum-
classical methods.  We will present recent theoretical developments 
towards an accurate and broadly applicable simulation method for 
modeling dynamics in this regime.  Specifically, we will present the 
development of the Ehrenfest with collapse to a block (TAB) method 
and a derivative designed for dense manifolds of states (DMS).  The 
primary achievement of TAB-DMS is that it is able to accurately 
describe decoherence effects without requiring explicit computation of 
individual electronic eigenstates.  Coupling to graphics processing unit 
accelerated time-dependent configuration interaction software to TAB 
and TAB-DMS enables ab initio nonadiabatic molecular dynamics 
simulations on many electronic states, in full nuclear dimensionality, 
and without prior knowledge of reaction mechanism.  The utility of this 
approach will be demonstrated by application to long-lived electronic 
coherences observed in recent ultrafast experiments. 
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Global switching trajectory surface hopping molecular 
dynamics simulation with TDDFT potential energy surfaces 

Chaoyuan Zhu 

 Institute of Molecular Science, National Yang Ming Chiao Tung 
University and School of Environment, South China Normal 

University 

cyzhu@mail.nctu.edu.tw 

In order to perform nonadiabatic molecular dynamic simulation for 
large photochemical systems, time-dependent density function theory 
(TDDFT) provides accurate ab. initio potential energy surfaces. Global 
switching algorithm does not need to calculate nonadiabatic coupling 
vectors. It was demonstrated that potential energy surfaces calculated 
by TDDFT with and without spin-flip can simulate quite similar answer 
for average quantities like quantum yields and lifetimes [1]. 
Furthermore, global switching trajectory surface hopping molecular 
dynamics simulation on ordinary TDDFT potential energy surfaces can 
correctly describe complicated conical intersection networks between 
the S0 and S1 for ultrafast photoisomerization of dMe-OMe-NAIP [2] 
and for retinal protonated Schiff-base photoisomerization [3]. 
Simulated quantum yields and lifetimes agree well with experimental 
measurements.  

[1] L. Yue, Y.-J. Liu and C. Zhu. “Performance of TDDFT with and without spin-
flip in trajectory surface hopping dynamics: cis–trans azobenzene
photoisomerization”. Phys. Chem. Chem. Phys. 20 (2018), pp. 24123--24139.

[2] Y. Hu, C. Xu, L. Ye, F. L. Gu and C. Zhu. “Nonadiabatic molecular dynamics
simulation for the ultrafast photoisomerization of dMe-OMe-NAIP based on
TDDFT on-the-fly potential energy surfaces”. Phys. Chem. Chem. Phys. 23
(2021), pp. 5236--5243.

[3] Y. Liu nd C. Zhu. “Trajectory surface hopping molecular dynamics
simulations for retinal protonated Schiff-base photoisomerization”. Phys. Chem.
Chem. Phys. 23 (2021), pp.23861--23874.
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Nonadiabatic Dynamics, Time-Resolved Pump-Probe Spectra and 

Machine Learnings 

Zhenggang Lan  

School of Environment, South China Normal University, Guangzhou 510006, China. 

Email: zhenggang.lan@gmail.com; zhenggang.lan@m.scnu.edu.cn 

Abstract: 

Nonadiabatic dynamics widely exist in photophysics, photochemistry and photobiology. We 

tried to develop theoretical approaches to study the photoinduced nonadiabatic dynamics.  

As time-resolved spectroscopy is a very important tool to study the ultrafast dynamics, it is 

necessary to simulate these spectral signals for the understanding of the experimental observations. 

We combined the doorway-window representation of the nonlinear response theories and ab initio 

nonadiabatic dynamics to simulate various time-resolved pump-probe spectra, including transient 

absorption spectra, time-resolved fluorescence spectra and two-dimensional electronic spectra. We 

also combine the trajectory surface hopping dynamics and the elastic scattering theory to simulate 

the ultrafast electronic diffraction signals.   

We tried to combine deep leaning method and numerical accurate quantum dynamics 

approach to simulate the long-time quantum evolution of open quantum system. This approach 

allows us to obtain the evolution of reduced density matrix of open quantum system with a low 

computational cost. It demonstrates that the deep learning approach is the important tool to speed 

up the long-time quantum evolution. The similar time-series analysis tool can also be used to 

propagate all nuclear and electronic degrees of freedom in the trajectory evolution of the 

SQC-MM dynamics.   
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Can classical simulations sense conical intersections?

Sourav Karmakar, Saumya Thakur, and Amber Jain*

Department of Chemistry, IIT Bombay
e-mail: amberj@chem.iitb.ac.in

Conical intersections (CI) provide fast energy relaxation from electronic excited states.
About 10 years ago, Hamm and Stock [Phys. Rev. Lett. 109, 173201 (2012)] demonstrated the
presence of CI's for purely vibrational potential energy surfaces and fast vibrational energy
relaxation due to these CI's. This leads to the question: can molecular dynamics simulations
capture the effects of these CI's, or are quantum nuclear effects important? We answer this
question using simple model potentials and comparing classical simulations with quantum
simulations, along with some semiclassical simulations. To our surprise, we find that classical
simulations agree with the exact quantum simulations better than semiclassical simulations.
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Design principles for functionals based on systematic expansions

Ayoub Aouinaa,b,c, Matteo Gattia,b  and Lucia Reininga,b 

aLSI, CNRS/Institut Polytechnique de Paris, Palaiseau, France
bEuropean Theoretical Spectroscopy Facility

cResearch Center Future Energy Materials and Systems of the University Alliance Ruhr and
Interdisciplinary Centre for Advanced Materials Simulation, Ruhr University Bochum, Universitätsstraße

150, D-44801 Bochum, Germany

Density Functional Theory encounters a great success, but the development of new functionals
is an ongoing challenge. In particular, routes to design functionals with controllable precision
and in a systematic way are still needed. We propose to use perturbation theory around the
homogeneous electron gas in a way that is optimized using physical insight, and to combine it
with  the  recently  developed  connector  approach  [1,2] in  order  to  satisfy  an  exact  limit.  In
particular, we develop an explicit  density functional for the Kohn-Sham exchange correlation
potential.  The  self-consistently  calculated  charge  density  and  potential  compare  well  with
numerically exact results of auxiliary field Quantum Monte Carlo calculations for bulk silicon,
sodium chloride, and copper [3,4], better than results from some standard density functionals.
Directions for further improvement are discussed.

References

1. M. Vanzini, A. Aouina, M. Panholzer, M. Gatti, and L. Reining,  npj Comput Mater 8, 98 (2022)

2. A. Aouina, M. Gatti, and L. Reining,  Faraday Discussions 224, 27 (2020)

3. S. Chen, M. Motta, F. Ma, and S. Zhang, Phys. Rev. B 103, 075138 (2021)

4. A. Aouina, M. Gatti, S. Chen, S. Zhang, and L. Reining, Phys. Rev. B 107, 195123 (2023)
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Unveiling the Origins of DFT Errors in Open-Shell d- and f-Electron Compounds: An Analysis of 
SCAN's Performance in Addressing Self-Interaction Error and Strong Correlation, with Enhanced SIE 

Reduction within Semilocal Approximations 

Jianwei Sun 

Department of Physics and Engineering Physics, Tulane University 

Compounds with open-shell d- and f-electrons, often exhibiting exotic properties and dubbed as 
correlated materials characterized by a strong inter-electronic Hubbard U, present great challenges to 
density functional theory (DFT), one of the most widely used electronic structure theories. DFT in principle 
is exact for the ground state total energy, while its exchange correlation energy has to be approximated in 
practice. There are two major error sources in a DFT calculation for correlated materials: 1) the strong 
correlation (SC) originating from a degeneracy or near-degeneracy closely related to Hubbard U, for 
example, the near-degeneracy of the partially filled d-subshells, and 2) the self-interaction error (SIE) due 
to the imperfect cancellation of the spurious classical Coulomb interaction between an electron and itself. 
In this talk, I will show that, without explicitly involving Hubbard U, the strongly-constrained and 
appropriately-normed (SCAN) density functional [1] gives significantly improved descriptions of the 
structural, energetic, electronic, and magnetic properties of correlated materials, including transition metal 
monoxides [2], high-Tc cuprate superconductors [3,4], and SmB6 [5], previously believed to be 
inaccessible to DFT. I will further explain the reasons behind SCAN’s improvement, showing its reduction 
in SIE and the help from spin symmetry breaking if SC is present. In addition, I will discuss the persistent 
challenge of SIE in modern density functional approximations, typically illustrated using the prototypical 
one-electron system H2+. While efforts to eliminate SIE through computationally expensive nonlocal 
density functionals have been ongoing, it is equally crucial to investigate whether SIE can be mitigated 
within more efficient semilocal density functional frameworks. Our study introduces a non-empirical meta-
generalized gradient approximation (meta-GGA) that incorporates the Laplacian of the electron density, 
showing significant SIE reduction and an improved binding energy curve for H2+ across a broad range of 
bond lengths. This approach not only builds on the success of SCAN but also opens avenues for further 
advancements within semilocal density functional approximations, enhancing the accuracy and 
applicability of DFT in modeling correlated materials. Outlooks on further improving density functionals 
for correlated materials will be discussed.  

[1] J. Sun, A. Ruzsinszky, and J.P. Perdew, Strongly Constrained and Appropriately Normed Semilocal
Density Functional, Phys. Rev. Lett. 115, 036402 (2015). 

[2] Y. Zhang, J.W. Furness, R. Zhang, Z. Wang, A. Zunger, and J. Sun, Symmetry-breaking polymorphous
descriptions for correlated materials without interelectronic U, Physical Review B. 102, 045112 (2020). 

[3] J.W. Furness, Y. Zhang, C. Lane, I.G. Buda, B. Barbiellini, R.S. Markiewicz, A. Bansil, and J. Sun, An
accurate first-principles treatment of doping-dependent electronic structure of high-temperature cuprate 
superconductors, Communication Physics, 1, 11 (2018). 

[4] Y. Zhang, C. Lane, J.W. Furness, B. Barbiellini, J.P. Perdew, R.S. Markiewicz, A. Bansil, and J. Sun,
Competing stripe and magnetic phases in the cuprates from first-principles, Proc. Natl. Acad. Sci. 117, 68 (2020). 

[5] R. Zhang, B. Singh, C. Lane, J. Kidd, Y. Zhang, B. Barbiellini, R. S Markiewicz, A. Bansil, and J. Sun,
Critical role of magnetic moments in heavy-fermion materials: Revisiting SmB6, Physical Review B. 105, 195134 
(2022). 
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Constrained Nuclear-Electronic Orbital (CNEO) Framework: 
Describing Hydrogen-Related Chemistry with Energy Surfaces 

Incorporating Nuclear Quantum Effects  
Yang Yang 

University of Wisconsin-Madison 
yyang222@wisc.edu 

Nuclear quantum effects play a crucial role in various chemical and biological 
processes, but accurately incorporating them into large-scale molecular 
simulations remains challenging. Recently, we developed a new quantum 
chemistry and molecular dynamics framework called constrained nuclear-
electronic orbital (CNEO) framework,1,2 which enables the accurate and efficient 
inclusion of nuclear quantum effects in quantum chemistry calculations and 
molecular dynamics simulations. Using CNEO molecular dynamics (CNEO-
MD),3 we calculated the vibrational spectra of a series of molecular systems and 
found that it significantly outperforms conventional ab initio molecular dynamics 
(AIMD), especially for vibrational modes characterized by substantial hydrogen 
motion.3–5 Moreover, by integrating the CNEO framework with transition state 
theory (TST), we demonstrated that the resulting CNEO-TST significantly 
outperforms conventional TST in predicting hydrogen transfer reaction rate 
constants, while maintaining a similar computational cost. Additionally, our 
recent development of CNEO excited-state theories and CNEO hybrid quantum 
mechanics/molecular mechanics (QM/MM) approaches demonstrated the strong 
potential of the CNEO framework for accurately describing nuclear quantum 
effects in more complex chemical processes and biological systems. 

(1) Xu, X.; Yang, Y. Constrained Nuclear-Electronic Orbital Density Functional Theory:
Energy Surfaces with Nuclear Quantum Effects. J. Chem. Phys. 2020, 152 (8), 084107.

(2) Chen, Z.; Yang, Y. Incorporating Nuclear Quantum Effects in Molecular Dynamics with a
Constrained Minimized Energy Surface. J. Phys. Chem. Lett. 2023, 14 (1), 279–286.

(3) Xu, X.; Chen, Z.; Yang, Y. Molecular Dynamics with Constrained Nuclear Electronic
Orbital Density Functional Theory: Accurate Vibrational Spectra from Efficient
Incorporation of Nuclear Quantum Effects. J. Am. Chem. Soc. 2022, 144 (9), 4039–4046.

(4) Zhang, Y.; Xu, X.; Yang, N.; Chen, Z.; Yang, Y. Describing Proton Transfer Modes in
Shared Proton Systems with Constrained Nuclear–Electronic Orbital Methods. J. Chem.
Phys. 2023, 158 (23), 231101.

(5) Zhang, Y.; Wang, Y.; Xu, X.; Chen, Z.; Yang, Y. Vibrational Spectra of Highly
Anharmonic Water Clusters: Molecular Dynamics and Harmonic Analysis Revisited with
Constrained Nuclear-Electronic Orbital Methods. J. Chem. Theory Comput. 2023, 19 (24),
9358–9368.
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Machine-learning-accelerated photodynamics simulations in complex environments 

towards new materials and medicines 

Steven A. Lopez 

Department of Chemistry & Chemical Biology, Northeastern University 

Photochemical reactions are increasingly important for constructing value-added, strained 
organic architectures. Direct excitation and photoredox reactions typically require mild conditions 
to access therapeutic gases (e.g., carbon monoxide) and new synthetic methodologies. A priori 
design of photochemical reactions is challenging because degenerate excited states often result 
in competing reaction mechanisms to undesired products. Further, a lack of experimental 
techniques that provide atomistic structural information on ultrafast timescales (10–15 – 10–12 s) 
has limited general rules about these reactions.  Computations, however, provide a path forward. 
I will discuss how my group has leveraged multiconfigurational complete active space self 
consistent field (CASSCF) calculations, non-adiabatic molecular dynamics, and machine learning 
(ML) techniques to understand reaction mechanisms and enumerate new reaction pathways. I
will introduce our new open-access machine learning tool, Python Rapid Artificial Intelligence Ab
Initio Molecular Dynamics (PyRAI2MD), which enables 100,000-fold longer simulations than
current NAMD simulations with multiconfigurational quantum chemical methods. I will describe
how PyRAI2MD has enabled the first ML-NAMD simulations with QM (CAS/HF) training data. The
presentation will explain the origins of the reactivities and selectivities of photochemical pericyclic
reactions and CO-evolving reactions in aqueous environments.
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Deep learning model for predicting optical properties of 

organic molecules in solutions 

Sungnam Park, Minhi Han, and Joonyoung F Joung 

Department of Chemistry, Korea University, Seoul 02841, Republic of 

Korea 

spark8@korea.ac.kr 

Reliable prediction of the molecular properties of organic compounds 

is crucial for developing new organic materials in various research 

fields such as, organic solar cells, organic light-emitting diodes 

(OLEDs), bio-imaging, organic sensors, and organic dyes. In particular, 

the optical properties, such as absorption and emission peak positions 

and bandwidths, extinction coefficients, photoluminescence quantum 

yield (PLQY), and emission lifetime, are important for the development 

of chromophores and fluorophores. Recently, we have developed deep 

learning (DL) models using an experimental database to predict the 

optical properties of organic compounds in various local environments 

[1]. We built an experimental database by collecting related data of 

organic compounds from the literature [2]. Our experimental database 

includes ~28,000 unique organic chromophores in 409 solvents or solid 

states, yielding ~80,000 chromophore/solvent combinations. Our DL 

models include the chromophore–solvent interaction to account for the 

effect of local environments on the optical properties. Our DL models 

based on our experimental database were found to reliably and quickly 

predict the aforementioned properties of organic compounds in solution, 

gas phase, film, and powder. Our DL models can be efficiently used for 

developing the component materials in optoelectronic devices 

including OLEDs and organic solar cells in combined with 

combinatorial enumeration. 

27

Parallel Sessions



 

Figure 1. Deep learning model to predict optical properties of organic 

molecules in solutions. 

 

 

[1] Joonyoung F. Joung†, Minhi Han†, Jinhyo Hwang, Minseok Jeong, Dong 

Hoon Choi, and Sungnam Park*, “Deep Learning Optical Spectroscopy Based on 

Experimental Database: Potential Applications to Molecular Design”, JACS Au 

(2021), 1, pp 427–438. DOI: 10.1021/jacsau.1c00035. 

[2] Joonyoung F. Joung†, Minhi Han†, Minseok Jeong, and Sungnam Park*, 

“Experimental database of optical properties of organic compounds”, Sci. Data 

(2020), 7, pp 427–438. DOI: 10.1038/s41597-020-00634-8. 
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Machine Learning for Quantum Dissipative Dynamics 
Alexei A. Kananenka 

Department of Physics and Astronomy, University of Delaware, 
Newark, DE 19716, United States 

akanane@udel.edu 

Accurate simulations of quantum dynamics in complex condensed-phase systems 
are our gateway to understanding many physical, chemical, and biological 
processes. Exact numerical simulations often require computational resources that 
scale exponentially with the number of simulated time steps and the size of the 
system. Approximate perturbative or quantum-classical methods are often only 
reliable at short simulation times, rendering such methods inapplicable to study 
long-time quantum phenomena. I will present several methods for simulating long-
time dynamics of dissipative quantum systems, including physics-based and 
machine-learning-based approaches [1,2]. Specifically, I will show how many 
different types of machine learning models including artificial neural networks and 
kernel ridge regression models can efficiently and accurately simulate complex 
quantum dynamics across different regimes. Best models considerably reduce the 
required computational time for long-time simulations with no compromise in 
accuracy providing new routes for simulating quantum dynamics for arbitrarily 
long times, starting with computationally feasible short-time dynamical 
information. 

[1] L. E. H. Rodriguez, A. Ullah, K. J. R. Espinosa, P. O. Dral, and A. A.
Kananenka. “A comparative study of different machine learning methods for
dissipative quantum dynamics”. Mach. Learn.: Sci. Technol., 3 (2022), pp. 045016.
DOI: 10.1088/2632-2153/ac9a9d.

[2] L. E. H. Rodriguez and A. A. Kananenka. “Convolutional neural networks for
long time dissipative quantum dynamics”. J. Phys. Chem. Lett. 12 (2021), pp. 2476-
2483. DOI: 10.1021/acs.jpclett.1c00079.
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Recent Progress in Neural Network-based 

Quantum Monte Carlo 

Weiluo Ren 

ByteDance Research 

renweiluo@bytedance.com 

Abstract: 

Quantum Monte Carlo (QMC) methods have long been a powerful tool in computational quantum 

science. In recent years, the integration of neural networks into QMC has opened up exciting new 

possibilities. Neural network based QMC leverages the expressive power of neural networks, 

resulting in better representation of quantum states. In this talk, I will introduce the fundamentals of 

Variational Monte Carlo (VMC), a real-space QMC approach, and demonstrate how neural 

networks can improve its performance in solving complex many-body quantum problems. I will 

also discuss recent advancements, including efficiency improvements and excited state calculations. 

Bio: 

Weiluo Ren is currently a research scientist at ByteDance Research, specializing in AI for Science. 

He holds a Ph.D. from Stanford University and a bachelor's degree from the University of Science 

and Technology of China. His research focuses on Neural Network based Quantum Monte Carlo 

methods and their applications in quantum physics and chemistry. 
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Block-correlated Coupled Cluster Methods for Strongly Correlated 

Systems 

Shuhua Li 

School of Chemistry and Chemical Engineering, Institute of Theoretical and Computational 

Chemistry, Nanjing University, Nanjing, 210023, P. R. China 

shuhua@nju.edu.cn 

 

I will report our recent advances in developing electronic structure methods for strongly 

correlated systems. With the generalized valence bond (GVB) wave function as the 

reference function, we have developed block-correlated coupled cluster method (GVB-

BCCC in short) at the ab initio level for strongly correlated systems.1,2 The GVB-BCCC 

method in its present form is demonstrated to provide accurate descriptions for static 

correlation in strongly correlated systems. Our calculations on a number of typical 

systems have shown that GVB-BCCC4 (with up to four-pair correlation) can provide 

nearly exact ground-state energies as the density matrix renormalization group (DMRG) 

method for systems with large active spaces.3 An equation-of-motion GVB-BCCC 

method (EOM-GVB-BCCC) was developed to describe low-lying excited states for 

strongly correlated systems.4 The EOM-GVB-BCCC2b method with up to two-pair 

correlation has been implemented. Test calculations for a few strongly correlated 

systems have demonstarted that the S-T gaps from this method are quite consistent with 

the DMRG results. These results show that GVB-BCCC and EOM-GVB-BCCC are 

expected to be practical theoretical tools for ground-state and excited state calculations 

of strongly correlated systems with large active spaces. 

 

[1]  Q. Wang, M. Duan, E. Xu, J. Zou, S. Li, J. Phys. Chem. Lett. 2020, 11, 7536.  

[2]  J. Zou, Q. Wang, X. Ren, Y. Wang, H. Zhang, S. Li, J. Chem. Theory Comput. 

2022, 18, 5276. 

[3] X. Ren, J. Zou, H. Zhang, W. Li and S. Li, J. Phys. Chem. Lett. 2024, 15, 693. 

[4] H. Zhang, J. Zou, X. Ren and S. Li, J. Phys. Chem. Lett. 2023, 14, 6792. 
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Quantum chemistry methods to study strongly correlated 

systems – from variational to machine learning approaches 

Debashree Ghosh 

Indian Association for the Cultivation of Science, Kolkata, India 

pcdg@iacs.res.in 

Polyaromatic hydrocarbons (PAHs) such as acenes have long been 

studied due to its interesting optical properties and low singlet triplet 

gaps. Earlier studies[1] have already noticed that use of complete 

valence active space is imperative to the understanding of its qualitative 

and quantitative properties. We have used density matrix 

renormalization group (DMRG).[2] Further small modification to the 

PAH topology shows interesting new phases of behaviour in its optical 

gaps. We have understood the effect of these effects based on spin 

frustration due to the presence of odd membered rings. In this talk, I 

will discuss these observations from molecular and model Hamiltonian 

perspectives.[3] 

Further developments based on artificial neural network based 

configuration interaction for strongly correlated systems will also be 

discussed.[4] The similarities between the ANNs and the MPS 

wavefunctions will be leveraged for 2D systems. 

[1] Singlet triplet gaps in polyacenes: a delicate balance between static and dynamic

correlations investigated by spin flip methods, C.U. Ibeji, D. Ghosh, Phys. Chem.

Chem. Phys., 17(15), 9849 (2016).

[2] Orbital Optimization in the density matrix renormalization group, with

applications to polyenes and beta carotene, D. Ghosh, J. Hachmann, T. Yanai, G.

K.-L. Chan, J. Chem. Phys., 128(14), 144117 (2008).

[3] In the quest for a stable triplet state in small polyaromatic hydrocarbons: an in

silico tool for rational design and prediction, M. Rano, S.K. Ghosh, D. Ghosh,

Chemical Science, 10, 9270 (2019).

[4] Configuration interaction trained by neural networks : Application to model

polyaromatic hydrocarbons, S.K. Ghosh, M. Rano, D. Ghosh, J. Chem. Phys., 154,

094117 (2021).
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New quantum chemical approaches based on renormalized 

modes/states for large strongly correlated systems 

Haibo Ma 

School of chemistry and chemical engineering, Shandong University, 

Qingdao 266237, China 

haibo.ma@sdu.edu.cn 

To quantitatively characterize realistic strongly correlated systems, it is 

essential to efficiently consider the non-uniform interactions between 

different sites and the interaction between the embedded active 

subsystem and the remaining correlated environment. To achieve this, 

we recently introduced several new post- density matrix normalization 

group (DMRG) and time-dependent DMRG (TD-DMRG) approaches. 

These include: (1) Renormalized residue-based multi-reference 

configuration interaction (RR-MRCI), which enhances the 

computational accuracy and efficiency of internally contracted (ic) 

MRCI by renormalizing the contracted bases with small-sized buffer 

environments consisting of a few external orbitals as probes. (2) 

Hierarchical mapping (HM)-TD-DMRG, which reduces a large 

environment to a small number of renormalized environmental modes 

that account for the most crucial system-environment interactions 

through stepwise mapping transformation. (3) Block interaction 

product state (BIPS)-DMRG, which offers a low-scaling fragment-

based method for large correlated systems. These advances extend the 

efficacy of highly accurate DMRG/TD-DMRG computations to the 

quantitative characterization of the electronic structure and quantum 

dynamics in realistic strongly correlated systems. 

[1] Y. Cheng, Z. Xie, H. Ma, J. Phys. Chem. Lett. 2022, 13, 904.

[2] K. Wang, Z. Xie, Z. Luo, H. Ma, J. Phys. Chem. Lett. 2022, 13, 462.

[3] Y. Xu, C. Liu, H. Ma, J. Chem. Theory Comput. 2023, 19, 426.

[4] Y. Xu, Y. Cheng, Y. Song, H. Ma, J. Chem. Theory Comput. 2023, 19, 4781.

[5] Y. Cheng, H. Ma, J. Chem. Theory Comput. 2024, 20, 1988.

[6] Y. Song, W. Huang, C. Liu, Y. Lei, B. Suo, H. Ma, J. Phys. Chem. A 2024,

128, 958.

[7] Y. Cheng, Z. Xie, X. Xie, H. Ma, arXiv:2408.07965.
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Beyond the Dailey-Townes model:

chemical information from the electric �eld gradient

Trond SAUE

Laboratoire de Chimie et Physique Quantiques UMR 5626 CNRS --- Université Toulouse III-Paul Sabatier
118 route de Narbonne, F-31062 Toulouse, France

Benjamin Peter Dailey (1919 - 2021) Charles Hard Townes (1915 � 2015)

In 1935 Schüler and Schmidt reported clear deviations from the Landé interval rule, associated with the nuclear
magnetic dipole moment, in the hyper�ne splittings of the atomic spectra of the two naturally occurring isotopes
of europium, 151Eu and 153Eu, both with nuclear spin I = 5/2. They suggested that this observation could be
explained by an ellipsoid shape of the nucleus [1]. The underlying theory was subsequently worked out by Casimir
[2,3]. The interaction energy is generally given by

EQ = −1

3

∑
ij

ΘijE
[1]
i;j ; E

[1]
i;j =

∂Ei

∂rj

∣∣∣∣
r=a

,

where Θij is a component of the traceless nuclear electric quadrupole moment and E
[1]
i;j a component of the electric

�eld gradient at the nuclear position a. For atoms and linear molecules, the interaction energy associated with
nuclear spin state |I,mI⟩ can be expressed as [4]

EQ (I,mI) =
e2qQ

4I (2I − 1)

[
3m2

I − I (I + 1)
]
,

where the electric quadrupole moment Q of the nucleus is de�ned as eQ = 2Θzz and the electric �eld gradient q

is de�ned as eq = −E
[1]
z;z. Accurate electronic structure calculations of the electric �eld gradient combined with

experiment allows the extraction of the nuclear quadrupole moment Q [5].
However, it was pointed out already in 1949 by Townes and Dailey that the electric �eld gradient at the

nuclear position is a sensitive probe of bonding in molecules, since it vanishes in the case of spherical symmetry
[6]. In the present contribution [7] we exploit and extend the Dailey-Townes model using the projection analysis [8]
implemented in the DIRAC program for relativistic molecular calculations [9].

[1] H. Schüler and T. Schmidt, Über Abweichungen des Atomkerns von der Kugelsymmetrie, Z. Phys. 94 (1935) 457

[2] H. Casmir, Über die hyperfeinstruktur des Europiums, Physica 2 (1935) 719
[3] P. Brix, Fifty Years of Nuclear Quadrupole Moments, Z. Naturforsch. A 41 (1985) 3
[4] P. Norman, K. Ruud, T. Saue: Principles and Practices of Molecular Properties: Theory, Modeling and Simulations, Wiley

(2018)
[5] P. Pyykkö, Year-2017 nuclear quadrupole moments, Mol. Phys. 116 (2018) 1328
[6] C. H. Townes and B. P. Dailey, Determination of Electronic Structure of Molecules from Nuclear Quadrupole E�ects, J. Chem.

Phys. 17 (1949) 782
[7] G. Fabbro, J. Pototschnig and T. Saue, submitted.
[8] S. Dubillard, J.-B. Rota, T. Saue and K.Fægri, Bonding analysis using localized relativistic orbitals: Water, the ultrarelativistic

case and the heavy homologues H2X (X=Te, Po, eka-Po), J. Chem. Phys. 124 (2006) 154307
[9] T. Saue et al., The DIRAC code for relativistic molecular calculations, J. Chem. Phys. 152 (2020) 204104
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Developing Local Quantum Vibration Embedding 

Framework for Multi-dimensional Vibrational Spectra 

Hui Li 

Theoretical Chemistry, College of Chemistry, Jilin University, 2519 

Jiefang Road, Changchun 130023, China 

Email: Prof_huili@jlu.edu.cn 

     Vibrational spectroscopy is crucial for studying molecular vibrations, 

but fully quantum-mechanical spectral simulations are limited to 

systems with few degrees of freedom, while classical approximations 

do not fully capture quantum effects. High-precision methods like 

Local Quantum Vibration Embedding (LQVE) address this by 

selectively applying quantum mechanics to key vibrations and using 

classical methods for the rest, thus balancing accuracy and 

computational cost [1, 2]. LQVE is adaptable, allowing researchers to 

customize it to their specific needs. Recently, we have attempted to 

apply LQVE to intramolecular resonance problems in multidimensional 

spectra. Using the aLQVH@LQVE method, we can simultaneously 

solve for multidimensional anharmonic oscillators. To address the issue 

of rapidly increasing computational cost in multiple dimensions, we 

further incorporated machine learning methods [2]. The results are in 

good agreement with experimental data. To address vibrational mode 

errors in instantaneous environments, we developed a controlled roto-

translational constraint optimization method. Additionally, we created 

a similar method for molecular dynamics to explore rotationally related 

ion transport mechanisms in battery materials [3]. 

[1] Rui-Jie Xue, Adam Grofe, He Yin, Zexing Qu, Jiali Gao*, Hui Li*.

“Perturbation Approach for Computing Infrared Spectra of the Local Mode of

Probe Molecules”. J. Chem. Theory Comput. 13 (2017), pp.191

[2] Yang Cong, Yu Zhai, Jitai Yang, Adam Grofe, Jiali Gao*, and Hui Li*.

“Quantum vibration perturbation approach with polyatomic probe in simulating

infrared spectra”. Phys. Chem. Chem. Phys. 24 (2022), pp.1174.

[3] Jitai Yang, Yang Cong,You Li, and Hui Li*. “Machine Learning Approach

Based on a Range-Corrected Deep Potential Model for Efficient Vibrational

Frequency Computation”. J. Chem. Theory Comput. 19 (2023), pp. 6366.

[4] Jitai Yang, Ke Li, Jia Liu, Jia Nie, Hui Li*. “A rotational/roto-translational

constraint method for condensed matter”. J. Chem. Phys. 161 (2024), pp. 054101.
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The Behaviors of Molecules in Strong Coupling Regimes 

Xunkun Huang, WanZhen Liang*  
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When few(many) molecules are placed in a nano(micro) cavity, the photon 

quasiparticles in the cavity will greatly enhance the light-matter interactions, 

leading to the generation of molecular polaritons and the modification of molecular 

photophysical and photochemical behaviors. To fully understand the precise 

mechanisms underpinning polaritonic chemistry and provide a deeper 

understanding of the underlying quantum mechanical processes, building useful 

theoretical models and advanced computational frameworks to describe and predict 

the behavior of these hybrid states is crucial but challenged. Here I report my 

group’s two recent works on understanding the molecular polariton-mediated 

phenomena and dynamics. The first one is about the development and application 

of a hybrid RT-TDDFT/RT-ωFQ scheme, which combines the real-time time-

dependent density functional theory (RT-TDDFT) approach and time-domain 

frequency dependent fluctuating charge (TD-ωFQ) mode, to effectively simulate 

the plasmon-mediated “real-time” electronic dynamics and even the coupled 

electron-nuclear dynamics in both the weak and strong coupling regimes. The other 

is about the development of the advanced analytical energy derivative approaches 

within the framework of the cavity Born-Oppenheimer density functional theory to 

efficiently calculate the vibro-polaritonic spectra and explore the critical points on 

the cavity potential energy surface.  

References: 

[1] Liang, W. Z.; Huang, J.; Sun, J.; Zhang, P.; Li, A. Multiscale modeling and simulation of

surface-enhanced spectroscopy and plasmonic photocatalysis. WIREs Comput. Mol. Sci. 2023,

13, e1665.

[2] Huang, X.; Zhang, W.; Liang, W. Z. Time-dependent Kohn-Sham electron dynamics

coupled with nonequilibrium plasmonic response via atomistic electromagnetic model. J.

Chem. Phys. 2024, 160, 214106

[3] Huang, X; Liang, W. Z. Real-Time Simulation of Ultrafast Electronic Dynamics of

Nanoscale Systems Involving an Organic Molecule and a Nanoparticle Dimer. J. Phys. Chem.

Lett. 2024, 15, 6592-6597.

[4] Huang, X.; Liang, W. Z. Analytical Derivative Approaches for Vibro-Polaritionic

Structures and Properties. J. Chem. Phys. submitted.
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Role of Metal-Oxide Interfaces in Catalysis 
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Our understanding of metal-oxide interactions in applied catalysts 
remains limited due to the challenging nature of such studies. In this 
talk, I will discuss how the combination of cutting-edge simulations and 
experiments can shed light on the activity of metal-oxide interfaces in 
various catalysts. Often nanoparticle-support interactions improve the 
activity of catalysts due to the altered binding energies of reaction 
intermediates at the boundary of the nanoparticle-support interface [1], 
e.g. in Pd/ZrO2 catalysts for CO oxidation [2]. The catalytic activity
may also be increased by the spillover of the reacting species through
the metal-oxide interface, e.g., in Pd-promoted ZnZrOx catalysts for
methanol synthesis [4]. The rate of H spillover in these catalysts can be
further improved by engineering a distribution network for H* within
the catalyst in the form of carbon nanotubes supporting Pd
nanoparticles [5].

[1] J. Chen, et al., “Diversity of platinum-sites at platinum/fullerene interface
accelerates alkaline hydrogen evolution”. Nat. Commun. 14 (2023) 1711.

[2] Y. Suchorski, S. M. Kozlov, I. Bespalov, M. Datler, D. Vogel, Z. Budinska, K.
M. Neyman, G. Rupprechter, “The role of metal/oxide interfaces for long-range
metal particle activation during CO oxidation”. Nat. Mater. 17 (2018) 519-522.

[4] K. Lee, U. Anjum, T. Pinheiro Araújo, C. Mondelli, Q. He, S. Furukawa, J.
Pérez-Ramírez, S. M. Kozlov, N. Yan, “Atomic Pd-promoted ZnZrOx solid
solution catalyst for CO2 hydrogenation to methanol”. Appl. Cat. B 304 (2022)
120994.

[5] K. Lee, et al., “Engineering nanoscale H supply chain to accelerate methanol
synthesis on ZnZrOx”. Nat. Commun. 14 (2023) 819.
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Heterogenous Catalysis by Interpretable Machine Learning 
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How metals interact with gaseous reactants and support underneath, 

i.e., metal-reactant interactions and metal-support interactions, are two

cornerstones of supported metal catalysts. Metal-reactant interaction

(MRI) determines activity and selectivity, where the nature of the active

sites and their structure sensitivity are the keys to rational design of

efficient catalysts but have been debated for almost one century in

heterogeneous catalysis. While metal-support interaction (MSI) is vital

in stabilizing dispersed catalysts and impacting a variety of interfacial

processes, but developing a fundamental theory has been challenging

because of the intricate interfaces. To address these challenges, here,

we harness the power of interpretable machine learning, domain

knowledge, theoretical and experimental data to establish a general

theory of MRI and MSI grounded in topological under-coordinated

number, metal-metal interaction and metal-oxygen interaction. It is

physical and concise, providing a constructive strategy to understand

the structure sensitivity, decipher the entangled geometric and

electronic effects, and transferable to metal-on-oxide and oxide-on-

metal interfaces. The theory reveals that metallophilicity dominates

support effects and suboxide encapsulation over metal nanoparticles. A

principle of strong metallophilicity for encapsulation occurrence is thus

proposed and substantiated by extensive experiments, resolving the

longstanding debates around strong MSI. The theory paves the way to

engineer the interfacial processes for advanced metal catalysts.

[1] S. L. Hu, and W. X. Li. “Sabatier principle of metal-support interaction for

design of ultrastable metal nanocatalysts”. Science 374 (2021) 840-849

[2] W. Shu, J. C. Li, J. X. Liu, R. H. Ouyang. W. X. Li; “Structure Sensitivity of

Metal Catalysts Revealed by Interpretable Machine Learning and First-principles

Calculations”. J. Am. Chem. Soc. 146 (2024) 8737-8745
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Simulations in electrocatalysis 

Nuria López 
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I will discuss our recent advances in the modeling of materials that can 

achieve CO2 conversion electrochemically. Starting by the 

fundamentals I will discuss the changes in the materials under true 

reaction conditions and how these affect the reactivity and the 

selectivity of the catalytic processes. 
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Data-driven symbiosis between computations & experiments for 
electrochemical reactions  

Alexander Bagger 
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Electrochemistry holds the promise to be a cornerstone for the sustainable production of fuels 
and chemicals. However, these catalytic reactions are increasingly complex to understand 
and hereby also improve. In particular reactions that suffers from selectivity challenges such 
as CO2 reduction 

In this talk, I will discuss how experiments and computational simulations can support 
each other. I will focus on electrochemical reduction of NOx, CO2, N2, and the combinations. 
Importantly, all these reactions share a direct competition with hydrogen, and furthermore, 
several products are formed from each reactant of these reactants. I will give minimalistic 
models that do not overfit or over interpretating experimental data. Examples are: 

i) Electrochemical CO2 reduction show multiple different products depending on
metal catalyst [1]. I will show why copper is unique as catalyst with a multiple-
carbon product distribution [2]. Following I will discuss data analytics on copper
facets to steer the product distribution [3].

ii) Electrochemical NOx reduction, also multiple products are formed; N2O, N2 and
NH3[4]. Several catalyst enable reductions to ammonia amongst them copper
[5] and recently also Co and Fe based catalysts close to their reduction
potential [6].

iii) Electrochemical N2 reduction to ammonia (NH3) at ambient conditions is
burgeoning [7-8]. Most interesting in aqueous there is not a “copper” catalyst
[9]. While in non-aqueous, the univocally working system is a Li-mediate
system [10]. For this system, I will show that varying multiple experimental
parameters display similar performance characteristics [11] and I will discuss
systems beyond lithium.

Finally, I will discuss how one can use these insights to establish predictive schemes for 
products beyond the typical reduction reaction products, hereunder synthesis of urea [12-13]. 

[1] Hori et. al., Journal of the Chemical Society, Faraday Transactions, 1989, 85, 2309-2326.
[2] Bagger, Ju, …, Strasser, Rossmeisl, ChemPhysChem, 2017, 18, 3266–3273.
[3] Bagger, Ju, …, Strasser, Rossmeisl, ACS Catalysis, 2019, 9, 7894−7899
[4] Rosca, Duca, Groot, Koper, Chem. Rev. 2009, 109, 2209–2244
[5] Wan, Bagger, Rossmeisl, Angewandte Chemie, 2021, 133 (40), 22137-22143
[6] Carvalho, …, Stoerzinger, JACS 2022, 144, 14809 14818.
[7] Andersen et al. Nature, 2019, 570, 504-508.
[8] Lazouski et al, Nature Catalysis, 2020, 3, 2520-1158.
[9] Bagger, Wan, Stephens, Rossmeisl, ACS Catalysis, 2021, 11 (11), 6596-6601
[10] Tsuneto et al. Journal of Electroanalytical Chemistry (1994)
[11] Spry, …, Bagger, ACS Energy Letters, 2023, 8 (2), 1230-1235
[12] Wan, …, Bagger, ACS Catalysis, 2023, 13, 1926-1933
[13] Wuttke, Bagger, submitted
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Modeling electrocatalytic interfaces via advanced DFT 
calculations   
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Electrocatalytic systems are crucial in various renewable energy 
conversion and storage technologies, forming a foundational basis for 
our sustainable future. Realizing their full potential requires 
advancements in catalytic materials to achieve better catalytic 
efficiencies, higher stability, and lower costs. This necessitates an 
atomic-level understanding of electrocatalytic systems, particularly the 
complex electrocatalyst-electrolyte interface, which involves numerous 
components and processes. Moreover, the interface properties can vary 
substantially depending on solvent and electrode potential and the 
variations can, in turn, have direct impact on electrocatalytic behaviour. 

The grand-canonical ensemble (GCE) DFT calculations [1] offer a 
robust framework for modelling electrochemical interfaces and 
reactions at the atomic level, while maintaining fixed electrode 
potentials. In my presentation, I will cover our recent developments in 
GCE-DFT [2], which make the method applicable to systems beyond 
the reach of the standard GCE-DFT approach. The examples of GCE-
DFT calculations to be presented include computing Pourbaix diagrams 
for metals under realistic reaction conditions [3] demonstrating how pH 
and potential can strongly influence the state of the catalyst and the 
electro-oxidation of biomass-derived species [3,4].  

References 
 [1] M.M. Melander, M.J. Kuisma, T.E.K. Christensen and K. Honkala J. Chem.
Phys. 150, (2019) 041706 
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(2024),1
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(2022),662
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Condition-Dependent Energy Landscape of Catalytic Paths 
for Activity and Stability Control 
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Countering catalyst inhibition in homogeneous hydrogenation is 
challenging due to the scaling relation between the inhibited and active 
states of the catalyst. Recently we demonstrated common additives act 
as environmental promotors allowing to selectively suppress the 
product inhibition the metal-ligand cooperative hydrogenation 
catalysts.[1-4] In this lecture I will discuss the origin of these 
phenomena and highlight the critical importance of the environmental 
effects on the intrinsic reactivity of realistic catalyst systems. Our 
combined experimental and computational studies reveal that the 
thermodynamic landscape of the competing reaction paths including 
inhibitory equilibria exhibits a non-monotonic dependence on the 
concentration of the base additive [2,3]. We demonstrate that under 
idealized conditions at low concentration base additives modulate the 
ionic strength. In a realistic catalyst system with high concentrations, 
the promotor speciation changes resulting in substantial perturbations 
to the free energy of catalytic paths, ultimately deciding its fate. 
Environment modulation is a practical tool for controlling the longevity 
and sustainability of noble metal catalyst as we demonstrate by bringing 
Ru-catalyzed ester and bicarbonate hydrogenation processes from 
merely lab curiosities to the industrial applications. 

[1] W. Yang, G. Filonenko, E.A. Pidko Chem. Commun. 59 (2023) 1757

[2] W. Yang, T.Y. Kalavalapalli, A.M. Krieger, T.A. Khvorost, I.Yu. Chernyshov,
M. Weber, E.A. Uslamin, E.A. Pidko, G.A. Filonenko, J. Am. Chem. Soc. 144
(2022) 8129

[3] P.O. Kulyaev, E.A. Pidko, ChemCatChem 12 (2020) 795

[4] H. Makoto, K. Wada, H. Matsuda, E.A. Pidko, J. CO2 Util. 81 (2024) 102718.
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Atomically Precise Heterogeneous Catalysis with Graphdiyne-Supported Metal Clusters 

Jun Li (李 隽)* 

1 Theoretical Chemistry Center, Department of Chemistry, Tsinghua University, Beijing 100084, China 

*Email: junli@tsinghua.edu.cn

Single-atom catalysts (SACs) have achieved great success in the past decade[1,2]. As a natural extension, 

single-cluster catalysts (SCCs) become a new frontier to extend the applications of SACs that feature 

simplistic single-atom active centers.[3-5] SCCs with precise numbers of atoms and structural configurations 

possess SAC’s merits, yet have greater potentials for catalyzing complex reactions and/or bulky reactants. 

The recently synthesized graphdiyne materials featuring natural holes for anchoring metal cluster is an ideal 

substrate for SCCs[4]. In this talk, we will discuss the stability and catalytic performance of single atom 

catalysts and n-atom SCCs (n = 2, 3, 4). Through systematic quantum-chemical studies and computational 

screening, we report the rational design of transition metal clusters Mx (x = 2, 3, 4) anchored on graphdiyne 

as a novel kind of stable SCCs with great potentials for efficient and precise heterogenous catalysis. Examples 

will be given on the catalytic performance for hydrogenation of alkynes, nitrogen reduction reaction (NRR), 

oxygen reduction reaction (ORR), hydrogen evolution reaction (HER), CO2 reduction reactions (CO2RR) 

and C-X (X = C, N, O, S) coupling reactions.[4,5] These graphdiyne supported SCCs provide an ideal 

benchmark scaffold for rational design of atomically precise heterogeneous catalysts (APCat) for industrially 

important chemical reactions.    

Keywords：graphdiyne；single-cluster catalyst；single-atom catalysis; computational modeling

References 

1. (a) B. Qiao, A. Wang, X. Yang, L. F. Allard, Z. Jiang, Y. Cui, J. Liu, J. Li, T. Zhang, Nat. Chem. 2011, 3: 634−641. (b) X.

Yang, A. Wang, B. Qiao, J. Li, J. Liu, T. Zhang, Acc. Chem. Res. 2013, 46: 1740-1748. (c) A. Wang, J. Li, T. Zhang, Nat.

Rev. Chem. 2018, 2: 65-81.

2. (a) J.-C. Liu, Y.-G. Wang, J. Li, J. Am. Chem. Soc. 2017, 139: 6190-6199. (b) J.-C. Liu, Y. Tang, Y.-G. Wang, T. Zhang, J.

Li, Natl. Sci. Rev. 2018, 5: 638-641.

3. (a) X.-L. Ma, J.-C. Liu, H. Xiao, J. Li, J. Am. Chem. Soc. 2018, 140: 46-49. (b) J.-C. Liu, X.-L. Ma, Y. Li, Y.-G. Wang, H.

Xiao, J. Li, Nat. Commun. 2018, 9: 1610.

4. (a) J.-C. Liu, H. Xiao, X.-K. Zhao, N.-N. Zhang, Y. Liu, D.-H. Xing, X. Yu, H.-S. Hu, J. Li, CCS Chem. 2023, 5: 152-163.

(b) Z. Huang, J.-X. Liang, D. Tang, Y. Chen, W. Qu, X. Hu, J. Chen, Y. Dong, D. Xu, D. Golberg, J. Li, X. Tang, Chem

2022, 8: 3008-3017. (c) J.-C. Liu, L. Luo, H. Xiao, J. Zhu, Y. He, J. Li, J. Am. Chem. Soc. 2022, 144: 20601-20609. (d) 

Xing, D. H.; Xu, C. Q.; Wang, Y. G.; Li, J. J. Phys. Chem. C 2019, 123: 10494. 

5. (a) X. Hai, Y. Zheng, Q. Yu, N. Guo, J. Li, J. Lu, et al. Nature 2023, 622: 754-760. (b) X. Li, S. Mitchell, Y. Fang, J. Li, J.

Perez-Ramirez, J. Lu Nat. Rev. Chem. 2023, 7: 754–767. (c) S. J. Qian, H. Cao, Y. G. Wang, J. Li J. Am. Chem. Soc. 2024,

146: 12530-12537.

43

Parallel Sessions



Density Functional Theory Studies for CO2 Conversion to 
value-added chemicals 

Zhang Jia 

Institute of High-Performance Computing (IHPC), A*STAR (Agency 
for Science, Technology and Research), 1 Fusionopolis Way #16-16 

Connexis, 138632 Singapore 

E-mail: zhangj@ihpc.a-star.edu.sg 

Computational modelling is a powerful tool to understand reaction 
mechanism and provide insights in rational catalyst design. In recent years, 
we have worked in a variety of areas from thermal catalysis to 
electrocatalysis; from transitional metal surface to organic molecule 
modified surface; from metal oxide to metal carbide catalyst. Currently, our 
catalysis research focuses on topics associated with the transition to low 
carbon future. In this talk, I will give an overview of the catalysis research in 
our group and showcase some of our recent research work in CO2 utilization. 
For example, I will discuss the Modified Fischer-Tropsch (MFT) process, 
which is a promising method for converting CO2 into chemicals. The Fe-
based catalyst is typically used for the MFT reaction, and the dynamic state 
of the catalyst observed in experiments reveals the complexity of the catalytic 
system. Thus, it is a big challenge to obtain a deep understanding of the whole 
chemical process, including the catalyst deactivation and regeneration.1,2 In 
this work, we explored the underlying reaction mechanisms in MFT 
reactions. For example, we proposed a novel mechanism for CO-derived 
surface C hydrogenation to ethylene using density functional theory (DFT) 
simulations. Our approach considers previously unexplored surface diffusion 
of partially hydrogenated intermediates (CH, CHCH), significantly reducing 
the effective energy barrier.1 The insights into iron catalyst evolution during 
CO2 reduction and F-T reaction over iron carbide surface shed some light on 
the development of strategies for achieving efficient catalyst performance. 

[1] Journal of Catalysis, 2023, 421, 185-193.

[2] Applied Catalysis B: Environment and Energy 2024, 347, 123794.
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Recent advances in divide-and-conquer quantum chemistry: 
toward large scale and beyond 
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We have developed a linear-scaling divide-and-conquer (DC) quantum 
chemical method [1], which was originally proposed by Yang and 
coworkers [2]. In this presentation, we will review the method 
especially focusing on the recent advances such as the automatic 
determination of the buffer region [3], the combination with the GFN-
xTB method [4], and the DC-based periodic boundary condition (PBC) 
calculation for HF and MP2 theories. Furthermore, we will report on 
our current research combining the DC method with quantum 
computation, such as the variational quantum eigensolver (VQE), and 
discuss the prospects for high-precision large-scale calculations using 
quantum computers.  

[1] H. Nakai, M. Kobayashi, T. Yoshikawa, J. Seino, Y. Ikabata, and Y.
Nishimura. “Divide-and-Conquer Linear-Scaling Quantum Chemical
Computations”. The Journal of Physical Chemistry A 127 (2023), pp. 589–618.

[2] W. Yang and T.-S. Lee. “A Density-Matrix Divide-and-Conquer Approach for
Electronic Structure Calculations of Large Molecules”. The Journal of Chemical
Physics 103 (1995), pp. 5674-5678.

[3] T. Fujimori, M. Kobayashi, and T. Taketsugu. “Energy-Based Automatic
Determination of Buffer Region in the Divide-and-Conquer Second-Order
Møller–Plesset Perturbation Theory”. Journal of Computational Chemistry 42
(2021), pp. 620-629.

[4] C. Bannwarth, E. Caldeweyher, S. Ehlert, A. Hansen, P. Pracht, J. Seibert, S.
Spicher, and S. Grimme. “Extended Tight-Binding Quantum Chemistry
Methods”. WIREs Computational Molecular Science 11 (2021), e1493.

45

Parallel Sessions



Fragment molecular orbital calculations for biomolecules 
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The fragment molecular orbital (FMO) method is a theoretical method 

that enables quantum chemical calculations of whole bio-

macromolecules, such as proteins and nucleic acids, yielding the 

interaction energies between fragments in addition to the energies and 

electron densities of the whole molecules [1-3]. The FMO calculations 

of protein complexes that have been structurally analyzed 

experimentally allow for quantitative analysis and physicochemical 

interpretation of intra- and intermolecular interactions within the 

complexes. Combined with classical molecular dynamics simulations, 

predictive analysis of protein structures and interactions, including 

mutants, taking into account thermal fluctuations in water can be 

performed, and with experimental verification a deeper understanding 

of life science phenomena can be obtained. Here we describe the 

"structure and interaction basis" obtained through the complementary 

use of experimental structure and the theoretical calculations.  

 The results of our FMO calculations to date can be obtained and 

analyzed from the FMO database [4], and as of the end of August 2024, 

37,450 structures have been made publicly available 

(https://drugdesign.riken.jp/FMODB/). 

[1] K. Kitaura et al., Chem. Phys. Lett. 313, 701-706 (1999).

[2] Recent Advances of the Fragment Molecular Orbital Method” ed. by Y.

Mochizuki, S. Tanaka and K. Fukuzawa, Springer Nature (2021).

[3] K. Fukuzawa and S. Tanaka, Curr. Opin. Struct. Biol, 72, 127-134 (2022).

DOI: 10.1016/j.sbi.2021.08.010

[4] D. Takaya, C. Watanabe, S. Nagase et. al., J. Chem. Info. Model., 61, 777-794

(2021). DOI: 10.1021/acs.jcim.0c01062
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Bootstrap Embedding 
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Bootstrap embedding (BE) is a recently developed quantum 
fragment embedding method that approximates a large system as a 
collection of overlapping fragments. By matching fragments in the 
overlap region and using only information gleaned from the core of a 
given fragment, BE show rapid and essentially monotonic 
convergence as the fragment size increases. In particular, we have 
demonstrated that BE works well for: strongly correlated systems; 
for large systems containing ~10,000 basis functions; extended basis 
sets; and periodic systems in one and two dimensions. In all cases, 
with appropriately chosen fragments, BE is able to recover ~99.8% 
of the total correlation energy from the parent method.  We will 
discuss future prospects, including the use of novel fragment solvers, 
inclusion of non-bonded interactions and the possibility of novel 
boundary conditions relevant to molecular impurities at surfaces. 
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Density matrix embedding theory: A density (matrix) 
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Density matrix embedding theory (DMET) [1] is a relatively recent 
quantum embedding approach to strongly correlated electrons that 
applies not only to materials but also to molecules. Its key feature is the 
drastic reduction in system size it offers, through the design of a one-
electron quantum bath subspace, for evaluating local electron 
correlations. Its current practical implementation raises many 
fundamental questions. Some of them will be addressed in this 
presentation. The first one is about the one-electron nature of the bath. 
Is there a (static) route for improving or even exactifying its 
construction in the context of one-electron reduced density matrix 
(1RDM) functional theory, for example [2,3]? As we will see, a similar 
question arises when extending DMET to an ensemble of ground and 
low-lying excited states [3]. Another important point is the self-
consistent optimization of the bath. While using the 1RDM as basic 
variable leads to an ill-conditioned problem, turning to its diagonal 
elements instead (which can be seen as the density in a localized orbital 
basis) offers the possibility to formally exactify DMET from the 
perspective of Kohn-Sham density functional theory, as embodied in 
the local potential functional embedding theory (LPFET) [4,5]. 

[1] G. Knizia and G. K.-L. Chan, Phys. Rev. Lett. 109, 186404 (2012).

[2] S. Sekaran, O. Bindech, and E. Fromager, J. Chem. Phys. 159, 034107 (2023).

[3] F. Cernatic, E. Fromager, and S. Yalouz, arXiv:2407.14278

[4] S. Sekaran, M. Saubanère, and E. Fromager, Computation 2022, 10, 45.

[5] W. Makhlouf, B. Senjean, and E. Fromager, to be submitted (2024).
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Electronic structure theory for strongly correlated systems (SCSs) poses 

a long-standing challenge in molecular quantum chemistry and 

condensed matter theory. Complete active space self-consistent field 

(CASSCF) theory has played a particularly important role in ab initio 

treatment of SCSs, but can not be directly applied to extended systems 

like solids and surfaces. There are continuous efforts in developing 

various quantum embedding techniques to treat complex strongly 

correlated systems accurately and efficiently. Density-matrix 

embedding theory (DMET), formulated in terms of the Schmidt 

decomposition of Slater determinant wave-functions, provides a 

systematic framework to combine low- and high-level quantum 

chemistry methods to treat strongly correlated systems. In this work, we 

first developed an efficient quantum embedding approach in the DMET 

framework that uses restricted open-shell Hartree-Fock (ROHF) as the 

low-level solver, and the CASSCF plus subsequent state interaction 

treatment of spin−orbit coupling (CASSI-SO) as the high-level solver, 

which are found to be able to predict accurately zero-field splitting 

parameters in typical 3d and 4f single-ion magnets (SIMs) with 

significantly reduced computational cost compared to its all-electron 

counterpart [1]. While the standard DMET relies on the partition of the 

whole system in terms of orthogonal localized orbitals, we further 

generalize DMET to the partition of the system in terms of non-

orthogonal local orbitals, which can be used to achieve DMET-like 

quantum embedding with greater flexibility and efficiency, and little 

loss of accuracy [2].  

[1] Ai, Y.; Sun, Q.; Jiang, H. Efficient Multiconfigurational Quantum Chemistry

Approach to Single-Ion Magnets Based on Density Matrix Embedding Theory. J.

Phys. Chem. Lett. 2022, 13, 10627.

[2] Y. Ai and H. Jiang, Exploring Novel Quantum Embedding Methods with a

Non-orthogonal Decomposition of Slater Determinants, doi:10.26434/chemrxiv-

2024-k5bf2.
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Exploration of the Optical Properties of Point Defects in 
Semiconductors and Insulators using Time-dependent 
Density Functional Theory and Quantum Embedding 

Methods 
Marco Govoni1, Victor Yu2, Yu Jin3, Giulia Galli2,3 

1Dept. Physics, Computer Science, and Mathematics, University of 
Modena and Reggio Emilia, Italy; 2Argonne National Laboratory, 

United States; 3Pritzker School of Molecular Engineering, University 
of Chicago, United States 

mgovoni@unimore.it 

A robust description of excited states for complex heterogeneous 
systems is needed to model optically activated processes in materials. 
We focus on simulations of point defects in diamond and silicon 
carbide, which are of interest for the realization of quantum 
technologies. We present a formulation of spin-conserving and spin-flip 
TDDFT, including the calculation of analytical forces, which allows for 
efficient calculations of excited state properties of solid-state systems 
with hundreds to thousands of atoms [1-2]. To include a description of 
double excitations we use full configuration interaction (FCI) 
embedded in DFT+GW [3]. These examples benefit from the use of the 
latest developments in high-performance computing architectures, 
which include pre-exascale capable machines [4] and quantum 
processors [5].  

This work is supported by MICCoM, as part of the Computational 
Materials Sciences Program funded by the U.S. Department of Energy, 
Office of Science, Basic Energy Sciences. 

[1] Y. Jin, W. Yu, M. Govoni, A. Xu, G. Galli, J. Chem. Theory Comput. 19, 8689 (2023).

[2] Y. Jin, M. Govoni, G. Galli, npj Comput. Mater. 8, 238 (2022).

[3] N. Sheng, C. Vorwerk, M. Govoni, G. Galli, J. Chem. Theory Comput. 18, 3512 (2022).

[4] W. Yu, M. Govoni, J. Chem. Theory Comput. 18, 4690 (2022).

[5] B. Huang, N. Sheng, M. Govoni, G. Galli, J. Chem. Theory Comput. 19, 1487 (2023).
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Computer-Aided Nanoscience Research: Nanoice, Superhydrophobicity, 

and Topological Wetting State 

Xiao Cheng ZENG 

Department of Materials Science & Engineering, City University of Hong Kong 

xzeng26@cityu.edu.hk 

In this talk I shall report several research findings from my group, including: (1) 

Prediction of new phases of two-dimensional nano-ice and ice clathrate, and one-

dimensional helical ice. (2) Superhydrophobic phenomena at the nanoscale. I will 

show a molecular-dynamics video to demonstrate the “Lotus effect” at nanoscale. 

(3) Topological wetting states at nano- and micro-scales. In these studies, tools of

computational chemistry, including classical molecular dynamics and ab initio

molecular dynamics simulations are employed. Some of these theoretical findings

are later confirmed by experiments, such as  the first 2D ice in nature, and the first

1D ice nanotube in nature.[1-4]

References 

[1]. D. Wu, Z. Zhao, B. Lin, Y. Song, J. Qi, J. Jiang, Z. Yuan, B. Cheng, M. Zhao, Y. Tian, Z. 

Wang, M. Wu, K. Bian, K.-H. Liu*, L.-M. Xu*, X. C. Zeng*, E.-G. Wang*, Y. Jiang*, "Probing 

structural superlubricity of two-dimensional water transport with atomic resolution," Science 384, 

1254-1259 (2024).  

[2]. J. Jiang, Y. Gao, L. Li,  W. Zhu, C. Zhu*, J. S. Francisco*, X. C. Zeng*,  "Rich proton 

dynamics and phase behaviours of nanoconfined ices," Nature Physics 20, 456–464 (2024). 

[3]. R. Ma, D. Cao, C. Q. Zhu, Y. Tian, J. Peng, J. Guo, J. Chen, X.-Z. Li, J. S. Francisco, X. C. 

Zeng*, L.-M. Xu*, E.-G. Wang*, and Y. Jiang*, "Atomic imaging of edge structure and growth 

of a two-dimensional hexagonal ice," Nature 577, 60-63 (2020).  

[4]. D. Lin, S. Wang, W. Xu, Y. Chen, P. Li, Y.-G. Fang, W. Zhao, X. Duan, X. Yang, W.-H. 

Fang, X. C. Zeng*, J. S. Francisco*, Y. Gao*, "Topological wetting states of microdroplets on 

closed-loop structured surfaces: Breakdown of the Gibbs equation at the microscale," Proc. Natl. 

Acad. Sci. USA 121, e2315730121(2024). 
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Machine Learning Material Design and Synthesis for Small 

Datasets 

Jinlan Wang 

School of Physics, Southeast University, Nanjing, China 

jlwang@seu.edu.cn 

Machine learning algorithms offer new opportunities and challenges for 

the development of new materials. One of the key challenges currently 

faced by data-driven material design is the lack of high-quality material 

data, referred to as the “small dataset” problem. This not only seriously 

affects the accuracy of data-driven models but also greatly limits their 

applicable scenarios. In this report, I will discuss the feasibility and 

challenges of advanced machine learning algorithms such as active 

learning and transfer learning to address “small dataset” problem: i) We 

developed an active learning framework to efficiently search the 

chemical space through edge sampling, and successfully screened more 

than 30 room-temperature 2D ferromagnetic materials from 200,000 

candidates; ii) By incorporating adversarial generative model with 

expert knowledge, we have realized the transfer learning from 3D 

effective mass to 2D mobility, and successfully predicted out more than 

20 high-mobility 2D semiconductor materials. Additionally, I will 

demonstrate how we combine small-batch high-throughput 

experiments, prior expert knowledge, and machine learning algorithms 

to enhance the synthesizability of new materials. 

[1] S.-H. Lu, Q.-H. Zhou, J. Wang*, et al., Nat. Sci. Rev. 9, nwac111 (2022).

[2] S.-H. Lu, J. Wang*, et al., Nat. Commun. 9, 3405 (2018).

[3] S.-H. Lu, Q.-H. Zhou, J. Wang*, et al., Adv. Mater. 32, 2002658 (2020).

[4] S.-H. Lu, Q.-H. Zhou, J. Wang*, et al., Chem 8, 769-783 (2022).

[5] X. Chen, Q.-H. Zhou, J. Wang*, et al., Nat. Commun. 15, 5391 (2024).

[6] Y. L. Wu, C-F Wang, M-G Ju*, Y. Zhang*, J. Wang*, Nat. Common. 15, 138

(2024).
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Deriving catalyst design strategies from computational data 

using artificial intelligence 

Sergey V. Levchenko 

Skolkovo Institute of Science and Technology, Moscow, Russia 

s.levchenko@skoltech.ru

Despite the accelerating progress in technology in recent years, only a 

small fraction of possible functional materials for various applications 

have been explored so far. One of the reasons for the slow exploration 

of materials space is the extreme complexity of the relation between the 

atomic composition of a material and its functional properties. 

Moreover, traditional computational approaches with high predictive 

power, such as density-functional theory and other first-principles 

methods, remain too demanding to directly explore the vast materials 

space. We demonstrate how to bridge the materials-space complexity 

with an artificial-intelligence (AI) approach called subgroup discovery 

(SGD) for an example from electrocatalysis. We have developed this 

approach to identify combinations of a catalytic material’s features 

(catalyst’s genes) that result in optimal catalytic properties. The 

approach is applied to understand and design novel catalysts for oxygen 

evolution reaction (OER) based on transition-metal-organic 

frameworks [1]. Based on physical understanding of SGD subgroups, 

we demonstrate why only a combination of material’s features can 

result in a good catalytic performance in case of complex reactions with 

several intermediates. The design strategy discovered by AI allowed us 

to find an exceptionally efficient catalyst whose performance and 

stability were confirmed experimentally. 

[1] J. Zhou et al., “Interpretable Data-Driven Descriptors for Establishing the

Structure-Activity Relationship of Metal–Organic Frameworks Toward Oxygen

Evolution Reaction”, Angewandte Chemie International Edition, e202409449

(2024).
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Approaching Larger Spatial and Temporal Scales in Polymer 

Simulations 

Zhong-Yuan Lu 
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E-mail: luzhy@jlu.edu.cn

Due to large molecular size and slow relaxation of polymer chains, a 

great amount of issues related to long-distance chain displacement, 

such as phase separation and self-assembly, cannot be tackled easily 

with conventional molecular dynamic simulations. We need to use 

coarse-grained polymer models to solve problems commonly 

encountered in (bio)polymer morphology and pattern formation. We 

have developed coarse-grained methods suitable for describing 

interaction between polymers, as well as stochastic reaction model for 

use in coarse-grained simulations via combining molecular dynamics 

and Monte Carlo to especially study the influences of chemical 

reactions on the construction of nanostructures. We have also 

developed GPU-accelerated molecular simulation software for use in 

coarse-grained simulations of polymer systems with several unique 

simulation tools developed by us [1]. In this talk, I will introduce key 

features of above-mentioned simulation techniques, together with 

representative applications. 

[1] http://pygamd.com .
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Fast Quantum Chemistry on Multi-GPU Architectures: Achievements and Future Directions 

Giuseppe Barca 

Quantum chemical modelling has become an indispensable tool in the discovery and design 

of new materials, drugs, catalysts, and other critical compounds. This progress is underpinned 

by the continuous evolution of computational quantum chemistry methods and the high-

performance computing systems that they use. 

As we enter the exascale computing era, the landscape of high-performance computing is 

shifting from traditional CPU-centric architectures to those dominated by accelerators, 

particularly GPUs. To harness the full potential of this transformation, quantum chemical 

methods must evolve in tandem, enabling the simulation of larger and more intricate 

molecular systems with unprecedented speed and precision. This transition represents a 

critical juncture in computational chemistry, where the fusion of cutting-edge hardware with 

algorithmic innovation will dictate future advancements. 

In this presentation, I will introduce the EXtreme-scale Electronic Structure System 

(EXESS), a novel quantum chemistry package designed from the group up to efficiently 

exploit the computational power of multi-GPU architectures. EXESS achieves unparalleled 

performance in key quantum chemical computations, including Resolution of Identity 

Hartree-Fock (RI-HF), Hartree-Fock (HF), and Resolution of Identity MP2 (RI-MP2) energy 

and gradient calculations, as well as microcanonical ensemble Ab Initio Molecular Dynamics 

(AIMD). Compared to established CPU-based codes like ORCA and Q-Chem, EXESS 

delivers speedups ranging from two to over three orders of magnitude in time-to-solution. 

I will explore the challenges and milestones encountered in the development of algorithms 

and software optimized for the world’s most powerful supercomputers. Additionally, I will 

discuss record-breaking calculations performed using EXESS on over 34,000 GPUs on the 

Frontier supercomputer. These calculations broke the exaflop barrier for the first time in 

quantum chemistry enabling AIMD/RI-MP2 simulations at the biomolecular scales required 

for quantum-accurate computer aided drug discovery.  
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“Chemical reactions” between HPC/AI and RGs 
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Ning Li1,2, Zhong Jin1,2 $ 

1National Super-Computing Center in CAS,  2Computer Network Information Center of CAS 
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The RGs, i.e. the Renormalization Group methods with the key idea of basis 

transformation, are emerging as powerful quantum chemical tools with their own 

characteristics. For example, the real-space RG (RSRG) can be adapted as the 

fragmentation approach for describing the low-lying states for larger molecules, 

and the density-matrix RG (DMRG) can be treated as the upward substitution for 

the popular active-space solver (e.g. CAS) in multi-reference (MR) calculations. 

Herein, we will talk about our recent works about applying HPC/AI technique 

in the calculating process of RG-based approaches, as well as some explores about 

RG-inspired machine-learning/quantum machine-learning (ML/QML) process. I.e., 

1. On the one side, the ML-assisted load prediction, [1] static/dynamic scheduling

optimization, [1] and coded fault-tolerance [2] are introduced into the fragment-

based Renormalized Exciton Method (REM), aiming for the fail-safe automatic

high-throughput calculations of low-lying states.

2. On the other side, the GPU-accelerated Reduced Density Matrix (RDM) [3] and

(externally contracted) MR Configuration Interactions (MRCI) [4]

computational frameworks are developed, in order to accelerate the post-

DMRG calculations, e.g. DMRG-cu(4)-NEVPT2 and DMRG2sCI-MRCI.

3. Besides that, imitating and upon the construction process of Bloch’s effective

Hamiltonian in RSRG, a quantum state-based neural-network (QSNN) model

is proposed and used in anomaly detection together with China Unicom, in

which both classical and quantum solvers are explored. [5]

References: 

[1] Y. Ma*, Z. Li, X. Chen, B. Ding, T. Lu, B. Zhang, B. Suo*, Z. Jin*, “Machine-learning assisted scheduling optimization and its 

application in quantum chemical calculations”, J. Comput. Chem. 44, 1174-1188 (2023) 

[2] K. Yuan, S. Zhou, N. Li, T. Li, B. Ding*, D. Guo*, Y. Ma*, “Fault-tolerant Quantum Chemical Calculations with Improved 

Machine-Learning Models”, J. Comput. Chem., in press. DOI:10.1002/jcc.27459 (2024) 

[3] W. Liang, R. Jin, Y. Ma*, Z. Jin*, “Efficient Computing for Reduced Density Matrix on GPUs”, HPCC ‘23, DOI:10.1109/HPCC-

DSS-SmartCity-DependSys60770.2023.00029 (2023) 

[4] R. Jin, W. Liang, H. Zhang, Y. Song, Z. Luo, H. Ma*, Y. Ma*, Z. Jin*, “PASCI : A Scalable Framework for Heterogeneous 

Parallel Calculation of Dynamical Electron Correlation”  ICPP ’24, 1103-1113 (2024) 

[5] F. Xu, K. Pan, D. Zhang, J. Li, L. Bo, Z. Li, P. He, Q. Liu*, W. Lu*, Y. Ma*, “A Stepwise Abnormal User Detection Framework 

Based On the Quantum State Ansatz via the Quantum Machine-Learning”, submitted to AAAI ‘25 
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Discontinuous Galerkin Hartree-Fock calculations for predicting 

accurate electronic structures of mesoscopic-scale metal-

semiconductor junctions with millions of atoms 

Wei Hu, Xinming Qin and Jinlong Yang 

University of Science and Technology of China, Hefei, Anhui, China 
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The evaluation of the exact Hartree-Fock exchange in hybrid density 

functional theory (DFT) is a crucial ingredient for accurately predicting 

electronic structures in molecules and solids. However, its application 

is currently limited to 5K atoms on leadership supercomputers due to 

its ultra-high computational complexity O(N4). Herein, we propose a 

new discontinuous Galerkin Hartree-Fock (DGHF) method for large-

scale hybrid functional electronic structure calculations. We present a 

massively parallel DGHF implementation on exascale supercomputers 

to reduce the high computational scaling of constructing the HFX 

matrix from O(N4) to O(N). We showcase how DGHF can be used to 

predict accurate electronic structures of complex metal-semiconductor 

junctions with 2.5M atoms (17.2M electrons) using 35.9M cores on 

exascale Sunway supercomputer. This is the first time high-accuracy 

hybrid functional electronic structure calculations enable us to simulate 

next-generation electronic devices at mesoscopic scale (200 nm). 

Figure 1. The key spirit of constructing the HFX matrix in DGHF. 

[1] Wei Hu, Jinlong Yang*, et al. “2.5 million-atom ab initio electronic-structure

simulation of complex metallic heterostructures with DGDFT”. SC22:

International Conference for High Performance Computing, Networking, Storage

and Analysis, ACM Gordon Bell finalist (2022).

[2] Wei Hu, Jinlong Yang*, et al. “High performance computing of DGDFT for

tens of thousands of atoms using millions of cores on Sunway TaihuLight”.

Science Bulletin, 66, 111-119 (2021).
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Molecular response under highly confined electromagnetic 
fields  

Yi Luo 

Hefei National Research Center for Physical Sciences at the 
Microscale, University of Science and Technology of China 

yiluo@ustc.edu.cn 

The creation of plasmonic nanocavity provides a powerful tool to break 
the conventional diffraction limit of light, enabling to achieve 
experimentally ultrahigh spatial resolution of molecular Raman image. 
The strong spatial confinement effect of plasmonic field has challenged 
the conventional molecular response theory, as widely adopted plan 
wave approximation for the light is no longer applicable. In this talk, I 
will briefly introduce our generalized molecular response theory in the 
framework of effective field Hamiltonian (EFH) [1], which allows to 
efficiently take all characteristics of localized plasmonic fields into 
consideration. In combination with first principles simulations, it can 
quantitatively reproduce state-of-the-art experimental observations, 
revealing the underlying intrinsic physics and mechanisms. The 
predictive power of EFH is demonstrated by several new phenomena 
generated from its peculiar spatial, momentum, time, and energy 
structures. The corresponding experimental verifications are also 
briefly described.  

[1] Sai Duan, Guangjun Tian, Yi Luo, “Theoretical and computational methods
for tip- and surface-enhanced Raman scattering”. Chem. Soc. Rev., 53 (2024), pp.
5083–5117. DOI: 10.1039/d3cs01070h.
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Modeling paramagnetic NMR.
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The paramagnetic NMR (pNMR) chemical shift of a given nucleus is
the difference between the observed shift and the shift observed for a
diamagnetic  analogue.  This  shift  may  be  split  into  a  dipolar  term,
arising from the magnetic dipolar interaction between the metal center
and the  NMR active  nucleus,  and a  contact  term,  due  to  the  spin
delocalization  leaking  from  the  paramagnetic  center  towards  the
ligand [1].

The calculations of the pNMR shifts with first principle methods are
either based on a EPR spin Hamiltonian, on magnetic susceptibility
tensor or directly, based on a sum over state formalism [2]. We will
analyze the connection between the three approaches,  with particular
emphasis on the role of the spin-orbit coupling.

The first approach will be illustrated by a first-row transition metal
complexes [3] and the second one, by actinide complexes, where spin-
orbit coupling is important. It gives access to the anisotropic magnetic
susceptibility Δχ to the spin density at the nuclei of the ligands, and
consequently to the ligand hyperfine coupling constants. The pathway
of the spin density from the magnetic 5f orbitals to the nuclei will be
discussed [4] .

[1] M. Autillo et al. Chem. Eur. J. 25, 4435 (2019)

[2] J. Autschbach, Vol. 11 of Annual Reports in Computational Chemistry, D. A. Dixon
(Ed.), Elsevier, 2015, pp. 3–36.

[3] Pyykkönen, A et al.  Inorg. Chem. 2020, 59, 9294–9307.; Islam, M. A.; Pell, A. J.
Phys. Chem. Chem. Phys. 2024, 12786.

[4] M. Autillo et al. Chem. Eur. J., 27, 7138 (2021). M. A. Islam et al.  Inorg. Chem., 61,
10329–10341 (2022). ; M. Autillo et al.  Inorg. Chem. 63, 12969-12980 (2024)
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VeloxChem: Science and education-enabling platform for
quantum molecular modeling
MATHIEU LINARES,a PATRICK NORMANb

a PDC Center for High Performance Computing, KTH Royal Institute of Technology
b Division of Theoretical Chemistry and Biology, KTH Royal Institute of Technology

VeloxChem1 is  a  science-  and  educational-enabling  software  platform  for  quantum  molecular
modeling at the levels of DFT and TDDFT. It is strictly object-oriented and written in a hybrid of
the  Python  and  C++/CUDA/HIP programming  languages  and  it  implements  extremely  e  cient
parallelism  through  MPI  and  OpenMP.  Noteworthy  functionalities  include  real  and  complex
response  functions  up  to  cubic  order  with  geometric  derivatives  of  complex  linear  response
functions  to  enable  resonance  Raman  spectrum  simulations  and  built-in  interoperability  with
classical  molecular  dynamics  simulations  by means of  an  automatized force-  eld generation.  It
installs with conda on Windows/macOS/Linux personal computers as well as it can harness the
power of modern supercomputers with GPU hardware acceleration.

Largely based on VeloxChem is the eChem2 Jupyter book initiative that allows for interactive deep
learning of the theory and methods in theoretical chemistry. The Jupyter notebooks upon which this
electronic book is built present theory and numerical methods with intertwined illustrative Python
code  cells.  In  addition  to  this  educational  aspect,  we  find  notebooks  to  be  useful  for  code
prototyping as a means to accelerate the process of software development.

The VIAMD3 graphical user interface enables visual interactive analysis of the complex molecular
systems that  VeloxChem can address,  including the electronic structures  of ground and excited
states together with the associated transition densities.

-------------------------------
1- Rinkevicius, Z.; Li, X.; Vahtras, O.; Ahmadzadeh, K.; Brand, M.; Ringholm, M.; List, N. H.;
Scheurer, M.; Scott, M.; Dreuw, A.; Norman, P. VeloxChem: A Python‐driven Density‐functional
Theory  Program for  Spectroscopy  Simulations  in  High‐performance  Computing  Environments.
WIREs Comput Mol Sci 2020, 10 (5), e1457. https://doi.org/10.1002/wcms.1457.
2 - Fransson, T.; Delcey, M. G.; Brumboiu, I. E.; Hodecker, M.; Li, X.; Rinkevicius, Z.; Dreuw, A.;
Rhee, Y. M.; Norman, P. eChem: A Notebook Exploration of Quantum Chemistry. J. Chem. Educ.
2023, 100 (4), 1664–1671. https://doi.org/10.1021/acs.jchemed.2c01103.
3  -  R  Skånberg,  I  Hotz,  A Ynnerman,  M Linares,  VIAMD:  a  Software  for  Visual  Interactive
Analysis  of  Molecular  Dynamics,  J.  Chem.  Inf.  Model.  2023,  63,  23,  7382–7391
https://doi.org/10.1021/acs.jcim.3c01033  7  
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Chemical dynamics from the hierarchical equations of motion 

method: Methodology developments and applications 

Qiang Shi* 
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In recent years, the hierarchical equations of motion (HEOM) method has 

developed into a instrumental tool for investigating quantum dynamics in condensed 

phases. To overcome the difficulties presented by more complex system-environment 

couplings and low-temperature simulations, we have enhanced the computational 

efficiency of the HEOM by incorporating tensor network methods and novel spectral 

decomposition techniques. Additionally, we demonstrate recent applications of the 

HEOM in areas such as charge transport and nonadiabatic dynamics on metal surfaces. 

References: 
[1] Q. Shi, Y. Xu, Y.-M. Yan, and M. Xu, J. Chem. Phys. 148, 174102 (2018).

[2] Y.-M. Yan, M. Xu, T.-C. Li and Q. Shi, J. Chem. Phys. 154, 194104(2021).

[3] M. Xu, Y.-M. Yan, Q. Shi, J. Ankerhold, and J.T. Stockburger, Phys. Rev. Lett. 129, 230601

(2022).

[4] X.-H. Dan, M. Xu, J. T. Stockburger, J. Ankerhold, and Q. Shi, Phys. Rev. B 107, 195429

(2023).

[5] X.-H. Dan and Q. Shi, J. Chem. Phys. 159, 044101 (2023).

[6] T.-C. Li, Y.-M. Yan, and Q. Shi, J. Chem. Phys. 160, 111102 (2024).
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hopping methods based on vibronic coupling methods  
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Understanding complex molecular dynamics following photoexcitation is essential 

for interpreting time-resolved spectroscopic signals. However, in systems with a 

large number of electronic and nuclear degrees of freedom, spectroscopic signals 

often become convoluted, making it challenging to isolate the contributions from 

different relaxation pathways and electronic states. Here we demonstrate the 

efficiency of trajectory surface hopping methods based on vibronic coupling 

models [1] to aid the interpretation of time-resolved femtosecond spectroscopic 

experiments. Through a series of examples, we demonstrate how these approaches 

extend the applicability of excited-state dynamics to longer time scales than what 

is typically achievable with on-the-fly methods. Additionally, by incorporating 

multiscale approaches [2], we provide an efficient and comprehensive framework 

to capture the influence of the environment on excited-state dynamics [3]. 

[1] J. P. Zobel, M. Heindl, F. Plasser, S. Mai, L. González, „Surface Hopping Dynamics

on Vibronic Coupling Models”. Acc. Chem. Res. 54, (2021), pp. 3760-3771. DOI:

10.1021/acs.accounts.1c00485

[2] S. Polonius, O. Zhuravel, B. Bachmair, S. Mai, “LVC/MM: A Hybrid Linear Vibronic

Coupling/Molecular Mechanics Model with Distributed Multipole Electrostatic

Embedding for Highly Efficient Surface Hopping Dynamics in Solution “. J. Chem.

Theory Comput. 19 (2023), pp7171-7186. DOI: 10.1021/acs.jctc.3c00805

[3] S. Polonius, D. Lehrner, L. González, S. Mai, “Resolving Photoinduced Femtosecond

Three-Dimensional Solute Solvent Dynamics through Surface Hopping Simulations”, J.

Chem. Theory Comput. 20 (2024), pp 4738-4750. DOI: 10.1021/acs.jctc.4c00169
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Exact Ab Initio Conical Intersection Dynamics 
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Department of Chemistry and Department of Physics, Westlake 
University 

gubing@westlake.edu.cn  

Conical intersections are ubiquitous in polyatomic molecules and 
responsible for a wide range of phenomena in photochemistry and 
photophysics. Here, we introduce an ab initio discrete variable local 
diabatic representation (LDR) for the numerically exact correlated 
electron-nuclear dynamics around conical intersections [1, 2, 3]. The 
LDR can be considered a generalization of the crude adiabatic 
representation with many reference geometries. It directly employs the 
adiabatic electronic states without adiabatic-to-diabatic transformation 
but avoids the divergence of the first and second derivative couplings 
at degeneracy points. We further show it is robust to the random gauge 
choices of the electronic wavefunction phases. It captures all 
nonadiabatic effects, including nonradiative transitions, electronic 
coherence, and geometric phases. 

[1] Gu, B. J. Chem. Theory Comput. 19, 6557–6563 (2023).

[2] Gu, B. J. Chem. Theory Comput. 2024, 20 (7), 2711–2718

[3] Zhu, X.; Gu, B. J. Phys. Chem. Lett. 2024, 15, 33, 8487–8493
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Electronic decay process spectra including nuclear degrees of 

freedom 
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In the field of chemistry, where nuclear motion has traditionally been a 

focal point, we now explore the ultra-rapid electronic motion spanning 

attoseconds to femtoseconds, demonstrating that it is equally integral 

and relevant to the discipline. The advent of ultrashort attosecond pulse 

technology has revolutionized our ability to directly observe electronic 

rearrangements in atoms and molecules, offering a time-resolved 

insight into these swift processes. Prominent examples include Auger-

Meitner decay and Interparticle Coulombic Decay (ICD). However, the 

real challenge lies in interpreting these observations, where theoretical 

models are indispensable. 

Building upon the analytical framework introduced in Phys. Rev. A 101, 

043414 (2020), which analyzed the spectra of electrons emitted during 

electronic decay processes from a purely electronic perspective, our 

paper represents a significant advancement. We extend this theoretical 

base to include nuclear dynamics, utilizing the Born-Oppenheimer 

approximation to deepen our under- standing of the intricate interaction 

between electronic and nuclear motion in these processes. 

We illustrate the impact of incorporating nuclear degrees of freedom in 

several theoretical cases characterized by different numbers of 

vibrational bound states in both the electronic resonance and the 

electronic final state. This approach not only clarifies complex spectral 

features and unusual peak shapes but also demonstrates a method for 

extracting the energy differences between multiple vibrational 

resonance states through their distinctive interference patterns. 
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MARVEL, SNAPS, and hubs 

Attila G. Császár 

ELTE Eötvös Loránd University and HUN-REN-ELTE Complex 

Chemical Systems Research Group, Budapest, Hungary 

Attila.Csaszar@ttk.elte.hu 

Apart from few-body problems, first-principles quantum-chemical computations, 

with or without the Born–Oppenheimer approximation, are unable to come even 

close to the accuracy of rovibrational spectroscopic measurements. To help 

experimentalists designing and assessing their measurements, the field of graph or 

network theory, that is discrete mathematics, comes to the rescue. Briefly, in the 

case of high-resolution spectroscopy, one can rely only on the validity of the Ritz 

principle, providing discreteness for both the transitions and the energy levels. 

Consequently, a spectroscopic network, a graph G(V,E), can be formed from the 

results of high-resolution spectroscopic measurements, whereby the vertices V are 

the quantum states, and the edges E are the transitions connecting them. The degree 

distribution of spectroscopic networks built upon measurement results is similar to 

those of most complex human networks (e.g., the internet, social networks, and air 

traffic): it is characterized by a few vertices with very large degree counts, called 

hubs, and a lot of vertices with just a few degrees (thus, quantum mechanics also 

builds an almost scale-free network). The network view of spectroscopic 

measurements [1] led to the development of a special tool, called MARVEL, 

standing for Measured Active Rotational-Vibrational Energy Levels, which helps 

not only to analyze high-resolution spectra of molecules but also the improvement 

of large spectroscopic line-by-line databases, like HITRAN. Using the MARVEL 

approach one can invert the direct spectroscopic information and come up with 

empirical energy levels with well-defined uncertainties, reflecting the accuracy of 

the measurements. These empirical (MARVEL) energy levels allow the 

representation of all the measurements made for a given molecule and, furtermore, 

they can predict transitions with experimental accuracy. The spectroscopic-network 

approach can also be used to select target lines for precision-spectroscopy 

measurements, where the measurement of each line still takes a considerable effort. 

Thanks to SNAPS (Spectroscopic-Network-Assisted Precision Spectroscopy) [2] 

and related measurements, hubs of several water isotopol-ogues as well as of parent 

acetylene have become known with kHz accuracy. 

[1] A. G. Császár et al. “Small Molecules – Big Data” J. Phys. Chem. A. 120 (2016), 8949-8969.

DOI: 10.1021/acs.jpca.6b02293.

[2] R. Tóbiás et al. “Spectroscopic-Network-Assisted Precision Spectroscopy and its Application

to Water” Nat. Commun. 11 (2020), 1708. DOI: 10.1038/s41467-020-15430-6.
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Harnessing Chemical Understanding with Wave Function 

Theory, Density Functional Theory, Machine Learning, and 

Quantum Computers 

Shubin Liu 

Research Computing Center, University of North Carolina, Chapel 

Hill NC 27599-3420; Department of Chemistry, University of North 

Carolina, Chapel Hill NC 27599-3290 

shubin@email.unc.edu 

In this talk, we overview the status of how theory and computation can 

be exploited to obtain chemical understanding from wave function 

theory and density functional theory, and then outlook the likely impact 

of machine learning (ML) and quantum computers (QC) to appreciate 

traditional chemical concepts. It is maintained that the development and 

maturation of ML and QC methods in theoretical and computational 

chemistry represent two paradigm shifts about how the Schrödinger 

equation can be solved. New chemical understanding can be harnessed 

in these two new paradigms by making respective use of ML features 

and QC qubits. Before that happens, however, we still have hurdles to 

face and obstacles to overcome in both ML and QC arenas. Possible 

pathways to tackle these challenges are proposed. We anticipate that 

hierarchical modeling, in contrast to multiscale modeling, will emerge 

and thrive, becoming the workhorse of in silico simulations in the next 

few decades. 

[1] Shubin Liu, Harvesting Chemical Understanding with Machine Learning and

Quantum Computers. ACS Phys Chem Au 2024, 4(2), 135-142.

[2] Shubin Liu (ed.), Conceptual Density Functional Theory: Towards a New

Chemistry Reactivity Theory. April 2022, Wiley-VCH GmbH, Weinheim,

Germany.

[3] Shubin Liu (ed), Exploring Chemical Concepts Through Theory and

Computation. May 2024, Wiley-VCH GmbH, Germany.
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Frontier Electron Density to Characterize the Molecular 

Interaction and Reactivity 

Dong-Xia Zhao, Xin-Meng Liu, Jian Zhao, Zhong-Zhi Yang 
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University, Dalian, 116029 P. R. China 
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It is an active research field of the theoretical chemistry to characterize the 

molecular structures and properties and to explore the interaction and reactivity 

between molecules. In the density functional theory, the electron density is used to 

express and deduce the molecular properties.[1] We have proposed the concept and 

method of the frontier electron density (FED)[2,3]. We define the two-dimensional 

characteristic molecular contour which is unique and intrinsic based on the one 

electron potential. The contour is the set of the points at which the one-electron 

potential equals to the negative value of the first ionization potential of the molecule, 

called molecular intrinsic characteristic contour (MICC). The electron density on 

the MICC is called the frontier electron density (FED). The steric force on the 

MICC is also called the frontier steric force (FSF). The ab initio method is used to 

calculate the FED and FSF of the molecules by using our own program. Figure 1 

displays frontier electron density (left) and frontier steric force (right) which have 

been used to  explore the regioselectivity and stereoselectivity of tert-butylbenzene. 

We have explored the relationship of the strengths and sites between molecules with 

their extremes. 

Figure 1. The regioselectivity and stereoselectivity of tert-butylbenzene. Frontier electron 

density (left); Frontier steric force (right) 

[1] Parr, R. G.; Yang, W. T. Density-functional theory of atoms and molecules; Oxford

University press: New York, 1989.

[2] Zhao, J.; Zhao, D.X. and Yang, Z.Z., Theory on the molecular characteristic contour

(III)—the indication of molecular regioselectivity and stereoselectivity via the molecular face,

Science in China Series B-Chemistry, 2020, 50, 1745.

[3] Zhao, D.-X.; Huang, H.; Yang, Z.-Z. Chapter 19: Molecular Face, In Conceptual Density

Functional Theory towards a New Chemical Reactivity Theory, Liu, S. 2022, Wiley-VCH.
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a Ecole Nationale Supérieure de Chimie de Paris, Université PSL, CNRS, i-CLeHS, 75 005 Paris, France, 
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Recent advances in machine learning (ML) and computational chemistry have opened the 
door to the development of hybrid computational workflows for reaction screening and 
discovery.1 Unfortunately, conventional ML algorithms tend to be extremely data hungry, and 
generating extensive (computational) reactivity datasets is tedious and computationally 
expensive. Additionally, the resulting trained models tend to be poorly generalizable. In this 
talk, I will discuss how introducing domain knowledge about chemical reactivity theories can 
dramatically improve the data efficiency, as well as the ability to generalize, of ML models.  

As a proof of concept, I will focus on hydrogen atom transfer reactions, and I will demonstrate 
that Valence Bond reactivity theory can be used to construct an informative and transferable 
representation for these reactions.2 Importantly, the identified set of descriptors constituting 
this VB-inspired representation do not need to be computed explicitly but can be predicted on-
the-fly by repurposing existing quantum chemical descriptor datasets found in the literature, 
with the help of a surrogate model. In this manner, extremely fast, data-efficient and versatile 
ML workflows can be set up, and I will demonstrate that meaningful predictions can be made 
for datasets as small as a few hundred data points, or even smaller, with the developed 
approach. 

Fig. 1. An overview of the developed ML workflow for reactivity prediction of hydrogen atom transfer reactions. 

References 

[1] (a) B. Meyer, et al., Chem. Sci. 2018, 9, 7069-7077; (b) S. Heinen, G. Falk von Rudorff, O. A. Von
Lilienfeld, J. Chem. Phys. 2021, 155, 064105; (c) N. Casetti, et al., Chem. Eur. J. 2023, 29, e202301957;
(d) T. Stuyver, C. W. Coley, Chem. Eur. J. 2023, e202300387.
[2] J. Alfonso-Ramos, R. Neeser, T. Stuyver, Digit. Discov. 2024, 3, 919-931.
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Analysis of allostery in a transcription factor using molecular simulations and machine learning 

Department of Chemistry, Boston University, Boston, MA, USA. Email: qiangcui@bu.edu  

While allostery has been a topic of intense interest for the past several decades, our understanding of 
the underlying mechanism at the molecular level continues to be challenged by new experimental 
observations. Specifically, a recent deep mutational scanning study of a bacterial transcription factor 
TetR found that allostery hotspot residues are broadly distributed over a major portion of the protein 
structure, rather than being clustered near the ligand-binding and DNA-binding domain interfaces as 
often discussed in structure-based studies. Similarly, loss of inducibility due to mutation of hotspots 
could be rescued by additional mutations that were also broadly distributed throughout the protein. 
These findings suggest that the contributions of hotspot residues are unlikely explained by a single 
mechanism, thus calling for different analysis strategies compared to previous computational studies.   
In this seminar, I’ll discuss our recent efforts that integrated atomistic simulations, machine learning 
analysis and a thermodynamic (MWC like) model to explain the various aspects of the experimental 
findings. The key realization from these analyses is that allostery hotspots may contribute by either 
mediating inter-domain communications or intra-domain energetics. The mechanistic insights we 
gleaned for TetR might be broadly applicable to allosteric systems with the similar structural topology. 

Relevant references: 

A parametrized two-domain thermodynamic model explains diverse mutational effects on protein 
allostery, Z. Liu, T. Gillis, S. Raman, Q. Cui*, eLife, 12, RP92262 (2024) 

Modulation of Allostery with Multiple Mechanisms by Hotspot Mutations in TetR, J. Deng*, Y. Yuan and 
Q. Cui*, J. Am. Chem. Soc. 146, 2757-2768 (2024)

Deep mutational scanning and machine learning reveal structural and molecular rules governing 
allosteric hotspots in homologous proteins, M. Leander‡, Z. Liu‡, Q. Cui* and S. Raman*, eLife, 11, 
e79932 (2022) 

Molecular Dynamics Simulations Establish the Molecular Basis for the Broad Allostery Hotspots 
Distribution in the Tetracycline Repressor,  Y. Yuan‡, J. Deng‡ and Q. Cui*, J. Am. Chem. Soc., 144, 10870-
10887 (2022) 

Functional Plasticity and Evolutionary Adaptation of Allosteric Regulation, M. Leander, Y. C. Yuan, A. 
Meger, Q. Cui and S. Raman*, Proc. Natl. Acad. Sci. USA, 117, 25445-25454 (2020) 
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Characterization of Intrinsic Disorder in Actin-Binding LIM 

Protein 1 

Peter Kekenes-Huskey 
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The heart adjusts to its workload through various mechanisms, 

including chemical changes to proteins that control cell contraction. 

Many of these changes, like phosphorylation and ubiquitination, occur 

in unstructured parts of proteins, called intrinsically disordered regions 

(IDRs). However, understanding how these modifications affect the 

whole protein and myofilament has been challenging.  Since heart 

problems often involve major shifts in these chemical modifications, 

especially in IDRs, studying their effects is crucial. We proposed that 

changes in myofilament protein ABLIM1 are regulated by its IDRs, 

where phosphorylation alters their shape and ability to bind to other 

proteins. To test this, we used molecular simulations to see how 

ABLIM1’s structure changes before and after phosphorylation.  Our 

results suggest that phosphorylation changes ABLIM1’s properties, 

potentially affecting how it interacts with other targets, like titin, by 

altering its effective concentration. These findings offer new insights 

into how myofilament proteins are regulated through chemical 

modifications. 
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Integrative biophysics of ERalpha allosteric interactions and disruption 

Sichun Yang, PhD 
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The estrogen receptor (ER or ERalpha) is a key driver of breast cancer. However, the allosteric 
interactions between its DNA-binding domain (DBD) and ligand-binding domain (LBD) have 
long remained elusive, impeding the development of novel therapeutic strategies.  

Using advanced integrative biophysics via data-driven computations, we uncovered a previously 
uncharacterized allosteric channel facilitating hormonal signal transmission between these 
domains (Nature Communications 2018). This discovery was rigorously validated through site-
directed mutagenesis and cellular ER activity assays. Leveraging these insights, we developed an 
innovative drug discovery platform targeting the ER domain interface (US Patent 16/695,487, 
issued in 2024), leading to the identification of mitoxantrone (MTO) as a potent binder to this 
unexplored domain interface. 

To elucidate MTO's mechanism of action, we implemented a multidisciplinary strategy: 
computational docking and umbrella sampling simulations predicted MTO's binding to the DBD-
LBD interface. Site-directed mutagenesis and biophysical assays confirmed the predicted 
binding. Biochemical studies revealed MTO-induced conformational changes in ER. Cellular 
investigations demonstrated that MTO rapidly alters ER subcellular localization, promotes 
degradation, uniquely modulates ER-targeted gene expression, and potently inhibits ER-
mediated transcription, cell growth, and tumor progression (bioRxiv, 2024).  

Our work represents two significant advancements: (1) the first characterization of highly 
flexible ER DBD-LBD interactions, providing crucial insights into ER function and allostery, 
and (2) the first proof of concept for targeting the ER DBD-LBD interface with small molecule 
disruptors to modulate ER-mediated function.  

These findings underscore the power of integrative biophysics and computational modeling in 
advancing both basic science and translational therapeutics. They also highlight the need for 
further in-depth biophysical investigations to fully harness this fundamental structure-function-
intervention approach in combating ER-driven breast cancer.  
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Searching for Less Entangled Orbitals 
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Quantum entanglement makes efficiently describing the electronic 
structure of molecules challenging on classical computers. In this talk, 
I will introduce an algorithm to search for less entangled orbitals 
(LEOs) with the help of density matrix renormalization group (DMRG) 
algorithm. On one hand, this method allows us to identify genuine 
challenging systems with strong multiconfigurational characters. On 
the other hand, the resulting LEOs can be used in quantum computation, 
which can potentially increase the success probability of quantum phase 
estimation and alleviate computational resources in variational 
quantum computation. 
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Toward Perturbation Theory Methods on Quantum Computers 

Junxu Li, Barbara A. Jones, Sabre Kais 
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Shenyang 110819, China. 

Lijunxu1996@gmail.com 

Perturbation theory, used in a wide range of fields, is a powerful tool for approximate solutions to complex 

problems, starting from the exact solution of a related, simpler problem. Advances in quantum computing, 

especially over the past several years, provide opportunities for alternatives to classical methods. Here, we 

present a general quantum circuit estimating both the energy and eigenstates corrections that is far superior to 

the classical version when estimating second-order energy corrections. We demonstrate our approach as 

applied to the two-site extended Hubbard model. In addition to numerical simulations based on qiskit, results 

on IBM’s quantum hardware are also presented. Our work offers a general approach to studying complex 

systems with quantum devices, with no training or optimization process needed to obtain the perturbative 

terms, which can be generalized to other Hamiltonian systems both in chemistry and physics. 

Figure 1. Scheme of the quantum circuit implementation. 

[1] J. Li, B. A. Jones, and S. Kais, Toward perturbation theory methods on a quantum computer, Science Advances 9, eadg4576

(2023).

[2] J. Li, X. Gao, M. Sajjan, J.-H. Su, Z.-K. Li, and S. Kais, Møller–Plesset perturbation theory calculations on quantum devices,

arXiv:2308.01559 (2023).
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We illustrate here how we can obtain accurate derivatives in quantum 

Monte Carlo (QMC) for the optimization of variational and structural 

parameters in the ground and excited states.  For several challenging 

molecules, we demonstrate the excellent performance of our protocol 

in the computation of excitation energies and structures even at the 

simpler variational Monte Carlo level.  We then discuss the impact of 

computing the interatomic forces within diffusion Monte Carlo and 

investigate the quality of machine-learning force fields trained on these 

forces, using simple fluxional molecules in the ground state as 

prototypical case.  
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Stochastic Approaches to Quantum Chemistry 
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Stochastic approaches to quantum chemistry are characterised by an 

element of random selection in the process of solving usually an 

electronic structure problem, and as such energies and properties also 

carry an error bar and these are often dependent on the precise details 

of the stochastic approach.  In contrasted, deterministic approaches, 

while still somewhat dependent on choices for initialization, can often 

come to numerical results to machine precision. 

In quantum chemistry, stochastic approaches, owing to often being far 

from black-box and relatively expensive, often occupy a specialist 

niche of benchmarking. In particular, Variational and Diffusion Monte 

Carlo, Full Configuration Interaction Quantum Monte Carlo (FCIQMC) 

[1] and Coupled Cluster Monte Carlo (CCMC) [2,3], and selected CI

approaches fall into this category.

In this talk, I discuss the differences in approach, applicability and 

success of these stochastic approaches, and present new developments 

in propagators, making use of a Chebyshev projector [4] which 

enhances the convergence properties of FCIQMC and CCMC, and 

explore how stochastic approaches can be used in conjunction with 

emerging quantum computing applications [5]. 

[1] J. Chem. Phys. 131, 054106, (2009). G. H. Booth, A. J. W. Thom, A. Alavi.

Fermion Monte Carlo without fixed nodes: a game of life, death, and annihilation

in Slater

[2] Phys. Rev. Lett. 105, 263004, (2010). A. J. W. Thom. Stochastic coupled cluster

theory.
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[3] J. Chem. Phys. 158, 184101, (2023). M.-A. Filip, A. J. W. Thom. A hybrid

stochastic configuration interaction–coupled cluster approach for multireference

systems

[4] Faraday Discuss. (2024). Z. Zhao, M.-A. Filip, A. J. W. Thom. Rapidly

convergent quantum Monte Carlo using a Chebyshev projector.

[5] Phys. Rev. Res. 4, 023243, (2022). M.-A. Filip, N. Fitzpatrick, D. Muñoz Ramo,

A. J. W. Thom. Reducing unitary coupled cluster circuit depth by classical

stochastic amplitude prescreening.
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Exploiting Non-Abelian Point-Group Symmetry to Estimate 
the Exact Ground-State Correlation Energy of Benzene 

in a Polarized Split-Valence Triple-Zeta Basis Set 

Janus Juul Eriksen* (Technical University of Denmark, DK) 

Local electronic-structure methods in quantum chemistry operate on the ability to com-
press electron correlations more efficiently in a basis of spatially localized molecular 
orbitals than in a parent set of canonical orbitals. However, many typical choices of 
localized orbitals tend to be related by selected, near-exact symmetry operations 
whenever a molecule belongs to a point group, a feature which remains largely unex-
ploited in most local correlation methods. In this talk, I will demonstrate how to leverage 
a recent unitary protocol for enforcing symmetry properties among localized orbitals 
[1] to yield a high-accuracy estimate of the exact ground-state correlation energy of
benzene (D6h) in correlation-consistent polarized basis sets of both double- and triple-
ζ quality [2]. Through an initial application to many-body expanded full configuration
interaction (MBE-FCI) theory [3-5], we show how molecular point-group symmetry can
lead to computational savings that are inversely proportional to the order of the point
group in a manner generally applicable to the acceleration of modern local correlation
methods [6]. In combination with an efficient clustering of orbitals [7], the developments
reported here considerably improve upon the computational efficacy of MBE-FCI.

[1]: Greiner, J.; Eriksen, J. J.: Symmetrization of Localized Molecular Orbitals. J. Phys. Chem. A 127, 
3535 (2023) 
[2]: Greiner, J.; Gauss, J.; Eriksen, J. J.: Exploiting Non-Abelian Point-Group Symmetry to Estimate 
the Exact Ground-State Correlation Energy of Benzene in a Polarized Split-Valence Triple-Zeta Basis 
Set. arXiv: 2407.21576 (2024) 
[3]: Eriksen, J. J.; Lipparini, F.; Gauss, J.: Virtual Orbital Many-Body Expansions: A Possible Route to-
wards the Full Configuration Interaction Limit. J. Phys. Chem. Lett. 8, 4633 (2017) 
[4]: Eriksen, J. J.; Gauss, J.: Generalized Many-Body Expanded Full Configuration Interaction Theory. 
J. Phys. Chem. Lett. 10, 7910 (2019)
[5]: Eriksen, J. J.; Gauss, J.: Incremental Treatments of the Full Configuration Interaction Problem.
WIREs Comput. Mol. Sci. 11, e1525 (2021)
[6]: Eriksen, J. J.: The Shape of Full Configuration Interaction to Come. J. Phys. Chem. Lett. 12, 418
(2021)
[7]: Greiner, J.; Gauss, J.; Eriksen, J. J.: Error Control and Automatic Detection of Reference Active
Spaces in Many-Body Expanded Full Configuration Interaction. J. Phys. Chem. A 128, 6806 (2024)
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Dong Hui Zhang 
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Water exhibits many anomalous properties, which has given rise to 

uninterrupted interest in it. Numerous theoretical models have been 

proposed to elucidate the unique behavior of water across all phases, 

but the long-sought “universal water model” capable of describing the 

properties of water under different thermodynamic conditions remains 

elusive. In this talk, we will present a new potential energy surface (PES) 

of water by fitting many-body interaction energies from high-level 

electronic structure calculations by using fundamental invariants neural 

networks (FI-NN) in an unprecedented accuracy. With inclusions of up 

to four-body interaction energies with sufficient large cut-off distances, 

the simulated structural, thermodynamic, and dynamical properties of 

water clusters and bulk water using the new PES are uniformly in 

excellent agreement with the experimental observations without any 

empirical long-range potentials, indicating the long-sought “universal 

water model” is finally emerging 
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An MCTDH collocation method with more points than basis functions: obviating integrals

Robert Wodraszka, Jesse Simmons, and Tucker Carrington, Queen’s University, Kingston, Canada.

It is common to use variational methods to solve the Schroedinger equation to study the motion of nuclei in a molecule
or a reacting system. MCTDH is a variational method that uses optimized basis functions. When using a variational
method, one must confront the problem of computing the matrices that are fed into whatever method is used to solve the
Schroedinger equation, e.g. MCTDH. Many variational methods therefore require that the PES has a simple form that
facilitates the calculation of the potential matrix. Most MCTDH calculations are done with a sum-of-products PES. In
this talk, I shall present collocation ideas that obviate the need to compute the matrices required in a variational method.
Like a variational method, a collocation method represents solutions as linear combinations of basis functions. Unlike a
variational method, collocation determines basis function coefficients by demanding that the Schroedinger equation be
satisfied at points: there are no integrals and no quadratures. In our calculations, collocation points are the points on
a “sparse” grid. When using polynomial basis functions in a variational method, it is common to systematically reduce
quadrature error by using more quadrature points than basis functions. Using more points than functions is unfortunately
not straightforward in a MCTDH calculation. I shall discuss collocation methods that use more points than functions in
order to systematically approach variational accuracy. To extract the best possible solutions from a given basis by using
more points than basis functions means using rectangular matrices. Because the MCTDH basis is excellent, it is important
to use rectangular collocation with MCTDH. This requires deriving new equations because the original MCTDH equations
were derived with a variational approach. Excellent results are obtained for molecules with as many as six atoms without
any need to optimize points.
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Electronic coherences built by an attopulse control electron-
nuclei entanglement and the forces on the nuclei 

Françoise Remacle 

Theoretical Physical Chemistry, RU MOLSYS, 
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fremacle@uliege.be 

Short attosecond (as) or few femtoseconds (fs) pulses have a broad enough 
energy bandwidth for exciting a superposition of several electronic states in 
neutral molecules and molecular cations. This opens the way to engineering 
electronic coherences to steer charge migration through the selective 
localization the electronic density on its purely electronic time scale.[1] As 
the nuclei begin to move, the electronic and nuclear motions are entangled 
and the engineered electronic coherences can be usefully exploited for control 
by steering the vibronic density through the network of non adiabatic 
interactions to specific products.  
I will discuss several examples illustrating the role of initial entanglement 
and the features of the force on the nuclei exerted by the vibronic wave packet 
after excitation with an attopulse, first in the case of the fragmentation of 
diatomic molecules oriented with respect to the polarization of the exciting 
pulse.[2] I will then report on the force on the nuclei and the stereodynamics 
in an ensemble of initially randomly oriented molecules photoexcited by an 
ultrashort pulse: An ensemble of diatomic molecules LiH excited by a short 
CEP controlled IR pulse[3] and the forces driving the ultrafast structural 
rearrangement of the methane cation induced by photoionization of an 
ensemble of neutral CH4 to a superposition of the three lowest states of the 
cation by a XUV pulse.[4] 

[1] F. Remacle and R. D. Levine, Proc. Natl.  Acad. Sci. USA 103, 6793-6798
(2006); F. Remacle, et al., Phys. Rev. Lett. 99 (18), 183902 (2007); B. Mignolet, et
al., J. Phys. B: At. Mol.  Opt. Phys. 47, 124011 (2014).
[2] M. Blavier, et al., Phys. Chem. Chem. Phys. 24, 17516-17525 (2022); M.
Blavier, et al., Chem. Phys. Lett. 804, 139885 (2022); M. Cardosa-Gutierrez, R. D.
Levine, and F. Remacle, J. Phys. B At. Mol. Opt. Phys. 57, 133501 (2024).
[3] M. Cardosa-Gutierrez, R. D. Levine, F. Remacle, J. Phys. Chem. A. 128, 2937-
2947 (2024).
[4] C.E.M. Gonçalves, R.D. Levine, F. Remacle, Phys. Chem. Chem. Phys. 23
(2021) 12051-12059, M. Blavier, et al., J. Phys. Chem. A 125, 9495-9507 (2021)
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Vibrational, vibronic and electronic quantum dynamics with 
the MCTDH approach 

Oriol Vendrell, David Mendive-Tapia, Sudip Sasmal, Markus 
Schröder 

Theoretische Chemie, Physikalisch-Chemisches Institut, 
Heidelberg University, Germany 

oriol.vendrell@uni-heidelberg.de 

The multiconfiguration time-dependent Hartree (MCTDH) method and 
its multilayer (ML-MCTDH) generalization [1] constitute a powerful 
and general approach for the solution of the time-dependent 
Schrödinger equation for high-dimensional and highly correlated 
quantum mechanical systems. Here I will discuss some recent 
developments in our research group that have enabled applications to 
the spectroscopy and dynamics of complex quantum systems, both in 
the areas of vibrational and electronic quantum dynamics [2,3,4]. I close 
with some perspectives for further developments and standing 
challenges ahead.  

Figure 1. Polyspherical vectors, extended Zundel cation (left). Tree-
tensor structure of an ML-MCTDH wavefunction (right). 

[1] O. Vendrell, H.-D. Meyer, J. Chem. Phys. 134, 044135 (2011)
DOI: 10.1063/1.3535541

[2] S. Sasmal, M. Schröder, O. Vendrell, J. Chem. Phys. 160, 134102 (2024),
DOI: 10.1063/5.0192012

[3] D. Mendive-Tapia, H.-D. Meyer, O. Vendrell, J. Chem. Theory Comput. 19,
1144 (2023), DOI: 10.1021/acs.jctc.2c01089

[4] M. Schröder, F. Gatti, D. Lauvergnat, H.-D. Meyer and O. Vendrell, Nat
Commun 13 6170 (2022), DOI: 10.1038/s41467-022-33650-w
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Chun-Wei Pao, Po-Yu Yang, Cheng-Lun Wu 

Research Center for Applied Sciences, Academia Sinica, Taipei, 
Taiwan 

cwpao@gate.sinica.edu.tw 

High entropy alloys (HEAs) has attracted tremendous interests in both 
academia and industry because of their potential applications in 
advanced structural, energy, or catalytic materials. Recently a 
Co25Ni25(HfTiZr)50 complex alloy with extraordinary elastic limit and 
Elinvar effects was reported [1]. Our extensive density functional 
theory (DFT) calculations indicate the local chemical ordering is the 
key to accommodate the 11%  atomic size misfit. To further investigate 
the plastic behaviors of this complex ultraelastic alloy, we trained a 
machine learning (ML)-based energy model that can predict the 
energies and atomic forces with high fidelity to the DFT calculations, 
and performed a series of large-scale molecular simulations to examine 
the plastic deformation and dislocation dynamics[2]. Our simulations 
are in excellent agreements with experiments; furthermore, our 
simulations provide atomistic details of dislocation core structures, 
suggesting potential structural reorganization at elevated temperature, 
which are difficult to be extracted directly from experiments. Hence, 
we demonstrate that ML-based energy model is a powerful tool in 
studying the microstructure of chemically complex materials.   

[1] QF He, JG Wang, HA Chen, ZY Ding, ZQ Zhou, LH Xiong, JH Luan, JM
Pelletier, JC Qiao, Q Wang, LL Fan, Y Ren, QS Zeng, CT Liu, CW Pao*, DJ
Srolovitz*, Y Yang* “A highly distorted ultraelastic chemically complex Elinvar
alloy”. Nature (2022) 602, p. 251. DOI: 10.1038/s41586-021-04309-1

[2] H Wang, PY Yang, WJ Zhao, SH Ma, JH Hou, QF He, CL Wu, HA Chen, Q
Wang, Q Cheng, BS Guo, JC Qiao, WJ Lu, SJ Zhao, XD Xu, CT Liu, Y Liu*,
CW Pao*, Y Yang* “Lattice distortion enabling enhanced strength and plasticity
in high entropy intermetallic alloy”. Nature Communications (2024) 15, p. 6782.
DOI: 10.1038/s41467-024-51204-0
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Transfer Tensor Method and Applications to Cavity Polaritons 

Jianshu Cao,   MIT,  Cambridge, MA 02139 

The initial evolution of an open system encodes the essential information of its 
underlying dynamical correlations, which in turn predicts its trajectories at later times. In 
this talk, I will present a general strategy, Transfer Tensor Method (TTM), which stores 
the information from short-time trajectories in non-Markovian dynamical maps, 
compresses the maps into transfer tensors, and then uses the tensors to propagate the 
state of the system to longer time scales. As illustrative examples, TTM has been 
implemented to study quantum dissipation and relaxation of lossy cavity polaritons.  As 
demonstrated in these examples, TTM is flexible to accommodate static disorder, 
kinetic analysis, basis reduction, and spatial-temporal correlation.  In essence, TTM is a 
black-box tool, applicable to both quantum and classical systems, both discrete and 
continuous state variables, and both numerical and experimental data, and will find 
potentials in large-scale numerical simulations, machine learning, and quantum 
information processing. 

References: 

Non-Markovian dynamical maps: Numerical processing of open quantum trajectories. J. 
Cerrillo and J. Cao, Phys. Rev. Lett. 112(11), 110401/1-5 (2014) 

Accurate long-time mixed quantum-classical Liouville dynamics via the transfer tensor 
method. A. A. Kananenka, C.-Y. Hsieh, J. Cao, and E. Geva, J. Phys. Chem. 
Lett. 7(23), 4809-4814 (2016) 

Efficient simulation of non-Markovian system-environment interaction. R. Rosenbach, J. 
Cerrillo, S. F. Huelga, J. Cao, and M. B. Plenio, New J. Phys. 18(2), 023035/1-11 (2016) 

Initial system-environment correlations via the transfer tensor method. M. Buser, J. 
Cerrillo, G. Schaller, and J. Cao, Phys. Rev. A 96(6), 062122/1-8 (2017) 

Extracting kinetic information from short-time trajectories: relaxation and disorder of 
lossy cavity polaritons. A. Wu, J Cerrillo, and J. Cao,  Nanophotonics, 
https://doi.org/10.1515/nanoph-2023-0831 (2024) 

Learning spatial-temporal correlations from short trajectories,  F. Ivander and Cao (in 
preparation) .   
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Fermi’s Golden Rule Rates for Exciton Transfer and 
Nonradiative Decay Processes 

Seogjoo J. Jang 

Department of Chemistry and Biochemistry, Queens College and the 
Graduate Center, City University of New York, New York, USA  

Seogjoo.jang@qc.cuny.edu 

Great advances have been made during the past two decades in direct 
calculation of quantum transitions in complex molecular environments 
and intricate quantum dynamical processes.  While full dynamics 
calculations may be ultimately necessary for satisfactory theoretical 
description of these transitions, it is often the case that transitions can 
be qualitatively characterized or semi-quantitatively modeled in terms 
of appropriate rates combined with master equations. For the 
calculation of rates, Fermi’s golden rule (FGR) has been widely and 
successfully used for various molecular systems.   However, in its 
applications to complex molecular systems, there are some ambiguities 
and issues requiring further refinement and development of FGR.  This 
talk will provide a short summary of our FGR-based theories of 
resonance energy transfer and nonradiative decay processes that can 
account for new quantum effects that were missing in established 
theories.   Applications of some of these to light harvesting complexes 
and organic dye molecules are demonstrated as well.  We then provide 
our most recent theory of nonadiabatic transitions due to derivative 
couplings, which accounts for non-Condon effects and demonstrate the 
utility of the theory.  

. 
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Charge/energy transfer in organic aggregates simulated from 
stochastic Schrödinger equation 

Yi Zhao 

State Key Laboratory of Physical Chemistry of Solid Surfaces, Fujian 
Provincial Key Laboratory of Theoretical and Computational 

Chemistry, and College of Chemistry and Chemical Engineering, 
Xiamen University, Xiamen 361005, China 

Organic aggregate is one of novel materials with wide applications in 
the fields of photovoltaic and luminescence. Revealing the dynamic 
behavior of energy/charge transfer in these materials is significant to 
understand photoelectric performance and optimize organic 
optoelectronic devices. At the microscopic level, the dynamic processes 
of energy/charge transfer show both the characteristics of jumping 
motion with molecular localization and the law of wavelike motion in 
the energy band of inorganic semiconductor, which makes the rate 
theories and energy band theories inapplicable. To solve this problem, 
we have developed a rigorous stochastic Schrödinger equation and its 
approximation formula, in which the molecular vibration is introduced 
as a random fluctuation of the electron energy level, and thus the 
approach can be applicable to the dynamic process in the systems with 
nanometer scale. We also try to extend the stochastic Schrödinger 
equation to reveal carrier dynamics in oxide semiconductors in both the 
lattice momentum space and the coordinate space, and provide an 
innovation method in the field of inorganic semiconductor.  
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Doubly hybrid functionals: From molecules to extended materials 

Xin Xu1  
1 Fudan University, Shanghai, 20048, China 

Density functional theory (DFT) is now the most popular computational method in 

materials science. As the new generation functionals, doubly hybrid approximations 

(DHAs) have been shown to improve over conventional functionals with unprecedented 

accuracy in describing various kinds of chemical interactions and properties for finite 

molecules [1-3]. Recently, we have realized the periodic implementations of DHAs and 

demonstrated that the accuracy of DHAs achieved for finite molecules can be transferred 

to extended materials [4-7]. We anticipate that this new advancement will boost the 

predictive power for accurate descriptions of molecular crystals, as well as those of 

molecule-surface interactions in heterogeneous catalysis. 

[1] Y. Zhang, X. Xu, and W.A. Goddard III, Proc. Natl. Acad. Sci. USA, 106 (2009) 4963.

[2] I. Y. Zhang, X. Xu, Y. Jung, and W.A. Goddard III, Proc. Natl. Acad. Sci. USA, 108

(2011) 19896.

[3] N. Q. Su, Z. Zhu, X. Xu, Proc. Natl. Acad. Sci. USA, 115 (2018) 2287.

[4] S. Duan, I. Y. Zhang, Z. Xie, X. Xu, J. Am. Chem. Soc. 142 (2020) 6902.

[5] B. Chen, X. Xu, J. Chem. Theory Comput. 16 (2020) 4271.

[6] Y. Wang, Y. Li, J. Chen, I. Y. Zhang, X. Xu, JACS Au 1 (2021) 543.

[7] Z. Chen, Z. Liu and X. Xu, Nat. Comm. 14 (2023) 936.
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Optical Spectra of periodic systems from ab-initio theories

Pina Romaniello

Laboratoire de Physique Théorique, FeRMI, Université Paul Sabatier,
118 Route de Narbonne, 31062 Toulouse Cedex 4, France

romaniello@irsamc.ups-tlse.fr

In  the  last  two  decades  time-dependent  density  functional  theory
(TDDFT) has been increasingly applied to solids, and in particular to
the calculation of optical spectra.  In this talk I will first discuss how
accurately this spectrum can be described within a pure Kohn-Sham
time-dependent  density-functional  framework,  i.e.,  a  framework  in
which no theory beyond Kohn-Sham density-functional theory, such
as GW, is required to correct the Kohn-Sham gap. Our approach relies
on the link between the exchange-correlation kernel of TDDFT and
the  derivative  discontinuity  of  ground-state  DFT.  I  will  show that
semiconductors  and  wide-gap  insulators  are  well  described  by  our
approach. Two-dimensional materials, instead, remain a challenge and
better results are obtained using the Bethe-Salpeter equation of Many-
Body Perturbation  Theory.  I  will  then point  out  the importance of
being  consistent  between  approximations  employed  in  the  ground-
state calculations and approximations employed in the linear response
calculations. I will illustrate this issue with the example of monolayer
NiBr2, for which a possible excitonic phase has been identified in the
literature [3].

[1] S. Cavo, J. A. Berger, and P. Romaniello. “Accurate optical spectra of solids
from pure time-dependent  density  functional  theory”.  Physical  Review B,  101
(2020), 115109. DOI: https://doi.org/10.1103/PhysRevB.101.115109

[2]  S.  Di  Sabatino,  J.  A.  Berger,  and  P.  Romaniello.  “Optical  spectra  of  2D
monolayers from time-dependent density functional theory”. Faraday Discussions,
224 (2020), pp. 467-482. DOI: https://doi.org/10.1039/D0FD00073F

[3]  S.  Di  Sabatino,  A.  Molina-Snchez,  P.  Romaniello,  and  D.  Sangalli.
“Assignment  of  excitonic  insulators  in  ab  initio theories:  The  case  of  NiBr”.
Physical  Review  B, 107  (2023),  115121.  DOI:
https://doi.org/10.1103/PhysRevB.107.115121
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Developing machine-learning-corrected density functionals 

free from error cancellation 

Xiao Zheng, Zipeng An, Zhiyu Li, and GuanHua Chen 

Department of Chemistry, Fudan University, 200433, China 

xzheng@fudan.edu.cn 

Machine learning (ML) has demonstrated its potential usefulness for 

enhancing the development of density functional theory methods. In 

this talk, I will present our recent efforts towards constructing ML 

models to correct density functional approximations (DFAs). 

Particularly, by using highly accurate total atomic and molecular 

energies as reference data for training, the resulting ML-corrected 

DFAs show substantially improvements over the parent DFAs for a 

variety of thermochemical and kinetic energies. This includes more 

accurate calculations of atomization energies, ionization potentials, 

electron affinities, bond dissociation energies, and barrier heights. 

Importantly, the ML-corrected functionals allow for fully self-

consistent-field calculations with similar or even higher computational 

efficiency compared to the parent functional. This study highlights the 

promising potential of developing ML-corrected functionals that can 

perform uniformly better than current mainstream DFAs.  

[1] JingChun Wang, Yao Wang, Rui-Xue Xu, GuanHua Chen, and Xiao Zheng. “A

semilocal machine-learning correction to density functional approximations”. J.

Chem. Phys. 158, 154107 (2023). DOI: 10.1063/5.0148438

[2] JingChun Wang, DaDi Zhang, Rui-Xue Xu, ChiYung Yam, GuanHua Chen,

and Xiao Zheng, “Improving density functional prediction of molecular

thermochemical properties with a machine-learning-corrected generalized gradient

approximation”. J. Phys. Chem. A 126, 970-978 (2021). DOI:

10.1021/acs.jpca.1c10491
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Basis set error-corrected multireference  
random phase approximations for the correlation energy 
Kasia Pernal, Aleksandra Tucholska, Yang Guo, Michał Hapka, 

Libor Veis 

Lodz University of Technology, ul. Wolczanska 217/221, 93-005 Lodz 
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Recently we have shown that adiabatic connection (AC) formalism 
combined with particle-hole extended random phase approximation 
(phRPA) offers an appealing way for obtaining correlation energy for 
complete active space (CAS) reference wavefunction [1,2]. AC-phRPA 
requires only one- and two-electron reduced density matrices, admitting 
large active orbital spaces if combined with DMRG [3].  

By establishing a formal connection between a second-order 
perturbation energy and AC correlation energy can be expressed 
through the particle-hole (ph), particle-particle (pp), or a combination 
of both (mixed ph-pp) channels. We will present applications of the ph, 
pp, and mixed ph-pp approaches, showing that the mixed ph-pp method 
offers good accuracy for both ground and excited multireference states. 

In the second part of the talk, a basis set error corrected AC-phRPA 
variant will be introduced. The correction only requires modification of 
the AC Hamiltonian and comes at no extra cost.  

[1] Pernal, K., Phys. Rev. Lett. 9, 5534 (2018)

[2] Beran et al., J. Chem. Theory Comput. 17, 7575 (2021)

[3] Zuzak et al., Angew. Chem. Int. Ed. 2024, 63, e202317091
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Multireference perturbation methods for exploring potential 
energy surfaces 

Jae Woo Park 

Department of Chemistry, Chungbuk National University (CBNU), 
Cheongju 28644, Korea 
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The geometry optimizations and molecular dynamics simulations are 
necessary to study dynamic procedures using quantum chemistry. Such 
applications greatly benefit from the availability of analytical nuclear 
gradients, i.e., the first-order derivatives of electronic energy with 
respect to atomic positions.  

This presentation discusses our recent developments in analytical 
gradient methods for the second-order multireference perturbation 
theories (PT2). With the PT2 analytical gradient theories, it is now 
routinely possible to conduct geometry optimizations and ab initio 
molecular dynamics simulations using the CASPT2, NEVPT2, 
(X)MCQDPT2, and SA-DSRG-MRPT2 methods.[1] If time is enough,
we will also discuss our developments in the quantum chemistry
methods using larger active spaces.

[1] Park, J.W.; Shiozaki, T. J. Chem. Theory Comput. 2017, 13, 2561; Park, J. W.;
Shiozaki, T. J. Chem. Theory Comput. 2017, 13, 3676; Park, J. W.; Al-Saadon, R.; Strand,
N. E.; Shiozaki, T. J. Chem. Theory Comput. 2019, 15, 4088; Park, J. W.; Al-Saadon, R.;
MacLeod, M. K.; Shiozaki, T.; Vlaisavljevich, B. Chem. Rev. 2020, 120, 5878; Park, J.
W. J. Chem. Theory Comput. 2019, 15, 5417; Park, J. W. J. Chem. Theory Comput. 2020,
16, 326; Park, J. W. J. Chem. Theory Comput. 2020, 16, 5562; Park, J. W. J. Chem.
Theory Comput. 2021, 17, 6122; Park, J. W. J. Chem. Theory Comput. 2022, 18, 2233.
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Perturbation-adapted PT (PAPT): Analysis and Extension to the 
Multi-reference Level

Ágnes Szabados, András Gombás and Péter R. Surján

Laboratory of Theoretical Chemistry, 

 ELTE Eötvös Loránd University, Budapest, Hungary
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Many-body perturbation theory (MBPT) is routinely applied for describing 
correlation effects.  Tuning low order MBPT corrections to improve accuracy 
without increasing computational cost, has been an ever present challenge. 
Choice of the zero-order problem, i.e. the partitioning provides ground for 
adjustments  at  the  formal  level.  A  partitioning  optimization  introduces 
parameters in the zero-order Hamiltonian and sets up equations for improving 
some  property  of  the  PT  terms.  The  PAPT  method  of  Knowles[1],  is  a 
partitioning optimization that seeks integrals of an effective one-body zero-
order. Accuracy of PAPT in weak correlation scenarios is remarkable.

We present an analysis of PAPT both in formulae and in numerical terms. 
Relation  with  alternative  strategies,  in  particular  Davidson's  A-matrix 
technique  is  pointed  out.[2]  The  Hartree-Fock  (HF)  wavefunction  based 
PAPT is broken down for level-shift and orbital rotation, allowing separate 
examination of individual components.[3]

Deteriorating  performance  of  PAPT  in  situations  affected  by  strong 
correlation is rooted in the HF determinant based formulation. To benefit of 
PAPT in such cases, a multi-reference (MR) version is devised, in the general 
framework of multi-configuration PT, developed in our laboratory.[4]

[1]P. J. Knowles. ”Perturbation-adapted perturbation theory” J. Chem. Phys. 156 (2022),
011101.

[2] P. R. Surján, D. Kőhalmi, Á. Szabados. “A Note on Perturbation-Adapted Perturbation
Theory” J. Chem. Phys. 156 (2022), 116102.

[3]A. Gombás, P. R. Surján, and Á. Szabados. “Analysis and Assessment of Knowles'
Partitioning in Many-Body Perturbation Theory”  J. Chem. Theory Comput. 20 (2024),
5094–5104.

[4] M. Kobayashi, Á. Szabados, H. Nakai and P. R. Surján. “Generalized Møller−Plesset
Partitioning in Multiconfiguration Perturbation Theory” J. Chem. Theory Comput. 6
(2010),  2024–2033.
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Recent developments in multi-reference methods 

with large active space  
Yang Guo 
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Multi-reference (MR) methods, including multi-configurational 
self-consistent field methods (MCSCF) and subsequent MR dynamic 
correlation methods, are widely used for the study of strongly correlated 
systems. In MR calculations, active spaces that include strongly 
correlated electrons and orbitals have to be defined. Based on iterative 
CI (iCI),[1] we developed a stable MCSCF method iCISCF, which is 
able to address systems with about one hundred active orbitals.[2] The 
iCISCF method has been further extended to include spin-orbit 
coupling (SOC) effects as well[3]. 
Based on MCSCF reference with large active space, such as iCISCF, 
the development of computationally efficient and robust post-MCSCF 
methods remains a challenge in quantum chemistry. Through the 
analysis of various approximations, we have identified a robust 
approach for the development of MRPT or MRCI methods using any 
MCSCF reference. [4,5] The new approach has been integrated into the 
ORCA and BDF packages. 

[1] N. Zhang, W. Liu, M. Hoffmann, J. Chem. Theory Comput., 17, 949 (2021)
[2] Y. Guo, N. Zhang, Y. Lei, W. Liu, J. Chem. Theory Comput., 17, 7545 (2021)
[3] Y. Guo, N. Zhang, W. Liu, J. Chem. Theory Comput., 17, 7545 (2023)
[4] Y. Guo, K. Sivalingam, and F. Neese, J. Chem. Phys., 154, 214111 (2021)
[5] Y. Guo, K. Sivalingam, C. Kollmar, and F. Neese, J. Chem. Phys., 154, 214113
(2021)

92

Parallel Sessions



DFT reaction barriers: An adiabatic-connection perspective 
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Reaction barriers in density-functional theory are considered from the 
perspective of the adiabatic connection (AC). A reaction AC integrand 
is introduced, which allows us to analyze the role of exchange and 
correlation contributions in determining reaction barriers [1]. Using 
Lieb maximization [2] the reaction AC integrand is computed to high 
accuracy and compared with those obtained via coordinate scaling 
from common exchange-correlation functionals [3].  

This comparison clearly delineates the role of exchange and 
correlation in determining reaction barriers and error cancellations for 
common density functionals are revealed. Exchange contributions can 
be readily improved by inclusion of orbital-dependent exchange. 
However, the accurate treatment of the correlation contribution 
remains challenging, as reflected in the shape of the reaction AC and 
the behavior of approximate functionals under coordinate scaling. 
Implications for the design of density-functionals are considered.    

[1] A. M. Wibowo-Teale, B. C. Huynh, T. Helgaker and D. J. Tozer, J. Comp.
Theor. Chem. (2024) submitted.

[2] E. H. Lieb, Int. J. Quantum Chem. 24 (1983) p. 243

[3] S. Reimann, A. Borgoo, E. I. Tellgren, A. M. Teale and T. Helgaker, J. Comp.
Theor. Chem. 13 (2017) p. 4089
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Toward Efficient and Unified Treatment of Static and 

Dynamic Correlations in Generalized Kohn–Sham Density 

Functional Theory 

Igor Ying Zhang 
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Accurate description of the static correlation poses a persistent challenge in 

electronic structure theory, particularly when it has to be concurrently considered with 

the dynamic correlation[1,2]. In this talk, I will present a recent work in our group to 

develop here a method in the generalized Kohn−Sham density functional theory (DFT) 

framework, named R-xDH7-SCC15, which achieves an unprecedented accuracy in 

capturing the static correlation, while maintaining a good description of the dynamic 

correlation on par with the state-of-the-art DFT and wave function theory methods, 

all grounded in the same single-reference black-box methodology[3,4]. Central to R-

xDH7-SCC15 is a general-purpose static correlation correction (SCC) model applied 

to the renormalized XYG3-type doubly hybrid method (R-xDH7). The SCC model 

development involves a hybrid machine learning strategy that integrates symbolic 

regression with nonlinear parameter optimization, aiming to achieve a balance 

between generalization capability, numerical accuracy, and interpretability. Extensive 

benchmark studies confirm the robustness and broad applicability of R-xDH7-SCC15 

across a diverse array of main-group and transition metal involved chemical scenarios. 

Notably, it displays exceptional aptitude in accurately characterizing intricate reaction 

kinetics and dynamic processes in regions distant from equilibrium, where the 

influence of static correlation is most profound. Its capability to consistently and 

efficiently predict the whole energy profiles, activation barriers, and reaction 

pathways within a user-friendly “black-box” framework represents an important 

advance in the field of electronic structure theory. 

[1] Zhang IY#*, Rinke P, Perdew JP, Scheffler M, Towards efficient orbital-dependent

density functionals for weak and strong correlation. Phys. Rev. Lett. 2016, 117:133002

[2] Zhang IY#*, Xu X*, On the top rung of Jacob’s ladder of density functional theory:

Toward resolving the dilemma of SIE and NCE, WIREs Comput. Mol. Sci., 2020, e1490

[3] Wang Y#, Lin Z, Ouyang R, Jiang B,  Zhang IY*, Xu X*, Toward Efficient and

Unified Treatment of Static and Dynamic Correlations in Generalized Kohn–Sham

Density Functional Theory, JACS Au, 2024, doi.org/10.1021/jacsau.4c00488, online

[4] Wang Y#, Zhang IY*, Xu X*, How accurate can Kohn-Sham density functional be for

both main-group and transition metal reactions, J. Comput. Chem. 2024, accepted
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Hierarchically Correlated Orbital Functional Theory 
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Kohn-Sham density functional theory (KS-DFT) and reduced density 
matrix functional theory (RDMFT) provide two distinct and precise 
theoretical frameworks for addressing many-electron problems. 
However, both approaches face challenges when dealing with static and 
dynamic correlation effects. In light of this, we have established the 
hierarchically correlated orbital functional theory (HCOFT) that unifies 
KS-DFT and RDMFT, creating new avenues to enhance the accuracy 
of electronic structure predictions. This report summarizes some of the 
work in my group in terms of foundational theories, calculation 
algorithms, and approximate functionals along this direction.  

[1] N. Q. Su, Phys. Rev. A 2021, 104, 052809；

[2] Y.-F. Yao, W.-H. Fang, N. Q. Su, J. Phys. Chem. Lett. 2021, 12, 6788；

[3] N. Q. Su, Electron. Struct. 2022, 4, 014011；

[4] W. Ai, W.-H. Fang, N. Q. Su, J. Phys. Chem. Lett. 2022, 13, 1744；

[5] T. Zhang, N. Q. Su, Phys. Rev. A 2023, 108, 052801;

[6] N. Q. Su, arXiv 2024, arXiv:2404.16236；

[7] Y.-F. Yao, N. Q. Su, arXiv 2024, arXiv:2402.03532.
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FIREBALL2020: A Revitalized Paradigm 

for DFT Molecular Dynamics 
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The development of DFT methodologies continues to mature as a useful 

tool for computational materials science. As “a rising tide lifts all boats”, 

then so too do these advances in DFT contribute to advances in 

molecular dynamics capabilities with DFT used for direct evaluation of 

energies and forces. For machine learning algorithms, particularly time-

series convolution methods, rapid, evolving acquisition of molecular-

dynamics simulation data is imperative for training and validation [1]. 

We will discuss the latest developments of FIREBALL, an efficient, 

DFT molecular dynamics code using pseudo-atomic orbitals (numerical 

basis set) that does not require fitting of parameters [2]. 

FIREBALL2020 has greatly improved speed and numerical accuracy 

with implementations for ASE and with Multiwfn. FIREBALL is a very 

useful tool for generating data used in machine learning models that we 

have developed. The ability to calculate exactly the non-adiabatic 

molecular dynamics couplings in a local orbital basis has also enabled 

us to generate pertinent excited state potential energy surfaces and 

explore these with correct Hellmann-Feynman force representation [3].  

[1] J.P. Lewis, P. Ren, X. Wen, Y. Li, and G. Chen. 2023. “Perspective: Machine

Learning Meets Quantum Mechanics in Catalysis,” Quantum Sci. Technol.

Special Issue: Machine Learning Meets Quantum Chemistry in Materials.

2:1232903.

[2] J.P. Lewis, P. Jelínek, J. Ortega, A.A. Demkov, D.G. Trabada, B. Haycock, H.

Wang, G. Adams, J.K. Tomfohr, E. Abad, H. Wang, and D.A. Drabold. 2011.

“Advances and applications in the FIREBALL ab-initio tight-binding molecular-

dynamics formalism,” Phys. Stat. Sol. B. 248:1989-2007.

[3] E. Abad, J.P. Lewis, V. Zobač, P. Hapala, P. Jelínek, and J. Ortega. 2013.

“Calculation of non-adiabatic coupling vectors in a local-orbital basis set,” J.

Chem. Phys. 138:154106.
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University in Toruń, ul. Grudziądzka 5, 87-100 Toruń, Poland 

dral@xmu.edu.cn 

I will talk about the paradigm change in computational chemistry we 
introduced: towards universal and updatable AI-enhanced quantum 
mechanical (UAIQM) models[1]. They are successors to the AIQM1 
method[2] (~CCSD(T)/CBS accuracy at the semi-empirical cost). 
Models can also be combined to obtain accurate ensembles as we show 
for DFT.[3] Our methods are available in MLatom[4] and simulations 
can be run in the web browser at https://XACScloud.com. 

Figure 1. The introduced paradigm change in computational 
chemistry.[1] 

[1] Y. Chen, Y.-F. Hou, O. Isayev, P. O. Dral. Universal and Updatable
Artificial Intelligence-Enhanced Quantum Chemical Foundational Models.
ChemRxiv 2024. https://doi.org/10.26434/chemrxiv-2024-604wb.
[2] P. Zheng, R. Zubatyuk, W. Wu, O. Isayev, P. O. Dral. Artificial Intelligence-
Enhanced Quantum Chemical Method with Broad Applicability. Nat. Commun.
2021, 12, 7022.
[3] Y. Rui, Y. Chen, E. Ivanova, I. Grabowski, P. O. Dral. The best DFT
functional is the ensemble of functionals. ChemRxiv 2024.
https://doi.org/10.26434/chemrxiv-2024-2g7zr.
[4] P. O. Dral, F. Ge, Y.-F. Hou, P. Zheng, Y. Chen, et al. MLatom 3: A
Platform for Machine Learning-Enhanced Computational Chemistry Simulations
and Workflows. J. Chem. Theory Comput. 2024, 20, 1193–1213.
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Deep Learning of Stability of Ligand-protected Gold Nanoclusters 

Jing Ma 

School of Chemistry and Chemical Engineering, Institute of Theoretical and 

Computational Chemistry, Nanjing University, Nanjing, 210023, P. R. China 

majing@nju.edu.cn 

The stability or experimental accessibility of gold nanocluster, which is 

modulated by different ligands and doped metal atoms, is a prerequisite 

for the potential applications in energy materials, catalysis, sensors, 

bio-imaging, and therapy. For screening out the stable candidates from 

the complex combination space formed by different metal cores and 

ligands, it is crucial to predict the stability of the Au nanoclusters 

before the synthesis in experiment. A comprehensive dataset is 

established by determining the formation energies (Eform) of various Au 

nanocluster structures (including 21 different core sizes, 22 kinds of 

ligands, 7 kinds of doped metal atoms) using density functional theory 

(DFT) calculations. A deep learning model, graph convolutional neural 

network (GCNN), is applied to achieve good performance for 

formation energy predictions. The applicability of GCNN is further 

tested by using some external test sets, encompassing the synthesized 

nanoclusters of particular interest due to their responsiveness to stimuli 

and biocompatibility. The oil-water partition coefficient (logP) of 

ligand has great influence in the solubility of Au clusters and cell 

activity. The predictive deep learning model also guided the successful 

synthesis of some novel structures, e.g., Au10(PPh3)7Cl3 and Au38OT24 

(OT = octane-1-thiol), with the predicted formation energies close to 

those known nanoclusters. The proposed machine learning scheme 

holds promise in facilitating the high-throughput discovery and 

synthesis of nanoclusters in experiment. 

[1] Gu, Y.; Tang, S..; Liu, X.; Liang, X.; Zhu, Q.; Wu, H.; Yang, X.; Jin, W.; Chen,

H.; Liu, C.; Zhu, Y.; Ma, J. J. Mater. Chem. A, 2024, 12: 4460-4472.
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Machine Learned Electronic Structures and Optical 

Properties for Organic Semiconductors 

Zhou Lin, Hui Guan, Cheng-Wei Ju, Ethan J. French, Yili Shen, Siqi 

Chen, Xi Cheng, Jun Yi, Hongshan Bi, Guo Ling, Aaron Tian 

Department of Chemistry, University of Massachusetts Amherst, 

Amherst, MA 01003, United States 

zhoulin@umass.edu 

Computational material discovery based on density functional theory 

(DFT) has achieved tremendous success in recent decades. However, 

the power of DFT on organic semiconductors (OSC) as molecular 

electronic materials suffer significantly from its computational 

complexity and intrinsic errors. Here we introduced a new exchange–

correlation (XC) functional developed by us, referred to as ML-ωPBE, 

which evaluates the molecule-specific range-separation parameter (ω) 

in a range-separated hybrid (RSH) functional using a stacked 

ensemble machine learning algorithm and a composite molecular 

descriptor. [1] Compared to first-principles OT-ωPBE, a well-trained 

ML-ωPBE reaches a mean absolute error (MAE) of 0.00504 a0
–1 for

optimal ω’s, reduces the computational cost by 2.66 orders of

magnitude, and achieves comparable predictive power in optical

properties. In addition, ML-ωPBE shows a strong domain adaptation

from closed shell molecules to open shell radicals. [2] From this study

we concluded the importance of descriptors from semi-empirical

quantum chemical calculations. Our study will set the stage for

developing physics-based, and data-driven computational models for

high-throughput material and drug discovery.

[1] Cheng-Wei Ju, Ethan J. French, Nadav Geva, Alexander W. Kohn, and Zhou

Lin. “Stacked Ensemble Machine Learning for Range-Separation Parameters”.

The Journal of Physical Chemistry Letters 12.39 (2021), pp. 9516−9524. DOI:

https://doi.org/10.1021/acs.jpclett.1c02506.

[2] Cheng-Wei Ju, Yili Shen, Ethan French, Jun Yi, Hongshan Bi, Aaron Tian,

and Zhou Lin. “Accurate Electronic and Optical Properties of Organic Doublet

Radicals Using Machine Learned Range-Separated Functionals”. The Journal of

Physical Chemistry A 128.12 (2024), pp. 2457−2471. DOI:

https://doi.org/10.1021/acs.jpclett.1c02506.
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Interfacial fluxionality in electrocatalysis: in and out of 
equilibrium 

Anastassia N. Alexandrova1,2, Zisheng Zhang1, Philippe Sautet3, Tsugi 
Masubuchi4, Scott L. Anderson4 

1Department of Chemistry and Biochemistry, 2Department of 
Materials Science and Engineering, 3Department of Chemical and 
Biomolecular Engineering, University of California, Los Angeles, 

USA; 4Department of Chemistry, University of Utah, USA 

ana@chem.ucla.edu 

Electrocatalytic interfaces under applied potential and in the presence 
of adsorbates dramatically reshape, as seen, for example, in in 

situ STM. I will present a theoretical framework to describe the 
dynamics of electrocatalytic interfaces, combining grand canonical 

DFT, global optimization under potential and adsorbate coverage, and 
the network of concurrent reaction pathways constituting the catalytic 
mechanism. Conditions radically reshape the interface, and change the 
accessible reaction mechanisms. To illustrate this, I will discuss size-

selected supported Pt cluster electrocatalysts for HER. By 
combination of theory and experiment, we demonstrate that these 

clusters have exhibit strong fluxionality of structure and coverage as a 
function of voltage and the stage of the catalyzed reaction.[1,2] 

Metastable local minima are involved in the mechanism. The nature of 
the active sites strongly depends on the potential. This behavior 

inevitably leads to breaking scaling relations.[3] I will further show 
how fluxionality can actually be used as a tool in cluster 

electrocatalyst design.[4] Finally, the Cu cathode in the presence of 
CO and H or OH, characteristic of CO(2)RR, strongly restructures, 

and exhibits obvious off-equilibrium, kinetically-controlled 
reconstruction that we capture with frontier theoretical methods, and 

experiment.[5,6]  

[1] Z. Zhang, T. Masubuchi, P. Sautet, A. N. Alexandrova, Angew. Chem. 62, e2-
2218210 (2023)
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[2] J. Munarriz, Z. Zhang, P. Sautet, A. N. Alexandrova, ACS Catal. 12, 14517-
14526 (2022)

[3] B. Zandkarimi, A. N. Alexandrova, J. Phys. Chem. Lett. 10, 460-467 (2019)

[4] Z. Zhang, B. Zandkarimi, J. Munarriz, C. E. Dickerson, A. N. Alexandrova,
ChemCatChem 14, e202200345 (2022)

[5] Z. Zhang, Z. Wei, P. Sautet, A. N. Alexandrova, J. Am. Chem. Soc. 144,
19284-19293 (2022)

[6] Z. Zhang, W. Gee, P. Sautet, A. N. Alexandrova, A. N.  J. Am. Chem. Soc.,
146, 16119-16127 (2024)
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Potential Dependence in Oxygen Evolution Reaction 

Hai Xiao 

Department of Chemistry, Tsinghua University 

haixiao@tsinghua.edu.cn 

Oxygen evolution reaction (OER) is of crucial importance to 

sustainable energy and environmental engineering, and layered double 

hydroxides (LDHs) are among the most active catalysts for OER, but 

the reaction mechanisms remain controversial. Distinctive types of 

reaction mechanisms have been proposed for the O-O coupling in OER, 

yet they compose a coupled reaction network with competing kinetics 

dependent on applied potentials. We combine grand-canonical methods 

and micro-kinetic modeling to unravel that the dominant type of OER 

mechanism on LDHs is dependent on the applied potential.[1] Moreover, 

we identify the potential-dependent formation of fleeting active sites 

(FASs) on Ni LDH by Fe cations from the electrolyte and uncover a 

novel type of OER mechanisms thrust by FASs. We demonstrate that 

the fleeting-active-site-thrust (FAST) mechanism delivers superior 

OER activity via the FAST intramolecular oxygen coupling pathway. 

We further reveal that introducing only trace-level loadings of FASs on 

Ni LDH can significantly boost and govern the catalytic performance 

for OER.[2] 

[1] Zeyu Wang, William A. Goddard III, Hai Xiao. “Potential-dependent

transition of reaction mechanisms for oxygen evolution on layered double

hydroxides”. Nature Communications 14 (2023), 4228.

[2] Zeyu Wang, Hai Xiao. “Fleeting Active Site Thrust Oxygen Evolution

Reaction by Iron Cations from Electrolyte”. Submitted.
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Liquid metals as dynamic systems for atomically-precise control 

Nicola Gaston 

The MacDiarmid Institute for Advanced Materials and Nanotechnology, Department of Physics, The University 
of Auckland, New Zealand 

The manipulation of interatomic interactions for structural self-assembly is a seductive promise of 
nanotechnology, most tantalisingly made evident by biological examples in nature. Much of the 
promise of sustainability in materials science comes from the idea of such structural control being 
able to be achieved at low energetic cost. 

At the risk of anthropomorphising atoms, this talk will present some examples of how, by developing 
an understanding of how particular atoms want to behave, we can manipulate structure by proxy. 
Not through forcible manipulation of atoms, but through understanding their environmental prefer-
ences, and how these change through changing many-body interactions as they assemble. 

The use of low-temperature liquid metals, such as gallium, as media for the dilution of other metals 
has led to an increasing variety of examples of how temperature- and concentration-dependent in-
teractions can be used to direct the self-assembly of nanostructure, with astonishing precision, re-
sulting in novel pattern formation [1].  This talk will introduce the use of ab initio molecular dynamics 
for the elucidation of the mechanisms of structural formation, whether via the differential mobility of 
dopant metal atoms [2], or due to the formation of structure at the surface of the liquid metal [3], or 
indeed due to nanocrystal formation fully within the liquid metal environment [4]. 

It will also cover the use of such techniques to describe the differences between solid and liquid alloy 
catalysts, particularly relating to the dynamic behaviour of the surface as it interacts with reacting 
molecules [5,6]. Finally, it will finish with some comments on what these studies have taught us 
about the complex structure of the liquid environment itself. 

[1] Tang, J., Lambie, S., Meftahi, N., Christofferson, A., Yang, J., Ghasemian, M., Han, J., Allioux, F., Rahim, A., Mayyas,
M., Daeneke, T., McConville, C., Steenbergen, K., Kaner, R., Russo, S., Gaston, N., Kalantar-Zadeh, K., Unique sur-
face patterns emerging during solidification of liquid metal alloys. Nat. Nanotech. 16, 431—439, (2021).

[2] S. Lambie, K. G. Steenbergen & N. Gaston, A mechanistic understanding of surface Bi enrichment in dilute GaBi
systems. Phys. Chem. Chem. Phys. 23, 14383—14390, (2021). 

[3] J. Tang, S. Lambie, N. Meftahi, A. J. Christofferson, J. Yang, J. Han, Md. A. Rahim, M. Mayyas, M. B. Ghasemian, F.-
M. Allioux, Z. Cao, T. Daeneke, C. F. McConville, K. G. Steenbergen, R. B. Kaner, S. P. Russo, N. Gaston, and K.
Kalantar-Zadeh, Oscillatory bifurcation patterns initiated by seeded surface solidification of liquid metals. Nature 
Synthesis, 1, 158—169. (2022). 

[4] S. A. Idrus-Saidi, J. Tang, S. Lambie, J. Han, M. Mayyas, M. B. Ghasemian, F.-M. Allioux, S. Cai, P. Koshy, P. Mo-
staghimi, K. G. Steenbergen, A. S. Barnard, T. Daeneke, N. Gaston, K. Kalantar-Zadeh, Liquid metal synthesis sol-
vents for metallic crystals, Science, 378, 1118—1124, (2022). 

[5] S. Lambie, K. G. Steenbergen & N. Gaston, Dynamic activation of Ga sites by Pt dopant in low temperature liquid 
metal catalysts. Angew. Chem. Int. Ed. 62, e202219009 (2023).

[6] C. Ruffman, K. G. Steenbergen, A.. L. Garden, and N. Gaston, Dynamic sampling of liquid metal structures for theo-
retical studies on catalysis, Chemical Science, 15, 185—194 (2024).
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Integrative biochemical and simulation analysis of haloalkane 
dehalogenase mutants engineered by generative AI 
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Haloalkane dehalogenases play a crucial role in the detoxification of 
biological media by accelerating the conversion of toxic haloalkanes 
into harmless alcohols. The enzymatic mechanism involves two 
chemical steps: an SN2 nucleophilic attack (dehalogenation) and a 
subsequent hydrolysis step. We propose an advanced strategy to 
evaluate mutations of the haloalkane dehalogenase from Xanthobacter 
autotrophicus with improved catalytic power using generative AI 
predictions. 

Generative AI leverages naturally evolved sequence information to 
uncover sequence-activity relationships in enzymes and has been 
effectively used to design functional enzymes. In this study, we 
employed a generative maximum-entropy model to design single and 
double mutants of the haloalkane dehalogenase. Our kinetic 
experiments, including stopped-flow analysis, identified mutants that 
enhance the catalytic activity of either the SN2 step or the overall 
reaction, demonstrating the effectiveness of AI-driven enzyme 
engineering. 

The experimental kinetic findings are supported by a theoretical 
analysis performed with the Empirical Valence Bond (EVB) method. 
Using EVB, we provide the structural, energetic, and electrostatic 
characteristics of the native dehalogenase and its designed mutants. 
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Landscape and flux theory of biological systems

Jin Wang
Stony Brook University

Jin.wang.1@stonybrook.edu

We developed a general landscape and flux theory for
quantifying the driving force for the nonequilibrium biological
system dynamics. We show that while the landscape drives the
system dynamics down along its gradient, the flux is curl and
tends to drive the rotational flow. Therefore, the global
dynamics of the biological systems can be viewed as a charged
particle moving under electric and magnetic field in the
multidimensional state space. The dual driving forces of the
landscape and the flux can have significant influences on the
biological function and process characterized by the depths and
widths of the basins of attraction, the barrier heights, the paths
and the switching times of the state transitions. They also have
the nonequilibrium thermodynamic counterparts such as the
entropy production rate and heat dissipation. These global
characterizations of the system can be used to identify the key
elements and key regulations for the functions. Both low
throughput real time experiments and high throughput
sequencing experiments can now be utilized to quantify the
landscape and flux. This provides a unique way by combining
the theory and experiment together for understanding the
underlying mechanisms of the biological important processes
for the cell fate decision making and the oscillations such as the
cell cycle and differentiation/reprogramming, as well as the
more broad subjects in cancer, ageing, evolution and ecology
[1,2].

[1] Jin Wang*, Landscape and flux theory of non-equilibrium dynamical

systems with application to biology, Advances in Physics, 64:1, 1-137.
(2015).

[2] Xiaona Fang, Karsten Kruse, Ting Lu, Jin Wang*. Nonequilibrium

physics in biology. Reviews of Modern Physics. 91, 045004 (2019).
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Nature’s strategy for small molecule capture and reduction: Investigating 

chemistry in iron-containing enzymes using quantum mechanics/molecular 

mechanics (QM/MM) and broken symmetry 
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Nature’s ability to capture and reduce small molecules, like N2 or CO2, requires 

energetic electrons and a catalyst.  Here, we examine three metalloenyzmes that 

contain iron-sulfur cubane centers responsible for catalyzing reductive reactions: 

acetyl-CoA synthase (ACS) (Figure A), the double-cubane cluster protein 

(DCCP) (Figure B), and vanadium-nitrogenase (V-nitrogenase) (Figure C). Using 

hybrid quantum mechanics/molecular mechanics (QM/MM), we investigate structural 

and electronic properties of each of the enzymes, rationalizing a mechanism for 

substrate capture. In DCCP and V-nitrogenase, a broken symmetry approach is 

implemented to describe the multiple iron centers. Understanding these enzymatic 

mechanisms inspires synthetic enzymes capable of hydrocarbon formation under mild 

conditions. 
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Towards Understanding the Mechanism of the Ultrafast Dynamics of Water 

Hydrogen Bonding Network in Bulk and Interfaces 

Wei Zhuang1
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Hierarchical water motions on material surfaces in different conditions (temperature, 

hydration extent, pressure, etc.), as well as the coupling of this motion with the substrate/solute 

dynamics is a complex, long lasting, interdisciplinary research topic. We studied, theoretically, 

the molecular mechanisms of coupling between the picosecond dynamical onset of substrates 

and their surface water in the subzero temperatures. By combining with neutron experiments, 

we explored the dynamics of water and the underlying substrates independently below 0 °C 

across a broad range of materials. Surprisingly, whereas the function-related harmonic-to-

anharmonic dynamical transitions in the materials exhibit diverse activation temperatures, the 

surface water presents a universal transition at a common temperature. Further simulations 

revealed that the universal transition of water results from an intrinsic surface-independent 

relaxation: switching of hydrogen bonds between neighboring water molecules with a 

common energy barrier ~ 30 kJ/mol. The iso-configurational ensemble analysis was applied 

to further study water motion at different local substrate environments, which connected the 

universal process observed to the water rattling motion within their confining cages, instead 

of the translational motion of water escaping the local cages. The reaction flow analysis 

revealed the correlation and causality among the water-water, water-protein hydrogen bond 

switching and protein surface atom rattling dynamics, which provides a picture about how the 

motion flows from hydration water into the substrate. The aforementioned energy barrier is 

passed on to the underlying substrates and drives the temperature dependence of the material-

specific flexibility, crucial for the function of the materials below the freezing temperature.  
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Developing a molecular simulation package in connection 

with AI tools 

Yi Qin Gao  

College of Chemistry and Molecular Engineering, Peking University, Beijing, 100871 

E-mail: gaoyq@pku.edu.cn

Abstract 

Molecular dynamics simulation is becoming a powerful and useful tool for studies of complex 

molecular systems. In this talk, introduction will be given to a recently compiled molecular 

simulation package, SPONGE. In this package, we implemented a new electrostatics calculation 

method, which allows efficient computation of Coulombic interactions for various boundary 

conditions, including various periodic and equal potential boundary conditions. We illustrated the 

applications of these methods by studies of ion chain formation on metal surface. The simulation 

package is also equipped with various easy-to-use enhanced sampling methods, which allowed 

one to study chemical reactions and phase transition with high efficiency. In addition, a 

convenient interface is provided between MD simulation and quantum calculation software. The 

MD simulation program was also written directly on deep-learning platforms such as MindSpore 

and JAX, which allows us to take advantage of auto-differentiation and auto-parallelization to 

take the advantage of neural network force fields fitted directly from quantum chemistry 

calculations. We will also discuss other functions of this molecular simulation package. In 

particular, the modules for AI-based protein structure prediction as well as drug screening 

accelerated by GPU.  

Keywords 

MD simulation, software development, machine learning 
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Figure: The overall framework of SPONGE 
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Identification and Isomerization of Histidine Tautomers in 

Amyloid beta Peptides 
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Recently, we suggested histidine tautomerism as another possible 

factor influencing misfolding and oligomerization during the 

pathogenesis of amyloidogenic diseases. Our lab demonstrated that 

these different protonated states in the histidine imidazole ring can be 

related to the conformational characteristics of diverse misfolded 

peptides (namely Amyloid beta (Aβ), tau, amylin, prion, etc.) by MD 

simulations.[1-3] His tautomers can provide a detailed microscopic 

understanding of the aggregation mechanisms which is difficult to be 

probed through experiments. We also compared β-sheet formation and 

histidine site-specific two-dimensional infrared (2D IR) spectroscopic 

signatures of Aβ dimers with different histidine states (δ; Nδ1-H, ε; Nε2-

H, or π; both protonated) and the influence of metal nanomaterials.[4] 

The εεε:εεε dimer exhibited larger frequency shifts than δδδ:δδδ and 

πππ:πππ implying that the red-shift may have a correlation with Nδ1-H 

(δ) protonation. In addition, for the first time, the effect of the static 

external electric field (EF) of varying intensities and directions on the 

conformational integrity and dynamics of two tautomeric isomers (εεε, 

δδδ) of β-Amyloid40 (Aβ) was studied.[5] In this context, we propose 

a useful technique to identify the histidine tautomers by X-ray 

absorption. We also, for the first time, observed  the transition between 

histidine tautomers in real time MD simulations of Amyloid beta 

peptide with DFTB potential, and found the barrier is about 5 kcal/mol. 

1. Hu Shi, Baotao Kang*, and Jin Yong Lee,  J. Phys. Chem. B, 2016, 120, 11405.

2. Hu Shi, and Jin Yong Lee*,  ACS Chem. Neurosci., 2017, 8, 669.

3. Xiaofeng Xing, Wei Zhao, Dingkun Hu, Baotao Kang, Hu Shi*, Jin Yong Lee*,

Hogqi Ai*, ACS Chem. Neurosci., 2019, 10, 2602.

4. Sompriya Chatterjee, Yeonsig Nam, Abbas Salimi, and Jin Yong Lee*,  2022,

Phys. Chem. Chem. Phys., 24, 18691

5. Abbas Salimi, Sompriya Chatterjee and Jin Yong Lee*, Int. J. Biolog.

Macromol., 2023, 232, 123385.
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MassCCS: Collision-Cross Section Calculations for 
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Ion Mobility Mass Spectrometry (IM-MS) is a highly accurate 
technique for the characterization of analytes and a valuable tool for 
the structural characterization of biomolecular systems [1]. The 
interpretation of IM-MS data is still a challenge and depends on 
accurate theoretical estimates of collision cross section (CCS) of the 
molecular target against the buffer gas. In this talk, I present 
MassCCS, a highly efficient and accurate new software for computing 
orientationally averaged CCS for ion-mobility mass-spectrometry 
ranging from small organic molecules to large macromolecular 
assemblies containing millions of atoms [2]. MassCCS combines the 
Trajectory Method and the linked-cell algorithm to achieve orders of 
magnitude speed-ups with respect to the fastest codes currently 
available for CCS calculations using the Trajectory Method. 

[1] Christofi, E.; Barran, P. Chem. Rev. 2023, 123, 2902.

[2] Cajahuaringa, S.; Caetano, D. L. Z.; Zanotto, L. N.; Araujo, G.; Skaf, M. S.
J. Chem. Inf. Mod. 2023, 63, 3557.
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Exploring plant enzyme conformations and dynamics via MD simulations 

Yi Wang 
Department of Physics 
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Molecular dynamics (MD) simulations have been widely adopted to complement 
experimental techniques in exploring the structures, dynamics and functions of 
biological macromolecules. In this talk, I will discuss my group’s work employing MD 
simulations to probe the conformations and dynamics of several plant or fungal 
enzymes, including the hydroxycinnamoyltransferase (HCT), the aromatic amino acid 
decarboxylase (AAAD) and the isochorismoyl-glutamate pyruvoyl-glutamate lyase 
(IPGL). Common to these diverse systems is the critical role played by conformational 
dynamics, rather than static structural components alone, in mediating the unique 
function of each protein. I will highlight how their dynamics captured by MD have 
provided key insights into functions of these enzymes. Along this line, I will also briefly 
discuss our recent work on VacA, a bacterial pore-forming toxin, where conformational 
dynamics revealed by MD have been exploited to uncover its transmembrane channel 
structure and anion selectivity mechanism.  
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Transient delocalization in conjugated organic materials 
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There is compelling evidence that charge carriers in organic 

semiconductors (OSs) self-localize in nano-scale space because of 

dynamic disorder. Yet, some OSs, in particular recently emerged high-

mobility organic molecular crystals, feature reduced mobility at 

increasing temperature, a hallmark for delocalized band transport. Here 

we present the temperature-dependent mobility in two record-mobility 

OSs. By combining terahertz photoconductivity measurements with 

fully atomistic non-adiabatic molecular dynamics simulations, we show 

that while both crystals display a power-law decrease of the mobility 

(µ) with temperature (T, following: µ∝ T^(-n)), the exponent n differs 

substantially. Modelling provides n values in good agreement with 

experiments and reveals that the differences in the falloff parameter 

between the two chemically closely related semiconductors can be 

traced to the energy-dependent delocalization of the states thermally 

accessed by the charge carriers, which in turn depends on the specific 

electronic band structure of the two systems.  

A similar transient delocalization mechanism rules highly-efficient 

exciton diffusion in ordered OSs, showing great promise for facilitating 

long-range exciton transport, and charge transport at ultra-high doping 

concentrations. There, we find electrical conductivity to be strongly 

correlated with paracrystalline disorder rather than with Coulomb 

trapping. A general model for interacting electrons in highly doped 

polymers is proposed and carefully parameterized against atomistic 

calculations, enabling the calculation of electrical conductivity within 

the framework of transient localisation theory.  
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     Carrier transport in organic/polymeric materials has been a long scrutiny due to the 

complex interaction. We first demonstrated the importance of nuclear quantum effect for 

the carrier motion based on Fermi-Golden rule. We then applied the time-dependent matrix 

product state formalism to solve an electron-phonon coupling model with broad range of 

molecular parameters. We are able to provide a unified picture for describing the carrier 

transport in organic semiconductors, covering the hopping, phonon-assisted current, 

bandlike, and transient localization [1]. 

Reference 

[1] Z. Shuai, Nature Materials 2023, 22, 1277-1278.
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Modelling intersystem crossing processes in thermally 
activated delayed fluorescence materials 

Daniel Escudero 

Department of Chemistry, KU Leuven, Celestijnenlaan 200F, 3001, 
Leuven, Belgium 

Webpage: https://chem.kuleuven.be/en/research/qcpc/cpc 

E-mail: daniel.escudero@kuleuven.be

In this contribution I present computational protocols, to model excited 
state decay rate constants in thermally activated delayed fluorescence 
(TADF) molecular materials.[1] I first depart by presenting an 
extensive analysis of the models and parameters influencing the 
radiative rate[2] and the intersystem crossing (ISC) rate constants in 
aromatic molecules.[3] Further, protocols to predict TADF[4] in 
multiresonance (MR) TADF molecular systems are also presented. 

[1] M. T. do Casal, M. H. E. Bousquet, K. Veys, D. Escudero, D. Jacquemin, J.
Phys. Chem. A 2023, 127, 48, 10033–10053

[2] M. H. E. Bousquet, T. V. Papineau, K. Veys, D. Escudero, D. Jacquemin, J.
Chem. Theory Comput. 2023, 19, 16, 5525–5547

[3] K. Veys, M. H. E. Bousquet, D. Jacquemin, D. Escudero, J. Chem. Theory
Comput. 2023, 19, 24, 9344–9357

[4] M. T. do Casal, Y. Badawy, D. Escudero, ChemRxiv, 2024, DOI:
10.26434/chemrxiv-2024-xvjsw
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Computational Design of New Materials for Electronics, 

Energy and Environmental Applications  

Aijun Du 

School of Chemistry and Physics, Faculty of Science, Queensland 
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Brisbane, Australia 

 Email: aijun.du@qut.edu.au 

Material properties are in-principle determined by electronic 

functionality. Now first-principles modelling can accurately calculate 

material electronic structure, allowing us to control electronic 

properties for illuminating “from the bottom up” structural, 

thermodynamics, and kinetic aspects of chemical and physical process, 

thus facilitating the rational design of new materials. In this 

presentation, we will choose some examples from our recent research 

showing how electronic functionality modulations via asymmetry, 

defect and ligand engineering to help  the design (i) a novel 2D 

multiferroic dual transition-metal dichalcogenide for electronics 

application [1]; (ii) the optimal bimetal-doped SrCoO3−δ perovskite as 

solid oxide fuel cell cathode [2]; (iii) a Cu-based metal–organic 

framework for the reduction of CO2 into C2 products [3]. 

[1] C. Tang, L. Zhang, S. Sanvito and Aijun Du. “Enabling room-temperature

triferroic coupling in dual transition-metal dichalcogenide monolayers via

electronic asymmetry”. J. Am. Chem. Soc 145 (2023), pp. 2485-2491. DOI:

10.1021/jacs.2c11862.

[2] X Mao, Z Li, M Li, X Xu, C Yan, Z Zhu and Aijun Du. “Computational Design

and Experimental Validation of the Optimal Bimetal-Doped SrCoO3−δ Perovskite

as Solid Oxide Fuel Cell Cathode”. J. Am. Chem. Soc 143 (2021), pp. 9507-9514.

DOI: 10.1021/jacs.1c03441.

[3] X Mao, W Gong, Y Fu, X Wang, Y Xiong and Aijun Du. “Computational

Design and Experimental Validation of Enzyme Mimicking Cu-Based Metal–

Organic Frameworks for the Reduction of CO2 into C2 Products: C–C Coupling

Promoted by Ligand Modulation and the Optimal Cu–Cu Distance”. J Am Chem

Soc 145 (2023), pp. 21442-21453. DOI: 10.1021/jacs.3c07108.
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Floquet non-adiabatic dynamics for strong light-matter 
interactions near metal surfaces 

Wenjie Dou, Yu Wang, Vahid Mosallanejad 

Department of Chemistry, Westlake University, Hangzhou, Zhejiang 
310024, China 

douwenjie@westlake.edu.cn 

light can modify chemical reactions and nonadiabatic electron transfer 
processes strenuously. In this talk, I will present our newly developed 
dynamical methods for treating strong light-matter interactions at metal 
surfaces. Such a scenario is very relevant to photoelectrochemistry, 
photo-catalysis, and plasmonic cavity. Two dynamical approaches—
Floquet surface hopping and Floquet electronic friction—are developed 
to treat strong light-matter interactions near metal surfaces. We also 
formulate a Floquet Marcus nonadiabatic electron transfer rate. We find 
that the electron transfer rate shows a turnover as a function of the 
driving frequency of light. 

Figure 1. Nonadiabatic dynamics near metal surface subjected to 
strong light-matter interactions. 

[1] Y. Wang, V. Mosallanejad, W. Liu, W. Dou. “Nonadiabatic dynamics near
metal surfaces with periodic drivings: A generalized surface hopping in floquet
representation”. Journal of Chemical Theory and Computation 20, 644 (2024)

[2] Y. Wang, W. Dou. “Electron Transfer at Molecule–Metal Interfaces under
Floquet Engineering: Rate Constant and Floquet Marcus Theory”. ACS Physical
Chemistry Au 4, 160 (2024).
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Mixed Quantum-Classical Nonadiabatic Dynamics Methods 
and Applications to Large-Scale Semiconducting Materials 

Linjun Wang 

Department of Chemistry, Zhejiang University, Hangzhou, 310058 

ljwang@zju.edu.cn 

Nonadiabatic dynamics in complex systems is one of the greatest 
challenges in theoretical chemistry. Although mixed quantum-classical 
dynamics methods have been widely utilized, it is still difficult to 
properly describe the complex quantum-classical correlation and the 
frequent surface crossings in large systems. Based on the principle of 
detailed internal consistency, we have developed a new theoretical 
framework for mixed quantum-classical dynamics and obtained reliable 
results by the wave function [1-4]. In addition, we have proposed large-
scale nonadiabatic dynamics methods without explicitly using the 
nonadiabatic couplings and successfully studied graphene nanoribbons, 
transitional metal dichalcogenides and quantum dots with even tens of 
thousands of atoms using machine learning Hamiltonians [5-6]. 

[1] X. Guo, G. Li, Z. Shi, and L. Wang. Surface Hopping with Reliable Wave
Function by Introducing Auxiliary Wave Packets to Trajectory Branching. J. Phys.
Chem. Lett. 15 (2024), pp. 3345–3353.

[2] J. Xu, Z. Shi, and L. Wang. Consistent Construction of the Density Matrix from
Surface Hopping Trajectories. J. Chem. Theory Comput. 20 (2024), pp. 2349–2361.

[3] L. Huang, Z. Shi, and L. Wang. Detailed Complementary Consistency: Wave
Function Tells Particle How to Hop, Particle Tells Wave Function How to Collapse.
J. Phys. Chem. Lett. 15 (2024), pp. 6771–6781.

[4] G. Li, Z. Shi, L. Huang, and L. Wang. Multiconfigurational Surface Hopping: a
Time-Dependent Variational Approach with Momentum-Jump Trajectories. J.
Chem. Theory Comput. (2024) DOI: 10.1021/acs.jctc.4c00842.

[5] Z. Wang, J. Dong, J. Qiu, and L. Wang. All-Atom Nonadiabatic Dynamics
Simulation of Hybrid Graphene Nanoribbons Based on Wannier Analysis and
Machine Learning. ACS Appl. Mater. Interfaces 14 (2022), pp. 22929–22940.

[6] Y. Deng, F. Peng, Y. Lu, L. Wang, L. Ying, F. Huang, Y. Jin et al. Solution-
Processed Green and Blue Quantum-Dot Light-Emitting Diodes with Eliminated
Charge Leakage. Nat. Photonics 16 (2022), pp. 505–511.
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Crystal embedded multi-reference study of strongly correlated materials 

Elena Besley,1 Ilya Popov,1 Andrei L. Tchougréeff2 
1 School of Chemistry, University of Nottingham, Nottingham NG7 2RD, UK 

2 Frumkin Institute of Physical Chemistry and Electrochemistry RAS, Moscow 119071, 
Russia 

Elena.Besley@nottingham.ac.uk 

Modelling electronic and optical properties of materials containing transition metal (TM) 
atoms with isolated, highly correlated d-shells, either as a part of their crystal structure or 
as point defects, represents an ongoing challenge to the state-of-the-art computational 
methods. We have developed a rigorous crystal embedded multi-reference method of 
electronic structure calculation, named the periodic Effective Hamiltonian of Crystal 
Field (EHCF) [1], suitable for accurate description of strongly correlated d-shells in 
periodic systems. 

For a variety of solid-state materials and with modest requirements for computational 
resources, EHCF accurately reproduces the experimental energy of d−d transitions and 
spin symmetry of both ground and excited states. Our initial test materials included metal 
oxides, carbodiimides, hydrocyanamides, and metal-organic frameworks, [1,2] including 
those displaying spin crossover behaviour demonstrated by a change in the spin state of 
a TM ion triggered by external stimulus. [3] 

EHCF also shows a superior performance over the multi-reference complete active space 
self-consistent field (CASSCF) and single-reference density functional theory (DFT) 
methods for predicting the complex electronic structure of chromium (III) dopants in α-
Al2O3, AlB4O6N and BeAl2O4 oxide materials. [4] An additional unique feature of the 
method is the ability to calculate the quadrupole splitting in 57Fe Mössbauer spectroscopy, 
frequently used in experimental investigations. 

In the future, we aim to embed the periodic EHCF [1] as the method of choice in mate- 
rials design for quantum technologies, low-dimensional quantum materials, and two-
dimensional semiconductors. 

[1] Popov, I., Plekhanov, E., Tchougréeff, A. and Besley, E. “Effective Hamiltonian of crystal
field method for periodic systems containing transition metals”. Molecular Physics 121 (2022),
p. e2106905. DOI: 10.1080/00268976.2022.2106905

[2] Popov, I., Raenko, D., Tchougréeff, A. and Besley, E. “Electronic structure and d−d spectrum
of metal−organic frameworks with transition-metal ions”. Journal of Physical Chemistry C 127
(2023), pp. 21749-21757. DOI: 10.1021/acs.jpcc.3c05025

[3] Popov, I., Tchougréeff, A. and Besley, E. “Spin Crossover in Metal-Organic Frameworks: a 
Crystal Embedded Multi-Reference Study”. (2024) submitted. 

[4] Popov, I., Filippatos, P.-P., Chaudhuri, S., Tchougréeff, A., Inzani, K.  and Besley, E.
“Theoretical study of the multiplet structure of chromium dopants in periodic systems”. (2024) 
submitted. 
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Visible-light-driven Overall Water Splitting with Covalent 

Organic Frameworks 

Xiaojun Wu, Haifeng Lv, Hangxun Xu, and Jinlong Yang 

University of Science and Technology of China 

xjwu@ustc.edu.cn 

Using solar energy to split water into hydrogen and oxygen is a crucial 

method for obtaining clean hydrogen energy and addressing energy and 

environmental challenges. Recently, organic polymers have emerged as 

promising materials for photocatalytic water decomposition due to their 

tunable optical and electronic structures at the molecular level. 

Designing the energy band structure of organic polymers to achieve 

efficient water photolysis under visible light is a key challenge in this 

field. We utilized first-principles electronic structure calculations to 

effectively regulate the valence and conduction band structures of two-

dimensional organic polymers. By selecting specific molecular types 

for connecting groups and nodes, we identified carbon-nitrogen-based 

two-dimensional conjugated porous polymers suitable for visible-light 

catalysis and oxygen production. Our theoretical predictions align with 

experimental studies. Additionally, we predicted a series of 2D organic 

polymer photocatalytic materials capable of complete water 

decomposition by screening a database of 2D organic polymers. Finally, 

we developed a strategy to design these materials using functional 

molecular motifs to achieve overall water splitting under visible light 

irradiation. 

[1] Cen-Feng Fu, Xiaojun Wu, and Jinlong Yang. “ Materials Design for Photocatalytic

Waster Splitting from a Theoretical Perspective. ” Advanced Materials, (2018), 30,

1802106.

[2] Yangyang Wan, Lei Wang, Hangxun Xu, Xiaojun Wu, and Jinlong Yang,“ A Simple

Molecular Design Strategy for Two-Dimensional Covalent Organic Framework Capable

of Visible-Light-Driven Water Splitting“ Journal of the American Chemical Society,

(2020), 142, 4508.

[3] Lei Wang, Yangyang Wan, Yanjun Ding, Sikai Wu, Ying Zhang, Xinlei Zhang,

Guoqing Zhang, Yujie Xiong, Xiaojun Wu, Jinlong Yang, and Hangxun Xu.“Conjugated

Microporous Polymer Nanosheets for Overall Water Splitting Using Visible Light. "

Advanced Materials, 2017, 29, 1702428.
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Relativistic couple cluster investigations of atomic 

properties of the heavies elements. 

Borschevsky, Anastasia 

Your affiliation goes here 

a.borschevsky@rug.nl

Theory can provide important support at all the stages of spectroscopic experiments, 

from planning the measurements, through extracting the properties of interest from 

the data, and to the interpretation of the results and their comparison to theoretically 

predicted values. To this end, highly accurate calculations of atomic properties are 

needed. In order to be reliable, such calculations must include both relativistic 

effects and electron correlation on the highest possible level.  

Relativistic coupled cluster is considered one of the most powerful methods for 

accurate calculations of properties of heavy many-electron systems. This approach 

can be used to obtain ionization potentials, electron affinities, excitation energies, 

hyperfine structure parameters, and other atomic properties, and a variety of 

molecular properties. It has been shown to be extremely reliable and to have very 

strong predictive power. Recently, we have developed a scheme that allows us to 

use extensive computational investigations to assign uncertainties on the theoretical 

predictions [1], facilitating the use of these predictions in experimental context.  

 A brief introduction to the relativistic coupled cluster method will be provided and 

the new development for estimation of uncertainties will be presented. The talk will 

focus on recent successful applications of the coupled cluster approach to atomic 

properties, focusing on the heaviest elements [2-4]. 

[1] D. Leimbach, J. Karls, Y. Guo, R. Ahmed, et al, “The electron affinity of astatine”

Nature Comm. 11, 3824 (2020)

[2] Y. Guo, A. Borschevsky, E. Eliav, and L.F. Pasteka, “Relativistic coupled cluster

calculations of the electron affinity and ionization potential of Nh (113)”, J. Phys.

B. 55, 155003 (2022)

[3] Y. Guo, L.F. Pasteka E. Eliav, and A. Borschevsky, “Ionization potentials and

electron affinity of oganesson with relativistic coupled cluster method”, Adv.

Quantum Chem. 83, 107 (2021)

[4] “Relativistic coupled cluster calculations of the electron affinity and ionization

potentials of lawrencium”, Phys. Rev. A 110, 022817 (2024)
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Bound-state relativistic quantum electrodynamics: a
perspective for precision physics with atoms and

molecules
Edit Mátyus

ELTE, Eötvös Loránd University, Institute of
Chemistry, Pázmány Péter sétány 1/A,

Budapest, H-1117, Hungary

edit.matyus@elte.ttk.hu

Precision physics aims to use atoms and molecules to test and develop
the  fundamental  theory  of  matter,  possibly  beyond  the  Standard
Model. Most of the atomic and molecular phenomena are described by
the QED (quantum electrodynamics) sector of the Standard Model. Do
we have the computational tools, algorithms, and practical equations
for the most possible complete computation of atoms and molecules
within  the  QED sector?  What  is  the  fundamental  equation  to  start
with? Is it still Schrödinger’s wave equation for molecular matter, or
is  there  anything  beyond  that?  In  my  talk,  I  will  review  recent
progress with the equal-time Bethe-Salpeter equation [1,2], the no-pair
Dirac-Coulomb(-Breit)  approximation,  its  high-precision  numerical
solution  [3],  and  connections  to  non-relativistic  QED  as  well  as
relativistic quantum chemistry. Ongoing work and future prospects for
the  precise  computation  of  the  pair-,  retardation-,  and  radiative
corrections to the correlated relativistic energy [4] are outlined.

[1] E. E. Salpeter, H. A. Bethe, Phys. Rev. 84 (1951) 1232; E. E. Salpeter, Phys. Rev. 87
(1952) 328; J. Sucher, PhD Thesis, Columbia University (1958).

[2] E. Mátyus, D. Ferenc, P. Jeszenszki, Á. Margócsy, ACS Phys. Chem. Au 3 (2023) 222.

[3] P. Jeszenszki, D. Ferenc, E. Mátyus, J. Chem. Phys. 156 (2022) 084111; D. Ferenc, P.
Jeszenszki, E. Mátyus,  J. Chem. Phys.  156 (2022) 84110; D. Ferenc, P. Jeszenszki, E.
Mátyus, J. Chem. Phys. 157 (2022) 094113; P. Jeszenszki and E. Mátyus, J. Chem. Phys.
158 (2023) 054104; D. Ferenc and E. Mátyus, Phys. Rev. A 107 (2023) 052803.

[4] Á. Margócsy, E. Mátyus, J. Chem. Phys. 160 (2024) 204103; Á. Nonn, Á. Margócsy,
E. Mátyus, J. Chem. Theory Comput. 20 (2024) 4385.
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Role of spin-orbit effects in the relationship between
NMR shielding and nuclear spin-rotation tensors
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A  procedure  to  obtain  experimental  absolute  scales  of  NMR
shieldings was proposed more than fifty years ago by Ramsey and
Flygare [1,2].  Although they established a very precise relationship
between shielding and nuclear spin-rotation (NSR) constants, it was
shown  that  their  model  is  not  applicable  to  molecules  containing
heavy elements.  This  fact  motivated the development of  new NSR
tensor theories that include electronic relativistic effects. Based on one
of these theories [3], we proposed a relativistic model that generalizes
Flygare’s relation [4]. In this talk, I will discuss the crucial role that
spin-orbit effects play in the generalized relationship between the two
molecular  properties,  also  showing  that  these  effects  are  equally
essential in linking their parity-violation contributions [5,6].

[1] N.F. Ramsey. Phys. Rev. 78 (1950), pp. 699–703.

[2] W.H. Flygare. Chem. Rev. 74 (1974), pp. 653–687.

[3] I.A. Aucar, S.S. Gomez, M.C. Ruiz de Azúa, and C.G. Giribet. J. Chem. Phys.
136 (2012), p. 204119.

[4] I.A. Aucar, S.S. Gomez, C.G. Giribet, and G.A. Aucar. J. Phys. Chem. Lett. 7
(2016), pp. 5188–5192.

[5] I.A. Aucar and A. Borschevsky. J. Chem. Phys. 155 (2021), p. 134307.

[6] I.A.  Aucar,  M.T.  Colombo,  and  G.A.  Aucar.  J.  Chem.  Phys.  158 (2023),
p. 094306.
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A variational reformulation of molecular properties in 
electronic-structure theory  
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Conventional quantum-mechanical calculations of molecular proper-
ties, such as dipole moments and electronic excitation energies, give 
errors that depend linearly on the error in the wave function. An excep-
tion is the electronic energy, whose error depends quadratically on the 
error in wave function. We here describe how all properties may be cal-
culated with a quadratic error, by setting up a variational Lagrangian 
for the property of interest [1]. Because the construction of the Lagran-
gian is less expensive than the calculation of the wave function, this 
approach substantially improves the accuracy of quantum-chemical cal-
culations without increasing cost. As illustrated for excitation energies, 
this approach enables the accurate calculation of molecular properties 
for larger systems, with a shorter time-to-solution and in a manner well 
suited for modern computer architectures.  

[1] P. Jørgensen, J. Olsen, M. B. Johansen, T. J. von Buchwald, A. E. Hillers-
Bendtsen, K. V. Mikkelsen, and T. Helgaker. “A variational reformulation of
molecular properties in electronic-structure theory”, Science Advances, 10 (2024),
eadn3454. DOI:10.1126/sciadv.adn3454:
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In silico spectroscopy  
on classic and hybrid quantum computers 

Sonia Coriani 
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Lyngby, Denmark 
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Spectroscopy, the most far-reaching analysis tool in chemistry, exploits 
the interaction of light with matter to probe molecular and electronic 
structures. This interaction is also the foundation of photochemistry, 
optogenetics, phototherapy, photocatalysis, optical devices, solar cells, 
and other use cases in chemistry, life sciences, and material design.The 
theoretical modelling and simulation of the molecular response to light 
thus provides crucial fundamental understanding of the microscopic 
mechanisms behind all spectroscopies and light-energy conversion 
processes. 
In my talk, I will present some recent results of our research efforts 
concerning: (1) theoretical X-ray spectroscopy to unravel ultrafast 
relaxation pathways in functional molecules [1-3]; (2) the development 
of response algorithms for hybrid noisy intermediate-scale quantum 
(NISQ) computers [4-6]. 

[1] Y-P. Chang, T. Balciunas, Z. Yin, M. Sapunar, B. N. C. Tenorio, A. C. Paul, S.
Tsuru, H. Koch, J. P. Wolf, S. Coriani, and H. J. Wörner., Nat. Phys. (2024),
Accepted

[2] B.N.C. Tenorio, J. Pedersen, M. Barbatti, P. Decleva, and S. Coriani, J Phys
Chem A, 128 (2024) pp 107-117

[3] M. Bonanomi, B. N. C. Tenorio, Y. Ovcharenko, S. Usenko, L. Avaldi, P.
Bolognesi, C. Callegari, M. Coreno, S. Coriani, P. Decleva, M. Devetta, N. Došlić,
D. Faccialà, A. De Fanis, M. Di Fraia, F. Lever, T. Mazza, T. Mullins, N. Pal, M.
N. Piancastelli, R. Richter, D. E. Rivas, B. Senfftleben, M. Sapunar, C. Vozzi, M.
Gühr, M. Meyer, K. C. Prince, and O. Plekan, (2024), in preparation.

[4] T. Juncker von Buchwald, K. M. Ziems, E. R. Kjellgren, S. P. A. Sauer, J.
Kongsted, and S. Coriani, J. Chem. Theory Comput. 20 (2024), pp 7093-7101

[5] K.M. Ziems, E.R. Kjellgren, P. Reinholdt, P.W.K. Jensen, S.P.A. Sauer, J.
Kongsted, and S. Coriani, J. Chem. Theory Comput. 20(9) (2024), 3551-3565

[6] P. Reinholdt, E.Rosendahl Kjellgren, J.H. Fuglsbjerg, K.M. Ziems, S. Coriani,
S.P.A. Sauer, and J. Kongsted, J. Chem. Theory Comput. 20 (2024) 3729-3740.
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Reduced-Scaling Coupled Cluster Theory in the 
Frequency and Time Domains  

T. Daniel Crawford
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U.S.A  
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The successes of reduced-scaling coupled-cluster approaches are well 
known for reaction energies, thermodynamic constants, dipole 
moments, etc. — properties that depend primarily on the quality of the 
ground-state wave function. However, much more challenging are 
higher- order properties such as polarizabilities, optical rotations, and 
others that also require accurate representation of the response of the 
wave function with respect to external electromagnetic fields. This 
lecture will provide an overview of our recent efforts to improve the 
description of such perturbed wave functions, from the development of 
field-aware densities to streamline local pair-natural orbital methods for 
frequency-dependent response theory to the use of local correlation 
techniques to reduce the cost of time-dependent coupled-cluster 
simulations of absorption and circular dichroism spectra.  
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Theory for Valence and Core Attosecond Pump-Probe 

Spectroscopic Processes  

Michal Repisky1,2

1Department of Physical and Theoretical Chemistry, 
Faculty of Natural Sciences, Comenius University in Bratislava, 

Slovakia 

2Hylleraas Centre for Quantum Molecular Sciences, 
UiT–The Arctic University of Norway, Tromsø, Norway 

michal.repisky@uit.no 

First principles theoretical modeling of out-of-equilibrium processes 
observed in attosecond pump−probe spectroscopies triggering pure 
electron dynamics remains a challenging task, especially for heavy 
elements and/or core excitations containing fingerprints of scalar and 
spin−orbit relativistic effects. To address this, we introduce a 
methodology for simulating pump−probe spectroscopies within the 
relativistic real-time, time-dependent density functional theory (RT-
TDDFT) framework, for both the valence and core energy regimes [1]. 
In addition to the full four-component (4c) Hamiltonian, we also 
introduce the atomic mean-field exact two-component (amfX2C) 
Hamiltonian accounting for one- and two- electron picture-change 
corrections within RT-TDDFT [1-3]. amfX2C preserves the accuracy 
of the parent 4c method at a fraction of its computational cost [3,4]. 
Finally, we apply the methodology to study valence and near-L2,3-edge 
pump−probe spectroscopic processes of experimentally relevant 
systems and provide additional physical insights using relativistic 
nonequilibrium response theory [1,5]. 

[1] T. Moitra, L. Konecny, M. Kadek, A. Rubio, and M. Repisky, J. Phys. Chem.
Lett. (2023), 14, 1714.
[2] M. Kadek, L. Konecny, and M. Repisky, Comprehensive Computational
Chemistry, Vol. 3. (2024), pp. 200–228. Oxford: Elsevier
[3] S. Knecht, M. Repisky, H. J. Aa. Jensen, and T. Saue, J. Chem. Phys. (2022),
157, 114106.
[4] L. Konecny, S. Komorovsky, J. Vicha, K. Ruud, and M. Repisky, J. Phys. Chem.
A (2023), 127, 1360.
[5] T. Moitra, L. Konecny, M. Kadek, A. Rubio, and M. Repisky, submitted (2024).
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Towards Systematic Many-Body Treatment of Excited-State 

Phenomena in Solids 

Tianyu Zhu 
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Quantitative first-principles description of excited-state properties in bulk solids 

and solid-state defects remains a fundamental challenge in computational chemistry 

and physics. In this talk, I will describe several recent developments of an ab initio 

Green’s function embedding framework for capturing local and non-local electron 

correlations in solids. I will first present a systematic study of spectral properties of 

strongly correlated open-shell transition metal impurity states in bulk copper, 

known as the Kondo problem, by combining ab initio dynamical mean-field theory, 

active-space density matrix renormalization group, and periodic quantum chemistry 

approaches. We demonstrate the possibility towards an exact quantum many-body 

treatment of the Kondo effect by comparing against experimental measurements. I 

will then present a new Green’s function embedding formalism with interacting and 

correlated bath, which shows promise in capturing long-range electron interactions 

in semiconductors and metals at the coupled-cluster level.  

[1] T. Zhu and G. K.-L. Chan, Phys. Rev. X 11, 021006 (2021)

[2] T. Zhu, L. Peng, H. Zhai, Z.-H. Cui, and G. K.-L. Chan, arXiv: 2405.18709

[3] J. Li and T. Zhu, arXiv: 2406.07531
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NYU-ECNU Center for Computational Chemistry at NYU Shanghai, 
Shanghai, China; Department of Chemistry, New York University, 

New York, USA 

william.glover@nyu.edu 

Photoinduced charge-transfer (PCT) underlies numerous processes in e.g. organic 
photovoltaics, photoredox catalysis, and photosynthesis; however, the optically 
dark and transient nature of PCT states complicates their experimental detection 
and motivates theory. Multiscale methods such as quantum mechanics/molecular 
mechanics (QM/MM) are popular, wherein the system is partitioned into an active 
QM region containing the molecules of interest which are embedded in an 
environment that is described with computationally cheap MM forcefields. 
However, an accurate treatment of CT states requires inclusion of electronic 
polarization of the environment, e.g. with polarizable embedding. Questions then 
arise on how to treat electronic states in a consistent manner when they cross during 
a reaction, i.e. at conical intersections (CI).  

Building on an old idea from Thole, we developed an approach called integral-exact 
direct reaction field (IEDRF) that successfully describes CIs.[1] The embedding 
potential contains zero, one, and two-electron contributions that correctly screen 
Coulomb interactions and stabilize CT states. The method was implemented for 
graphical processing units at many electronic structure levels, including CIS, 
TDDFT, CASCI, and CASSCF, as well as their analytical gradients.  

We benchmarked IEDRF on a series of solvated donor-acceptor dyes and found 
quantitative agreement (0.03 eV) with full-system results. Next, we explored the 
photosynthetic purple bacteria reaction center (PBRC) and found that electronic 
polarization both stabilizes CT states by ~1 eV and leads to asymmetry between the 
two branches of pigments. Our results support a view that unidirectional charge 
separation in PBRC arises from different effective dielectric constants in its active 
and inactive branches. 

[1] A. Humeniuk and W. J. Glover, “Multistate, polarizable QM/MM embedding scheme
based on the direct reaction field method: Solvatochromic shifts, analytical gradients and
optimizations of conical intersections in solution”. J. Chem. Theory Comput. 20 (2024),
pp. 2111–2126. DOI: 10.1021/acs.jctc.3c01018
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Dynamics Chemistry for the Excited Systems: A 

Combined Ab Initio Molecular dynamics and Machine-

Learning Simulation Strategy 

Yuxiang Bu*, Lijuan Xue, Hongyang Wang, Xiaojing Zhang 

School of Chemistry and Chemical Engineering, Shandong University, 

Jinan, 250100, P. R. China 

* byx@sdu.edu.cn 

 

Accurate ab initio molecular dynamics (AIMD) simulation of the 

excited state systems is still a challenging topic in the fields.  In this 

report, we share our recent progresses on the singlet fission systems and 

solvated electron systems as the followings.  

(1) Singlet fission systems: The main points include the ergodicity-

based AIMD simulation, singlet pre-fission energetics and AIMD-

based statistics prediction of singlet fission mechanisms, dynamic 

cooperation effect of neighboring monomers in the excited state 

functional processes, and development and application of AIMD-based 

machine-learning method in exploring the structures and properties of 

the excited state functional processes, etc. 

(2) Solvated electron systems: we present a series of investigation 

on the structures, reactivity and relevant dynamics of solvated electron 

systems using the AIMD simulation technique and AIMD-based 

machine-learning simulation strategy.  

 

[1] Xue, L. J.; Song, X. Y.; Feng, Y. W.; Cheng, S. B.; Lu, G.; Bu, Y. X. J. Am. 

Chem. Soc. 2020, 142(41), 17469-17479. 

[2] Xue, L. J.; Huang, H. B.; Wu, S. Q.; Song, X. Y.; Lu, G.; Cheng, S. B.; Bu, Y. 

X. J. Chem. Theory Comput. 2023, 19, 3806-3816. 

[3] Wang, F. K.; Bu, Y. X. J. Phys. Chem. Lett. 2023, 14(32), 7198-7207. 

[4] Gao, L.; Zhang, L.; Fu, Q.; Bu, Y. X.* J. Chem. Theory Comput. 2021, 17: 

666−677. 

[5] Huang, H. B.; Xue, L. J.; Bu, Y. X.* Chem Euro J 2023, 29: e202302253. 

[6] Huang, H. B.; Xue, L. J.; Lu, G.; Cheng, S. B.; Bu, Y. X* J. Chem. Phys. 

2023, 158: 114504. 

[7] Gao, L.; Bu, Y. X.* Adv. Theory Simul. 2023, 2200938. 
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Energy decomposition analysis method for qualitative and 

quantitative interpretations 

Peifeng Su 

College of Chemistry and Chemical Engineering, Xiamen University, 

Xiamen, China 

supi@xmu.edu.cn 

Intermolecular interactions in complex systems are important but 

challenging due to the large number of interacting molecules and the 

complexity of environments. In this talk, firstly, a density matrix 

strategy-based EDA method for many-body intermolecular interactions, 

called DM-EDA[1], will be introduced.  Different from traditional EDA 

methods, instead of intermediate state wave function, the EDA terms in 

DM-EDA are expressed in the forms of density matrix. The density 

matrix based framework and the batch wise algorithm ensure that DM-

EDA can be used for interactions involving a large number of 

monomers efficiently. Second, an extension of DM-EDA, called DM-

EDA(RS),[2] will be presented. In DM-EDA(RS), the EDA terms are 

expressed as the summations of grid-based energy density in real-space. 

A certain kind of interaction term is not only a single number, but also 

the atomic contributions in the supermolecule or grid contributions in 

the whole space that can be visualized with 2D or 3D pictures. It 

provides not only the comprehensive explanations for intermolecular 

interactions, but also the insights for sub-region interactions involving 

different functional groups. 

[1] Zhang. Y; Yan. L; Wu. W; Su. P. “Energy decomposition analysis method

using density matrix formulation”. J. Chem. Phys. 160, 174101 (2024) DOI:

10.1063/5.0202787.

[2] Zhang. Y; Xiong. X; Wu. W; Su. P. “Real-space energy decomposition

analysis method for qualitative and quantitative interpretations”. J. Chem. Phys.

161, 084102 (2024) DOI: 10.1063/5.0221644.
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AI4Green: An open source ELN for green and sustainable 

chemistry 

Jonathan D. Hirst 

University of Nottingham, Nottingham, United Kingdom 

jonathan.hirst@nottingham.ac.uk  

Digital tools will be a critical part of making chemistry research 

laboratories more sustainable. The AI4Green open-source electronic 

laboratory notebook (ELN), https://ai4green.app, combines features 

including data archival and collaboration tools [1]. It is a web-based 

application and free to use. As users plan their chemical reactions and 

record them in the ELN, green and sustainable chemistry is encouraged 

by calculating green metrics and colour-coding hazards, solvents, and 

reaction conditions. A Summary Table is automatically generated by 

AI4Green, showing Red-Amber-Green colour-coded sustainability 

metrics from CHEM21 and other considerations related to the Design 

Principles of Green Chemistry. The application's design facilitates the 

development and integration of auxiliary sustainability applications. 

For example, the open-source retrosynthesis software, AiZynthFinder 

from AstraZeneca has been integrated into the platform, providing an 

AI-powered guidance on synthesis routes to molecules. AI4Green 

features a user-friendly sustainable solvent selection tool, which 

comprises the Solvent Guide [2] and the Solvent Surfer. The latter is an 

interactive principal component analysis (PCA). This provides a simple 

intuitive interface that provides users with a quick and easy method to 

determine greener solvent alternatives and allows the exploitation of 

interactive PCA to tailor embeddings to their specific purpose.  

[1] S Boobier, JC Davies, IN Derbenev, CM Handley, and JD Hirst. “AI4Green:

An open-source ELN for green and sustainable chemistry”. J. Chem. Inf. Mod. 63

(2023), pp. 2895-2901. DOI: https://doi.org/10.1021/acs.jcim.3c00306.

[2] J Heeley, S Boobier, and JD Hirst. “Solvent flashcards: A visualisation tool for

sustainable chemistry”. J. Cheminf. 16 (2024), 60. DOI:

http://dx.doi.org/10.1186/s13321-024-00854-9
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Data-driven Materials Science for Energy Sustainability 

Jacqueline M. Cole 

Cavendish Laboratory, University of Cambridge, CB3 0HE 

jmc61@cam.ac.uk 

Data-driven materials discovery is coming of age, given the rise of 'big 

data' and machine-learning (ML) methods. However, the most 

sophisticated ML methods need a lot of data to train them. Such data 

may be custom materials databases that comprise chemical names and 

their cognate properties for a given functional application; or data may 

comprise a large corpus of text to train a language model. This talk 

showcases our home-grown open-source software tools that have been 

developed to auto-generate custom materials databases for a given 

application.[1-4] The presentation will also demonstrate how domain-

specific language models can now be used as interactive engines for 

data-driven materials science.[5-6] The talk illustrates the application 

of these data-science methods using case studies from the energy sector. 

The talk concludes with a forecast of how this 'paradigm shift' away 

from the use of static databases will likely evolve materials science. 

[1] M. C. Swain, J. M. Cole, “ChemDataExtractor: A Toolkit for Automated

Extraction of Chemical Information from the Scientific Literature”, J. Chem. Inf.

Model. (2016), 56, 10, 1894–1904 www.chemdataextractor.org

[2] J. Mavracic, C. J. Court, T. Isazawa, S. R. Elliott, J. M. Cole,

“ChemDataExtractor 2.0: Auto-populated Ontologies for Materials Science”, J.

Chem. Inf. Model. (2021), 61, 9, 4280–4289 www.chemdataextractor2.org

[3] B. Yildirim, J. M. Cole, “Bayesian Particle Instance Segmentation for Electron

Microscopy Image Quantification”, J. Chem. Inf. Model. (2021) 61, 1136–1149

[4] D. M. Wilary, J. M. Cole, “ReactionDataExtractor 2.0: A deep-learning

approach for data extraction from chemical reaction schemes”, J. Chem. Inf.

Model. (2023) https://doi.org/10.1021/acs.jcim.3c00422

[5] S. Huang, J. M. Cole, “BatteryBERT: A Pretrained Language Model for

Battery Database Enhancement”, J. Chem. Inf. Model. (2022) 62, 6365-6377

[6] J. Zhao, S. Huang, J. M. Cole, “OpticalBERT and OpticalTable-SQA: Text-

and Table-based Language Models for the Optical-Materials Domain”, J. Chem.

Inf. Model. (2023) DOI: 10.1021/acs.jcim.2c01259
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Quantum Alchemy: Treating Chemical Space with 

perturbations 

Guido von Rudorff 

Computational Chemistry of Nanomaterials, University of Kassel 

hereguido@vonrudorff.de 

Estimating properties for large search spaces is a common problem. 

While quantum chemistry methods allow computation of many 

fundamental properties, this is a costly approach. While machine 

learning approaches interpolate between such data, quantum alchemy 

allows for extrapolation. As a perturbative approach, many diverse 

properties such as energies, orbital eigenvalues, electron densities, 

photoelectron circular dichroism parameters and protonation energies 

can be predicted with the simple closed form expression of quantum 

alchemy. At heart, a Taylor approximation is built from the first low-

order response functions of the property w.r.t. changes in the nuclear 

charges and geometry. End-to-end, this is typically five orders of 

magnitude cheaper than quantum chemistry methods of comparable 

accuracy, which will further improve with differentiable quantum 

chemistry calculations. Constraining models by inclusion of this 

gradient information may prove beneficial. 

Moreover, the closed-form expression of quantum alchemy models can 

be analysed particularly well. For energies, we obtain approximate 

symmetries which must hold true for all conceivable systems of certain 

structural properties, which can help machine learning models by 

reducing the search space. We also show that this allows to estimate the 

intrinsic dimensionality of a chemical property which in turn allows to 

estimate the best achievable data efficiency in models. 

134

Parallel Sessions



Atomly.net: Paving a data-centric high-way for materials 

science 

Miao Liu, Sheng Meng 

Institute of Physics, Chinese Academy of Sciences, Beijing, 100190, 

China 

In this talk, the speaker will present how he takes all the technologies 

that have disrupted other industries and start to disrupt his own. By 

utilizing recent advancements in high-throughput first-principles 

calculations and AI, his team has developed a premier materials 

database, atomly.net, which provides scientists worldwide with access 

to a trove of high-quality materials science data. This comprehensive 

database includes first-principles calculation results for over 300,000 

inorganic materials and a range of related properties, such as crystal 

structure, electronic structure, elasticity, and dielectric tensor. 

With this extensive data resource, it becomes possible to efficiently 

screen, predict, and discover new materials in a cost-effective manner. 

This includes identifying potential quantum materials [1], screening 

feasible energy materials [2], extracting insights and trends from 

transition metal oxides [3], and creating generic artificial intelligence 

models for property predictions [4]. 

[1] Chin. Phys. Lett. 39 047402 (2022); Phys. Rev. B 105, 214517 (2022); npj

Comput Mater 10, 96 (2024)

[2] J. Mater. Chem. A, 12, 14709(2024); J. Mater. Chem. A, 12, 3954(2024)

[3] Advanced Science  2022, 2202756 (2022); Mater. Futures 3 027501(2024)

[4] Sci. China Mater. 66, 343 (2023); Sci. Bull. 10.1016/j.scib.2024.08.039 (2024)

135

Parallel Sessions



Success of Treating Topological Dynamic Propagation in 

Polymer System with 1D Ising Model: A Novel Full-Scale 

Dynamics-Preserved Coarse-Grained Polymer Model 

Xu-Ze Zhang, Rui Shi, Hu-Jun Qian 

State Key Laboratory of Supramolecular Structure and Materials, Institute of Theoretical 

Chemistry, College of Chemistry, Jilin University, Changchun 130021, China. 

hjqian@jlu.edu.cn 

Coarse-grained (CG) MD model for polymer system often has large 

deviation in dynamics from reference all-atomistic (AA) model [1]. For 

polymer systems, although Mori-Zwanzig theory has revealed the 

existence of complex space-time dissipations arising from inter- and 

intramolecular interaction competitions [2,3], it remains practically a 

formidable task to construct a dynamics-preserved CG model [4]. In 

this work, we found that 1D Ising model can be used to describe the 

intramolecular topological propagation. Based on this, we developed a 

parameter-optimization free CG model which can preserve dynamics 

across all-scales, ranging from local monomeric collisions at short-time 

scale to free diffusions at long time-scales.  

Figure 1. Van Hove functions calculated from (a) AA and (b) CG simulations. 

[1] R. Shi, H. J. Qian and Z. Y. Lu “Coarse‐grained molecular dynamics

simulation of polymers: Structures and dynamics”. WIREs. Comput Mol Sci.

(2023), pp. e1683. DOI: 10.1002/wcms.1683.

[2] X. Z. Zhang, R. Shi, Z.Y. Lu, and H. J. Qian, “Chemically specific coarse-

grained polymer model with both consistently structural and dynamical

properties”, JACS Au, (2024), 4, 1018-1030. DOI: 10.1021/jacsau.3c00756.

[3] M. Guenza. “Cooperative dynamics in unentangled polymer fluids”. Phys.

Rev. Lett. (2002) 88, pp. 025901. DOI: 10.1103/PhysRevLett.88.025901.

[4] C. A. Lemarchand, M. Couty and B. Rousseau. “Coarse-grained simulations

of cis- and trans-polybutadiene: A bottom-up approach”. J. Chem. Phys. (2017)

146, pp. 074904. DOI: 10.1063/1.4975652.
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The QuantVec Software Suite for Next-Generation QTAIM
Steven Robert Kirk

College of Chemistry and Chemical Engineering, Hunan Normal University, Changsha, Hunan 
410081, China

Email: steven.kirk@cantab.net

The QuantVec program package[1], takes either input wavefunctions from first-order density matrices expressed 
in  an  MO basis  using  Gaussian-type  primitives  in  the  WFX/WFN file  format,  or  gridded  charge  density 
distributions in Gaussian .cube format produced by a very wide range of electronic structure codes. Widely-
used MOLDEN-format files can be converted to WFX/WFN using the open-source Molden2AIM code [2]. 
Gridded density data is processed using the open-source CRITIC2 code[3]. The QTAIM, stress tensor σ(r) and 
Ehrenfest  force  F(r)  partitioning  eigenvector-derived  properties  are  then  extracted  using  QuantVec[4,5]. 
Progress on the development of the software suite, including visualization capabilities, is outlined and illustrated 

with examples.

References: 

[1] Kirk, S. R.; Jenkins, S. QuantVec, 2021. DOI.org/10.5281/zenodo.5553686 (accessed 2021-10-07).

[2] Zou W. Molden2AIM [Internet]. 2021 [cited 2021 Oct 8]. Available from:
https://github.com/zorkzou/Molden2AIM

[3] Otero-de-la-Roza, A.; Johnson, E. R.; Luaña, V. Critic2: A Program for Real-Space Analysis of Quantum
Chemical Interactions in Solids. Computer Physics Communications 2014, 185 (3), 1007–1018.

[4] S. R. Kirk and S. Jenkins, “Tools for Overcoming Reliance on Energy-Based Measures in Chemistry: a
Tutorial Review”, Chem. Soc. Rev. 52(17), 5861–5874 (2023).

[5] S. R. Kirk and S. Jenkins, WiRES: Computational Molecular Science 12, 6, e1611, 2022.
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New opportunities of photophysics and photochemistry 

studies using the BDF program 

Zikuan Wang1, Wenjian Liu2

1 Max-Planck-Institut für Kohlenforschung, Kaiser-Wilhelm-Platz 1, 

45470 Mülheim an der Ruhr, Germany. 

2 Qingdao Institute for Theoretical and Computational Sciences, 

Institute of Frontier and Interdisciplinary Science, Shandong 

University, Qingdao, Shandong 266237, P. R. China. 

zwang@kofo.mpg.de 

The computational study of excited state processes is pivotal for the 

design of novel optoelectronic materials, light-sensitive materials and 

photocatalysts, among others. For a long time, a large portion of 

computational studies of excited states are limited to vertical absorption 

(e.g. UV-Vis) and emission (fluorescence and phosphorescence) 

calculations, due to a lack of efficient and accurate algorithms and 

programs for studying the dynamical properties of excited states, e.g. 

the rates of internal conversion (IC), intersystem crossing (ISC), 

electron transfer and energy transfer processes. 

The BDF (Beijing Density Functional) program, which was an in-house 

academic code before 2022 and commercialized thereafter, was 

developed by a team of mostly Chinese quantum chemists, and is 

known for its highly accurate relativistic methods (Q4C, X2C), 

fragmentation methods (FLMO, iOI), as well as various excited state 

methods[1]. Highlights of the BDF program include: (1) the first 

implementation of TDDFT nonadiabatic coupling matrix elements 

(NACMEs) between two excited states, enabling the quantitative 

computation of excited state-excited state IC rates of large systems; (2) 

the first implementation of spin-orbit coupling (SOC) matrix elements 

at the sf-X2C-TDDFT level, making the accurate calculation of ISC 

rates of heavy atom-containing molecules possible; (3) the first rigorous 

spin-adapted TDDFT method (X-TDDFT) as well as its analytic 

gradient, which provides access to spin-adapted excited states of open-
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shell molecules; (4) a family of multireference configuration interaction 

(MRCI) and perturbation theory (MRPT) methods based on the static-

dynamic-static (SDS) formalism, which achieves uniform accuracy for 

systems with densely spaced electronic states; and (5) energy- and 

electron-transfer integrals, which allow the evaluation of the rates of 

excited state energy and electron transfer processes. 

The present report will briefly introduce these special features of BDF, 

followed by three application examples: (1) the inhibition effect of 

atmospheric soot particles on the photolysis of the pesticide 

imidacloprid; (2) the Rh-C bond photolysis mechanism of porphyrin 

rhodium(III) alkyl and acyl complexes [2]; and (3) the thermally 

activated delayed fluorescence (TADF) and phosphorescence of open-

shell porphyrin copper(II) complexes [3]. 

Figure 1. Selected feature highlights of the BDF program. 

[1] Y Zhang, B Suo, Z Wang et al. “BDF: a relativistic electronic structure

program package”. J. Chem. Phys. 152 (2020), pp. 064113. DOI:

10.1063/1.5143173.

[2] H Li, B Han, R Wang et al. “Photochemical conversion of CO to C1 and C2

products mediated by porphyrin rhodium(II) metallo-radical complexes”. Nat.

Commun. accepted.

[3] X Wang, C Wu, Z Wang et al. “When do tripdoublet states fluoresce? A

theoretical study of copper(II) porphyrin”, Front. Chem. 11 (2023), pp. 1259016.

DOI: 10.3389/fchem.2023.1259016.
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MOKIT: an open-source package that combines the strengths 

of existing quantum chemistry software 

Jingxiang Zou1, Shirong Wang2 

1AI for Electrochemistry (AI4EC) Lab, Tan Kah Kee Innovation 

Laboratory, Xiamen, China 

2Department of Chemistry, Fudan University, Shanghai, China 

 

MOKIT (https://gitlab.com/jxzou/mokit) is an open-source package 

which offers various utilities to transfer molecular orbitals (MOs) 

among a dozen of quantum chemistry software packages. By utilizing 

the utilities, one can obtain the same SCF solution in different software 

without any effort for complicated open-shell species, perform various 

accelerated energy decomposition analysis (EDA), and convert wave 

function files back and forth. Moreover, MOKIT has intelligent built-

in workflows for automatic as well as black-box multi-reference 

computations. The user need only write a Gaussian-syntax input file 

and then the RHF/UHF calculation, wave function stability check, 

orbital localization, orbital paring, GVB, CASSCF, etc. will be 

performed sequentially. The active orbitals as well as active electrons 

are determined automatically during computations and no human 

intervention is required. One can specify a preferred CASSCF package 

like PySCF, ORCA, Molpro, or PSI4 with a simple keyword, thus 

saving a lot of time to learn the usages and syntax of multiple software 

packages. The output of such a workflow has the same format of 

energies, properties and final orbitals printed no matter which programs 

are called. Advantages of existing quantum chemistry software are 

integrated together to perform highly-efficient computations. 

Embedding, multi-level or fragmentation methods combining different 

theoretical methods can also be developed easily based on MOKIT. 

[1] J. Zou, K. Niu, H. Ma*, S. Li*, W. Fang*. Automatic Selection of Active 

Orbitals from Generalized Valence Bond Orbitals, JPCA 124 (2020), 8321. 

[2] Q. Wang, J. Zou, E. Xu, P. Pulay*, S. Li*. Automatic Construction of the Initial 

Orbitals for Efficient Generalized Valence Bond Calculations of Large Systems, 

JCTC 15 (2019), 141. 
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AI acceleration of AIMD simulation of 

dynamic catalysis 

Jun Cheng* 

State Key Laboratory of Physical Chemistry of Solid Surfaces 
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Xiamen University, Xiamen 361005, China 

Email: chengjun@xmu.edu.cn 

Elucidating the nature of active sites in catalysis and the mechanism how the special 

arrangements of atoms can facilitate chemical reactions, has always been one of the holy grails 

that generations of chemists have dreamed of. Combination of advanced experimental 

techniques and computational methods makes it possible to characterize the structures of active 

sites and unravel the reaction mechanisms at a molecular level. Challenges still remain when 

attempting to study catalysis at experimental conditions and during reaction turnover, and 

indeed many recent research efforts focus on in situ probing dynamical changes in catalyst 

structures. So far, the majority of studies still take a rather ‘static’ view of active sites and 

neglect the coupling of structural dynamics of catalysts with elementary reactions. This is 

mostly justifiable because from the viewpoint of elementary reactions occurring at the 

timescale of picoseconds, the catalytic sites are essentially static considering the catalyst 

structures usually evolve at macroscopic timescales. The fundamental question yet to address 

is what if the timescale of structural dynamics of catalysts overlaps with that of elementary 

reactions.  

In this talk, I will show our ab initio molecular dynamics (AIMD) calculation predicts 

solid-to-liquid phase transitions of the metal clusters induced by the change of reaction species 

along the reaction coordinate, providing strong evidence that catalyst dynamics can play a 

crucial role in chemical reactions. Our finding therefore adds a new perspective on 

understanding of heterogeneous catalysis. Note also that the theoretical approach we use, 

including ab initio molecular dynamics and free energy calculation, is fundamentally sound, 

and makes no assumption that would affect our conclusions. Then, I will also present our latest 

development on AI accelerated AIMD (AI2MD) calculation of dynamic catalysis at much 

larger space and time scale, showing great promise for in situ modeling of realistic catalytic 

systems. 

[1] Juan-Juan, Sun, Jun Cheng, Nat. Commun. 2019, 10 (1), 5400.

[2] Fan, Q.-Y.; Sun, J.-J.; Wang, F.; Cheng, J., J. Phys. Chem. Lett. 2020, 11 (19), 7954-7959.

[3] Fan, Q.-Y.; Wang, Y.; Cheng, J., J. Phys. Chem. Lett. 2021, 12 (16), 3891-3897.

[4] Fu-Qiang Gong, Yun-Pei Liu, Ye Wang, Weinan E, Zhong-Qun Tian, Jun Cheng, Angew. Chem.

Int. Ed. 2024, 63, e202405379.

[5] Qi-Yuan Fan, Yun-Pei Liu, Fu-Qiang Gong, Ye Wang, Weinan E, Xinhe Bao, Zhong-Qun Tian,

Jun Cheng, Chem. Sci. 2024, accepted.
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Short Bio (100-150 words) 
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Chemistry and Chemical Engineering, Xiamen University. His research interests are 

computational electrochemistry and theoretical catalysis. In particular, his group focuses on 

developing computational methods combining electronic structure theory, machine learning 

potential and molecular dynamics to simulate electrochemical interfaces and catalyst dynamics. 
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Electrochemistry. 

142

Parallel Sessions



Cluster embedding and a grand-canonical hybrid 
explicit/implicit solvation model for computational catalysis

Christopher J. Stein 

Department of Chemistry and Catalysis Research Center, 
TUM School of Natural Sciences, Technische Universität München, 

Lichtenbergstr. 4, 85748 Garching, Germany. 

christopher.stein@tum.de 

In this talk, I will present our current developments on embedded 
cluster models for metallic systems. I will show what motivates us to 
simulate surface reactivity with cluster models and present a method 
for a consistent active space selection in projection-based DFT-in-
DFT embedding along predefined reaction coordinates.[1]  

I will then present a novel microsolvation model that allows for 
explicit sampling of a small region around a given solute in a grand-
canonical scheme.[2] Key to this model is a probabilistic 
interpretation of the thermodynamic variables in the small explicit 
subsystem. While several models[3] exist that incorporate spatially 
resolved information on the solvent distribution in the implicit 
description, they rely on ad hoc closure equations that strongly affect 
the results of a simulation. In contrast, our approach gathers the 
relevant information from explicit grand-canonical sampling. While 
our approach is computationally more demanding than implicit 
solvation models, it is much more economical than fully explicit 
calculations. With accurate neural network potentials[4] emerging as 
surrogate models with ab initio quality, we expect our systematically 
improvable model to be a strong competitor to highly parameterized 
state-of-the-art solvation models.  

[1] E. Kolodzeiski, C. J. Stein, “Automated, Consistent, and Even-handed
Selection of Active Orbital Spaces for Quantum Embedding”. J. Chem. Theory
Comput. 19, (2023), 6643.
[2] Preliminary work: M. Rahbar, C. J. Stein, “A statistical perspective on
microsolvation”, J. Phys. Chem. A, 127, (2023), 2176.
[3] e.g. C. N. Nguyen, T. K. Young, M. K. Gilson, “Grid inhomogeneous
solvation theory: Hydration structure and thermodynamics of the miniature
receptor cucurbit[7]uril” J. Chem. Phys. 137, (2012), 44101.
[4] I. Batatia, D. P. Kovacs, G. N. C. Simm, C. Ortner, G. Csanyi, “ MACE:
Higher Order Equivariant Message Passing Neural Networks for Fast and
Accurate Force Fields” NIPS, 2022.
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A Theoretical Perspective of Spin control on Iron-catalyzed reactions 

Qian Peng*,a Hongdan Zhu,a Ping Du, a 

a State Key Laboratory and Institute of Elemento-Organic Chemistry, Frontiers Science Center for New Organic Matter, 
College of Chemistry, Nankai University, Tianjin 300071, China 

* qpeng@nankai.edu.cn

The low crystal field splitting energy of iron leads to its variable valence and spin states in actual 
catalytic conversion reactions, bringing new opportunities for reactivity regulation and challenges to 
understand reaction mechanism. Here, We reported the electronic structures of different spin states of 
a series of iron organic complexes and their catalytic reaction mechanisms. By studying the activation 
of iron catalyzed nitrogen gas, the hydrosilylation of olefins, the stepwise defluorosilication of 
bifluoroalkenes, and the ring opening silicification of benzofuran[1]-[4], the spin polarization effect 
and two state reactivity were proposed to follow the 9-orbital rule for open shell system with single 
occupied electrons (Figure 1. A). Our study also revealed that the synergistic effect of alkali and iron 
are important for achieving efficient catalytic conversion. A high spin iron catalytic cycle was 
proposed and the activation mechanism of alkali cations assisting low valent iron to jointly achieve 
C-X bonds was revealed in the cross-electrophile coupling reaction[5],[6] (Figure 1. B).
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1.Zhu, H.; Jolyon Aarons.; Peng, Q . Inorg. Chem. Front. 2021, 8, 5299.
2.Hu, M.; He, Q.; Fan, S.; Wang, Z.; Liu, L.; Mu, Y.; Peng, Q.; Zhu, S. F. Nature Communication. 2018, 9, 221.
3. Fan, G.; Shang, Z.; Li, R.; Sara, S. H.; Peng, Q.; Michael Findlater; Xu, X. F. Organometallics. 2019, 38, 4105.
4. Zhang, H.; Wang, E.; Geng, S.; Liu, Z.; He, Y.; Peng, Q.; Feng, Z. Angew. Chem. Int. Ed. 2021, 60(18), 10211.
5. Chen, S.; Wang, Z.; Geng, S.; Zhu, H.; Liu, Z.; He, Y.; Peng, Q.; Feng Z. CCS Chem. 2023, 5, 1674-1685.
6. Zhang, Y.; Du, P.; Wang,S.; Zhu, Y.Ji, Y.; Liu, Z.; He, Y.; Peng, Q.; Feng, Z. Chem. 2023, 9, 3623-3636.

We are working on the mechanism of selectivity regulation in organic reactions, 
focusing on the flexible conformation of molecules and electron spin interaction, 
revealing the interesting mechanism of asymmetric chemistry and iron/rare-earth 
metal chemistry, and improving the chemical understanding. We have published more 
than 50 SCI papers as (co-)corresponding authors, including Acc. Chem. Res., Chem, 

Nature. Commun., J. Am. Chem. Soc., etc. I was awarded the second prize of the National Natural 
Science Award 2013 (5th), the EU Marie Curie Fellowship (IIF) (2015), the National Talent 
Program(2017), the Tianjin Outstanding Youth Fund (2019), and the Thieme Chemistry Journals 
Award (2020). I was appointed as a young editorial board member of China Chemical Letters (CCL) 
in 2022, awarded as a highly cited scientist by Clarivate Analytics in 2022 and 2023, and elected as a 
member of the Committee on Computational Chemistry of the Chinese Chemical Society. 
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Efficient simulation of photo-induced dynamics processes 

and their spectroscopic characterization  

Lipeng Chen 
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Modern techniques of ultrafast laser spectroscopy and ultrafast X-ray (electron 

diffraction), which are capable to achieve femtosecond and even attosecond time 

resolution and high spatial resolution, provide excellent probes of chemical 

reactions in various molecular systems. The constantly increasing body of 

experimental data on molecular and chemical reaction mechanisms necessitates the 

development of accurate theoretical methods, which enable us to explain 

spectroscopic signals of molecular systems as well as their associated structural 

changes in terms of the underlying nuclear and electronic dynamics. In the past 

years, I have developed various numerical methods based on variational wave 

function, quantum master equation, stochastic Schrödinger equation, mixed 

quantum-classical methods as well as machine learning techniques for the efficient 

simulation of quantum dynamics and nonlinear spectroscopic signals. My goal is to 

build a direct link between theory and experiment, to reveal the reaction 

mechanisms of photophysical and photochemical processes, and finally to provide 

important theoretical guidance for the design of efficient optoelectronic devices.     

[1] Sebastian V. Pios, Maxim F. Gelin, Luis Vasquez, Jurgen Hauer, and Lipeng

Chen. On-the-Fly Simulation of Two-Dimensional Fluorescence-Excitation

Spectra. J. Phys. Chem. Lett. 15, 8728-8735 (2024).

[2] Jiaji Zhang, Carlos L. Benavides-Riveros, and Lipeng Chen. Artificial-

intelligence-based surrogate solution of dissipative quantum dynamics: physics-

informed reconstruction of the universal propagator. J. Phys. Chem. Lett. 15, 3603-

3610 (2024).

[3] Sebastian V. Pios, Maxim F. Gelin, Arif Ullah, Pavlo O. Dral, and Lipeng Chen.

Artificial-Intelligence-Enhanced On-the-Fly Simulation of Nonlinear Time-

Resolved Spectra. J. Phys. Chem. Lett. 15, 2325-2331 (2024).

[4] Maxim F. Gelin, Lipeng Chen, Wolfgang Domcke, Equation-of-Motion

Methods for the Calculation of Femtosecond Time-Resolved Four-Wave-Mixing

and N-Wave-Mixing Signals. Chem. Rev. 122, 17339-17396 (2022).
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Ultrafast Dynamics Simulations Accelerated by Machine
Learning Models
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jinwen@dhu.edu.cn

Photochemical reactions and photophysical processes occur on time
scales ranging from femtoseconds to picoseconds. Although non-
adiabatic dynamics methods can provide insight into the evolution of
excited electronic states, traditional approaches are limited by the high
cost of electronic structure calculations. To address these challenges,
we have recently developed machine learning-based potential energy
surfaces (PESs) and time-series models.[1] The former integrates
neural network parameterized PESs with the time-dependent Baeck-
An method to simulate the photo-induced isomerization in confined
spaces.[2] The latter employs neural networks to learn the relationship
between energy differences between electronic states and non-
adiabatic couplings, effectively predicting excited-state dynamics and
enhancing simulation efficiency. The development of these models
will assist us in the exploration of more complex systems and
improving the efficiency of studying excited-state dynamics processes.

[1] H. Xu, B. Zhang, Y. Tao, W. Xu, B. Hu, F. Yan, J. Wen. “Ultrafast
Photocontrolled Rotation in a Molecular Motor Investigated by Machine Learning
Based Nonadiabatic Dynamics Simulations”. J. Phys. Chem. A (2023), 127, 7682.

[2] W. Xu, H. Xu, M. Zhu, Jin Wen. “Ultrafast Dynamics in Spatially Confined
Photoisomerization: Accelerated Simulations through Machine Learning Models”.
DOI: 10.26434/chemrxiv-2024-53vnx.
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AI4Science: Quantum dissipative dynamics in the age of 

machine learning  

Arif Ullah 

Anhui University 

arif@ahu.edu.cn 

Open quantum systems play a vital role in areas like quantum information, quantum 

memory, and energy transfer in photosynthesis. However, their complex nature makes 

exact characterization challenging. Traditional methods for investigating these systems 

are often limited by computational demands or an inability to fully capture quantum 

effects. 

Recently, machine learning (ML) has shown promise in predicting quantum dynamics 

efficiently. Our research highlights ML's ability to speedup the propagation of quantum 

dynamics based on a short history.[1] In addition, we also demonstrate that we can bypass 

the need for historical data, enabling the prediction of future quantum states based solely 

on time and/or simulation parameters.[2,3] We've developed the open-source MLQD 

package[4] and the QD3SET-1[5] database to support these advancements, alongside a 

study comparing 22 ML models for simulating open quantum systems.[6] Moreover, we 

have proposed an approach to enforced physical constraints in ML-based quantum 

dissipative dynamics.[7]] In my talk, I will provide a detailed overview of these 

developments and their implications. 

Keywords: Open quantum systems, Quantum dissipative dynamics, Machine learning 
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Concerted Phenomena on Chemical Reactions at Nano-Scale 
and Mechanics at Meso-Scale in Friction and Wear Processes 
Revealed by Large-Scale Molecular Dynamics Simulations  

Momoji Kubo 

Institute for Materials Research, Tohoku University  

Email: momoji@tohoku.ac.jp 

In recent years, maximizing energy utilization efficiency in 
automobiles, airplanes, industrial robots, etc. is required due to strong 
demands for energy saving and carbon neutrality. To realize the above 
tasks, super-low friction and super-low wear technologies have become 
urgent social issues. A lot of nano-scale simulations on friction and 
wear processes have been done by molecular dynamics approaches and 
a lot of meso-scale simulations on the same processes have been done 
by continuum mechanics approaches. However, understanding friction 
and wear processes at each individual scale is not enough for designing 
and maximizing the friction performances because friction and wear 
processes are concerted phenomena of the chemical reactions at nano-
scale and the mechanics at meso-scale. 

Therefore, in the present study, we developed an in-house large-
scale molecular dynamics code “Laich” to simulate the concerted 
processes of the chemical reactions at nano-scale and the mechanics at 
meso-scale in the friction interfaces. For example, we succeeded in 
clarifying the concerted processes of the chemical-reaction-induced 
mechanics and mechanics-induced chemical reactions at diamond-like 
carbon interfaces [1,2]. In the conference, our recent approaches for 
revealing and designing the friction and wear processes at both nano- 
and meso-scale will be presented. 

[1] Y. Wang, N. Yamada, J. Xu, J. Zhang, Q. Chen, Y. Ootani, Y. Higuchi, N.
Ozawa, M.-I. De Barros Bouchet, J. M. Martin, S. Mori, K. Adachi, and M. Kubo,
"Triboemission of Hydorcarbon Molecules from Diamond-like Carbon Friction
Interface Induces Atomic-Scale Wear", Sci. Adv., 5 (2019) eaax9301. DOI:
10.1126/sciadv.aax9301

[2] Y. Wang, J. Xu, Y. Ootani, N. Ozawa, K. Adachi, and M. Kubo, "Non-empirical
Law for Nano-Scale Atom-by-Atom Wear", Adv. Sci., 8 (2021) 2002827. DOI:
10.1002/advs.202002827
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Understanding and predicting superionic Li-ion transport in 

amorphous halides 

De-en Jiang 

Department of Chemical and Biomolecular Engineering and 
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In this talk, I will discuss our recent work in applying machine-learning 

force fields, trained on-the-fly from ab initio molecular dynamics 

(AIMD), to understand and predict superionic Li-ion transport in 

amorphous halides. We validated our approach by obtaining highly 

accurate simulated activation energies of Li-ion transport in LiTaCl6 [1] 

and LiNbCl6. We further predict that the activation energy of Li-ion 

transport will be as low as 0.144 eV and the ion conductivity will be as 

high as 15.7 mS/cm at room temperature for LiNb0.5Ta0.5Cl6 [2]. Both 

values will be a record for halide-based electrolytes and solid 

electrolytes in general. Li-ion mobility is found to correlate with the 

degree of anharmonic cation-anion coupling. Despite the many 

similarities between Nb and Ta, this work demonstrates that when both 

are present, the synergy between Nb and Ta can lead to even higher 

superionic Li-ion conductivity in LiNb0.5Ta0.5Cl6 than in LiTaCl6 and in 

LiNbCl6. 

References 
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Out of the Crystalline Comfort Zone:

Tackling Working Interfaces with Machine Learning

Karsten Reuter

Fritz-Haber-Institut der MPG
Faradayweg 4-6, 14195 Berlin, Germany

reuter@fhi.mpg.de

Machine learning (ML) promises a significant enhancement of multi-

scale modeling capabilities in the context of energy conversion and

storage (ECS). In particular, ML interatomic potentials (MLIPs) trained

with first-principles data already offer orders of magnitude speed-ups

in the computation of predictive-quality energies and forces in atomic-

scale simulations. This new efficiency finally allows to heads-on tackle

the highly dynamic evolution of working interfaces in ECS systems,

where the targeted functionality like catalytic activity or ion mobility

both inherently drives and results from ongoing substantial structural,

compositional and morphological changes. Unable to fully capture such

operando evolution, direct first-principles based multiscale modeling

focused hitherto on model (single-)crystalline surfaces or interfaces,

where the system dynamics was typically restricted to select reacting or

diffusing species that were considered central for a targeted primary

function. The MLIP-enabled enhanced sampling capabilities instead

allow to assess the thermodynamic stability of complex, possibly

amorphous configurations and thereby establish reliable structural

models for the working interfaces. Automated process exploration in

turn provides more systematic access to the elementary steps that drive

the operando evolution, paving the way for microkinetic simulations

that analyze the entanglement of this evolution with the primary

function. Obviously, these advances in modeling capabilities now call

for ever more ML methodology, to efficiently analyze (trajectory) data

from simulation cells containing thousands of atoms, to compute

spectroscopic fingerprints or to extract refined descriptors for

operando-evolution aware high-throughput virtual screening.
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Reduced-scaling coupled-cluster method using cluster-
specific virtuals 

Edward F Valeev, Bimal Gaudel 
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Reduced-complexity representation of the coupled-cluster (CC) wave 
operator is  obtained by using cluster-specific virtual (CSV) orbitals 
which can be viewed as the generalization of the well-known pair-
natural orbitals. The increased algorithmic complexity of the CSV-
based many-body methods is addressed by the nested tensor (“tensors-
of-tensors”) algebra support in the TiledArray tensor framework and by 
the development of fully-automated symbolic derivation and evaluation 
of the equations of CSV-based methods. In this talk we will report 
preliminary implementation and assessment of the CSV-CC methods. 
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Open-source framework for community validation of
fragment-based quantum chemistry

John M. Herbert
Dept. of Chemistry & Biochemistry,

The Ohio State University, Columbus, Ohio 43210 USA

Abstract

Fragment-based methods represent an attractive way to circumvent the nonlinear scaling of
conventional quantum chemistry and thereby apply high-level ab initio methods to systems of
unprecedented size. Although a menagerie of fragmentation methods have been reported in the
literature, most are minor variations on a small number of themes, yet head-to-head comparisons
between them are rare. This is primarily a software limitation, as these methods are mostly
limited to research-group codes or else are specific to a single quantum chemistry platform. This
situation precludes the sort of community validation that has historically been the hallmark of
quantum chemistry software development, where various models are implemented across multi-
ple codes and results reported by one research group can be reproduced in other codes, down to
the level of machine precision. The author’s group has pioneered side-by-side comparisons of var-
ious fragmentations methods using a flexible software framework that interfaces with numerous
quantum chemistry codes including (at present) CP2K, GAMESS, MOPAC, NWChem, ORCA,
PySCF, Q-Chem, and xTB. These comparisons have allowed us to establish unifying principles
for fragment-based algorithms and to target reproducible and systematically convergent results.
Our fragmentation code has recently been rewritten in Python and released under an open-
source license. Modification is simple enough to provide undergraduate research projects but it
is also a powerful research tool that moves fragment-based methods closer to the reproducible
standard of “model chemistries”. Various validation tests will be described that establish what
are essential and non-essential elements of a reliable and accurate fragment-based approach.

152

Parallel Sessions



Combining the Many-Body Expansion and 
Subsystem-DFT 
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The many-body expansion (MBE) offers an attractive approach for the 
treatment of large molecular systems, such as molecular clusters and 
crystals or proteins and protein–ligand complexes, with quantum-
chemical methods. By combining the MBE with concepts originating 
from subsystem DFT, we have recently established a density-based 
many-body expansion (db-MBE) as a promising approach for the 
accurate, yet efficient treatment of large molecular systems [1].  

In this talk, I will highlight recent applications of the db-MBE to water 
clusters [2] and ion-water clusters [3] as well as first applications of the 
db-MBE in combination with coupled cluster methods [4]. These 
examples show that already a density-based two-body expansion is able 
to reproduce interaction energies per fragment within chemical 
accuracy, and is able to accurately predict the energetic ordering as well 
as the relative interaction energies of different isomers of water and ion-
water clusters. The extension to proteins and protein–ligand interaction 
energies [5,6] will also be discussed. 

[1] D. Schmitt-Monreal, Ch. R. Jacob, Int. J. Quantum Chem. 120, e26228 (2020).

[2] D. Schmitt-Monreal, Ch. R. Jacob, J. Chem. Theory Comput. 17, 4144–4156
(2021).

[3] S. Schürmann, J. Vornweg, M. Wolter, Ch. R. Jacob, Phys. Chem. Chem.
Phys. 25, 736 (2023).

[4] K. Focke, Ch. R. Jacob, J. Phys. Chem. A 127, 9139–9148 (2023).

[5] J. Vornweg, M. Wolter, Ch. R. Jacob, J. Comput. Chem. 44, 1634–1644
(2023).
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Making and breaking electronic structures: lessons from 
embedding and machine learning 
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Department of Physics, Rutgers University-Newark, 101 Warren St, 
Newark, NJ 07102, USA 

Department of Chemistry, Rutgers University-Newark, 73 Warren St, 
Newark, NJ 07102, USA 

m.pavanello@rutgers.edu

The most enthusiastic modeler claims to accurately predict chemical reaction 
thermodynamics, kinetics, and nonequilibrium dynamics. Unfortunately, current 
models, while more robust and predictive than in past years, are often either too 
approximate or too expensive to provide a faithful representation of reality. Thus, 
it is imperative to develop new-generation electronic structure methods to aid 
experiments, as these face different yet similarly difficult circumstances. The talk 
introduces models based on orbital-free density-functional theory (OF-DFT), 
machine learning and density embedding to tackle large molecular condensed-
phase systems that are too extensive for conventional electronic structure methods. 
To achieve chemical accuracy, nonstandard workflows are presented. These 
involve the dynamic combination of OF-DFT and conventional DFT methods, 
resulting in black-box-like adaptive embedding methods where molecular 
fragments are merged and split dynamically along a Born-Oppenheimer dynamics 
trajectory. The presented methods are available to the broader community as open-
source Python implementations, such as Quantum ESPRESSO in Python (QEpy, 
qepy.rutgers.edu), OF-DFT software (DFTpy, dftpy.rutgers.edu), and density 
embedding software (eDFTpy, edftpy.rutgers.edu). The argument is made that with 
such a software arsenal at our disposal, we are ready to tackle the most difficult and 
timely electronic structure challenges available today. 

[1] “Adaptive subsystem density functional theory”, Shao, Lopez, Khan Musa,
Nouri, Pavanello, J. Chem. Theory Comput., 18, 6646 (2022)

[2] “Machine learning electronic structure methods based on the one-electron
reduced density matrix”, Shao, Paetow, Tuckerman, Pavanello, Nature
Communications, 14, 6281 (2023)

[3] “Orbital-free density functional theory: An attractive electronic structure
method for large-scale first-principles simulations”, Mi, Luo, Trickey, Pavanello,
Chemical Reviews, 123, 12039 (2023)
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Towards realistic simulation of material with Ab initio 
quantum embedding  
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At present, Moore's Law is gradually failing, and various new 
computing architectures are emerging one after another. Quantum 
computing is likely to be a revolutionary technology in the future and 
has recently exhibited great potentials in predicting chemical 
properties for various applications in drug discovery, material design, 
and catalyst optimization. However, current quantum computer can 
only limited around 20 qubits for chemistry simulation due to the 
limited coherence time and gate fidelity and so on. 

In this talk, we shall present our work towards the larger scale and 
realistic chemistry simulation. Particularly, combine with quantum 
embedding theory, density matrix embedding theory as an example, 
we have greatly enhanced the ability of the current quantum device to 
simulate complex transition oxygen system such as NiO which only 
requires 20 qubits which may require almost 10k qubits vice versa. 

Figure1. C18 Stable Structure Prediction and NiO AFM-FM gap
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Besides, I will also discuss our latest results with the highly GPU-
accelerated quantum embedding package and our latest results on the 
water adsorption on graphene calculation, which paves the way 
towards realistic simulation of molecule and material. 

Figure2. Results on water adsorption on graphene 

[1]. Cao, Changsu, Jinzhao Sun, Xiao Yuan, Han-Shi Hu, Hung Q. Pham, and 
Dingshun Lv. npj Computational Materials 9 (1), 78 

[2]. Cao, Changsu, Jiaqi Hu, Wengang Zhang, Xusheng Xu, Dechin Chen, Fan 
Yu, Jun Li, Han-Shi Hu, Dingshun Lv, and Man-Hong Yung. Phys. Rev. A 105, 6 
(2022): 062452. 

[3]. Y. Fan, C. Cao, X. Xu, Z. Li, D. Lv, M.-H. Yung, J. Phys. Chem. Lett. 2023, 
14, 43, 9596–9603 [4]. Li, Weitang, Zigeng Huang, Changsu Cao, Yifei Huang, 
Zhigang Shuai, Xiaoming Sun, Jinzhao Sun, Xiao Yuan, and Dingshun 
Lv. Chemical Science 13, 31 (2022): 8953-8962. 
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Dynamic Ansatz Construction Utilizing Generative Machine Learning for 
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    Quantum computing provides a promising framework for computing molecular wavefunctions 
and energies, efficiently addressing the exponential scaling issues that limit classical methods[1]. 
However, the noise in the current quantum hardware makes it unsuitable for practical 
applications[2]. 
    A leading approach to minimize the impact of hardware errors is to dynamically tailor and deploy 
a concise yet highly adaptable ansatz[3,4]. We leverage generative machine learning, specifically 
the Restricted Boltzmann Machine (RBM), and many-body perturbative techniques to construct a 
shallow-depth chemistry-inspired ansatz[5]. By training on low-rank determinants derived from an 
approximate wavefunction, RBM predicts the key high-rank determinants that dominate the ground-
state wavefunction. A shallow depth ansatz is constructed to explicitly incorporate these dominant 
determinants after dynamically decomposing them into low-rank components and applying many-
body perturbative measures for further screening. The shallow depth of the ansatz makes it 
particularly well-suited for use on current noisy quantum hardware. Additionally, the proposed 
strategy for ansatz construction minimizes the requirements for quantum measurements. Our 
approach can be efficiently combined with state-of-the-art Neural Error Mitigation (NEM)[6], 
drastically enhancing its practical applicability. 
    We further incorporate Bayesian hyperparameter optimization for the RBM which allows us to 
leverage only a single step of RBM training and generation to move to the next perturbative rung of 
excitation operators. This leads to a reduction in classical cost overhead associated with our 
approach. We rigorously analyse the impact of initial parameters on the variational optimization of 
ansatz parameters, identifying local minima and barren plateaus, and suggesting optimal starting 
points for accurate energetics. The ansatz is tested across various molecules to evaluate its efficacy, 
with a detailed examination of its convergence trajectory. Its performance under noise is also 
evaluated. This approach facilitates the efficient computation of molecular energies and related 
properties, paving the way for exploring new chemical phenomena with near-term quantum 
computers. 

[1]. Cao, J.; Romero, J.; Olson, J. P.; Degroote, M.; Johnson, P. D.; Kieferová, M.; Kivlichan, I. 
D.; Menke, T.; Peropadre, B.; Sawaya, N. P.; et al. Chem. Rev. 2019, 119, 10856–10915. 

[2]. Preskill, J. Quantum 2018, 2, 79. 

[3]. Peruzzo, A.; McClean, J.; Shadbolt, P.; Yung, M.-H.; Zhou, X.-Q.; Love, P. J.; Aspuru- 
Guzik, A.; O’brien, J. L. Nat. Comm. 2014, 5, 4213. 

[4] Grimsley, H. R.; Economou, S. E.; Barnes, E.; Mayhall, N. J. Nat. Comm. 2019, 10, 3007.

[5] Halder, S.; Dey, A.; Shrikhande, C.; Maitra, R. Chem. Sci. 2024, 15, 3279–3289.

[6] E. R. Bennewitz, F. Hopfmueller, B. Kulchytskyy, J. Carrasquilla and P. Ronagh, Nature
Machine Intelligence 2022, 4, 618–624.
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Quantum technology may lead to a revolution of computation. In this 

talk, we focus on how to solve the electronic structure problem with a 

quantum computer. New quantum algorithms are developed to predict 

electronic structure of periodic systems [1,2]. A quantum circuit model 

is designed to represent matrix product state, which can generate 

exponentially large bond dimension compared to the density matrix 

renormalized group method [3]. Inspired by the quantum neural 

network, we also propose a new hardware heuristic wavefunction 

ansatz where its expressibility can be improved by increasing either the 

depth or the width of the circuit [4]. A software named Q2Chemistry is 

developed as a platform for quantum computational chemistry studies 

[5-11]. 

 

[1] J Liu, et al., J. Chem. Theory Comput. 2020, 16, 6904. 

[2] Y Fan, et al., J. Phys. Chem. Lett. 2021, 12, 8833. 

[3] Y Fan, et al., J. Chem. Theory Comput. 2023, 19, 5407. 

[4] X Zeng, et al., J. Chem. Theory Comput. 2023, 19, 8587. 

[5] Y Fan, et al., JUSTC 2022, 52(12), 2. 

[6] J Liu, et al., J. Chem. Phys. 2021, 154, 244112. 

[7] J Liu, et al., Chem. Soc. Rev. 2022, 51, 3263. 

[8] J Liu, et al., J. Chem. Theory Comput. 2022, 18, 4795 

[9] Y Tao, et al., J. Phys. Chem. Lett. 2022, 13, 6420. 

[10] H Ma, et al., Chem. Sci. 2023, 14, 3190. 

[11] H Shang, et al., npj Quantum Info. 2023, 9, 33. 
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Simulating Open Quantum System 

Dynamics on NISQ Computers with 

Generalized Quantum Master Equations 

Yuchen Wang, and Sabre Kais 

QUDOOR Co, Ltd., Hefei 

wangyuchen@qudoor.com 

We present a quantum algorithm based on the generalized quantum master equation 

(GQME) approach to simulate open quantum system dynamics on noisy 

intermediatescale quantum (NISQ) computers [1]. This approach overcomes the 

limitations of the Lindblad equation, which assumes weak system− bath coupling 

and Markovity, by providing a rigorous derivation of the equations of motion for 

any subset of elements of the reduced density matrix. The memory kernel resulting 

from the effect of the remaining degrees of freedom is used as input to calculate the 

corresponding non-unitary propagator. We demonstrate how the Sz.-Nagy dilation 

theorem can be employed to transform the nonunitary propagator into a unitary one 

in a higher-dimensional Hilbert space, which can then be implemented on quantum 

circuits of NISQ computers. We validate our quantum algorithm as applied to the 

spin-boson benchmark model by analyzing the impact of the quantum circuit depth 

on the accuracy of the results when the subset is limited to the diagonal elements of 

the reduced density matrix. Our findings demonstrate that our approach yields 

reliable results on NISQ IBM computers. Furthermore, I’d like to introduce 

QuCloud, provided by QUDOOR, which is an integrated cloud platform offering 

quantum computers, simulators, and programming environments for quantum 

algorithm design, research, and application exploration. QUDOOR’s 20-qubit 

trapped ion quantum computing system [2] is opened to chemists from both 

academic and industry to facilitate and accelerate researches in chemistry. 

[1] Y. Wang, E. Mulvihill, Z. Hu, N. Lyu, S. Shivpuje, Y. Liu, ... & Kais, S..

Simulating open quantum system dynamics on NISQ computers with generalized

quantum master equations. Journal of Chemical Theory and Computation, 19(15),

4851-4862. (2023)

[2] L. Pengfei, X. Rao, T. Liu, Y. Liu, J. Bian, F. Zhu, L. Luo. Experimental

demonstration of enhanced violations of Leggett-Garg inequalities in a PT-

symmetric trapped-ion qubit. Physical Review A 109(4), 042205 (2024)
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Water Trimer: Intermolecular Vibration-Tunneling 
States and Low-Frequency Spectrum from High-

Dimensional Quantum Calculations 
Zlatko Bačić1,2, Iren Simkó1,2, and Peter M. Felker3 

1Department of Chemistry, New York University, New York, NY 10003, USA 
2Simons Center for Computational Physical Chemistry at NYU, USA 
3Department of Chemistry and Biochemistry, University of California, 

Los Angeles, CA 90095-1569, USA 

E-mail: zlatko.bacic@nyu.edu

Water trimer is of fundamental importance as the smallest water cluster in which the 
nonadditive three-body interactions arise. They play a key role in shaping the structural, 
dynamical, and spectroscopic properties of liquid and solid phases of water and aqueous 
solutions. The trimer has 12 coupled large-amplitude intermolecular vibrational degrees of 
freedom (DOFs), and 9 intramolecular DOFs. The complexity of their quantum dynamics is 
greatly increased by the presence of two low barrier tunneling pathways, which give rise to 

elaborate patterns of tunneling splittings. 
I will present our newly developed 
methodology for rigorous 9D quantum 
calculations of the coupled 
intermolecular bending states and 
tunneling splittings of (H2O)3, for rigid 
monomers and fixed intermonomer 
distances [1]. The calculations 
encompass excited librational and 
torsional vibrations of the trimer, and the 

G48 molecular symmetry group of water  trimer is fully exploited. The spectrum of the low-
frequency vibrations of water trimer simulated using the eigenstates of the 9D bend 
Hamiltonian agrees remarkably well with the experimental far-infrared (FIR) spectrum of the 
trimer in helium nanodroplets measured by Havenith, Bowman, and co-workers, over the entire 
frequency range of the measurements from 70 to 620 cm-1, as evident from the figure. 
Moreover, the ground-state torsional tunneling splittings from these 9D calculations are in 
excellent agreement with the spectroscopic data. 12D (rigid monomer) quantum calculations, 
which include also the intermolecular stretching vibrations fully coupled to the bending modes, 
are under way. We anticipate presenting the 12D results at this conference as well, which 
provide a complete description of the intermolecular vibrational states of (H2O)3. 

[1] P.M. Felker, I. Simkó, and Z.Bačić, “Intermolecular bending states and tunneling
splittings of water trimer from rigorous 9D quantum calculations: I. Methodology, energy
levels, and low-frequency spectrum”, J. Phys. Chem. A, in press [Richard J. Saykally
Festschrift] (2024).
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Dissipatons as generalized Brownian particles in open quantum systems 

YiJing Yan 

University of Science and Technology of China 

Email: yanyj@ustc.edu.cn; web site: http://openquan.ustc.edu.cn 

Dissipaton equation of motion (DEOM) [1,2] is a fundamental theory for open quantum systems, 

which explicitly treats both the reduced system and hybrid-bath (or solvation) dynamics. This is a 

second-quantization theory and generalizes the well-established HEOM formalism [3]. The latter 

is equivalent to the Feynman-Vernon influence functional path-integral dynamics [4], with the 

focus on the reduced system quantities only. Dissipatons are generalized Brownian particles [5] 

that describe the influence of environments, as supported by the unified dissipaton algebra [1,2] 

and the dissipaton thermofield theory [6]. These enable the accurate DEOM evaluations on such 

as quantum transport [7], noise spectrum [8], and non-equilibrium thermodynamics problems [9], 

in strongly correlated fermionic and/or bosonic systems. Recent developments include further an 

exact dissipaton-embedded quantum master equation second-quantization theory [10].  

1. Y. J. Yan, J. Chem. Phys. 140, 054105 (2014); Y. J. Yan, J. S. Jin, R. X. Xu, and X. Zheng, Front. Phys.

11, 110306 (2016); Y. Wang, R. X. Xu, and Y. J. Yan, J. Chem. Phys. 152, 041102 (2020); Y. Wang and

Y. J. Yan, J. Chem. Phys. 157, 170901 (2022).

2. R. X. Xu, Y. Liu, H. D. Zhang, and Y. J. Yan, J. Chem. Phys. 148, 114103 (2018); Zi-Hao Chen, Y.

Wang, R. X. Xu, and Y. J. Yan, J. Chem. Phys. 158, 074102 (2023); Yu Su, Zi-Hao Chen, Yao Wang,

Xiao Zheng, Rui-Xue Xu, and Y. J. Yan, J. Chem. Phys. 159, 024113 (2023).

3. Y. Tanimura, J. Phys. Soc. Jpn. 75, 082001 (2006); R. X. Xu, P. Cui, X. Q. Li, Y. Mo, and Y. J. Yan, J.

Chem. Phys. 122, 041103 (2005);  J. S. Jin, X. Zheng, and Y. J. Yan, J. Chem. Phys. 128, 234703 (2008).

4. R. P. Feynman and F. L. Vernon, Jr. Ann. Phys. 24, 118-173 (1963).

5. Xiang Li, Yu Su, Zi-Hao Chen, Yao Wang, Xiao Zheng, Rui-Xue Xu, and Y. J. Yan, J. Chem. Phys. 158,

214110 (2023).

6. Yao Wang, Zi-Hao Chen, R. X. Xu, X. Zheng, and Y.J. Yan, J. Chem. Phys. 157, 044102 (2022) ; P. L.

Du, Y. Wang, R. X. Xu, and Y. J. Yan, J. Chem. Phys. 152, 034102 (2020).

7. L. Z. Ye, X. L. Wang, D. Hou, R. X. Xu, X. Zheng, and Y. J. Yan, WIREs Comp. Mol. Sci. (2016); X. L.

Wang, Dong Hou, X. Zheng, and Y. J. Yan, J. Chem. Phys. 144, 034101 (2016); X.L. Wang, L.Q. Yang, L.

Z. Ye, X. Zheng, and Y. J. Yan, J. Phys. Chem. Lett. 9, 2418 (2018); Z. H. Li, N. H. Tong, X. Zheng, D.

Hou, J. H. Wei, J. Hu, and Y. J. Yan, Phys. Rev. Lett. 109, 266403 (2012).

8. J. S. Jin, S. K. Wang, X. Zheng, and Y. J. Yan, J. Chem. Phys. 142, 234108 (2015); H. D. Zhang, R. X. Xu,

X. Zheng, and Y. J. Yan, Mol. Phys. 116, 780 (2018).

9. Hong Gong, Yao Wang, X. Zheng, R. X. Xu, and Y. J. Yan, J. Chem. Phys. 157, 054109 (2022); Hong

Gong et al., J. Chem. Phys. 153, 154111 (2020); ibid., 153, 214115 (2020).

10. Xiang Li, Su-Xiang Lyu, Yao Wang, R. X. Xu, X. Zheng, and Y. J. Yan, arXiv:2401.17255v2 (2024).
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Vibronic spectra at non-zero temperatures from coherence 

thermofield dynamics 

Jiří Vaníček 

Ecole Polytechnique fédérale de Lausanne, Switzerland 

jiri.vanicek@epfl.ch 

I will present several methods for evaluating vibrationally resolved 

electronic spectra at nonzero temperatures based on the coherence 

thermofield dynamics [1], which converts the “hard”, nonzero-

temperature problem to an “easy” zero-temperature problem. We first 

transform the von Neumann evolution of the coherence component of 

the density matrix to the Schrödinger evolution of a “thermal” 

wavefunction in an augmented space with twice as many degrees of 

freedom. In the exact quantum approach [2], the thermal wavepacket is 

then propagated by solving the standard, zero-temperature Schrödinger 

equation with the split-operator Fourier method. To apply the method 

to realistic molecules, we combine it [1] with the on-the-fly ab initio 

extended thawed Gaussian approximation, which accounts exactly for 

mode distortion, Duschinsky rotation, and Herzberg-Teller effects and 

partially for anharmonicity. Compared to the zero-temperature case, the 

finite-temperature calculation requires no additional ab initio electronic 

structure calculations. We apply the extended Gaussian thermofield 

dynamics to evaluate the symmetry-forbidden absorption spectrum of 

benzene, where all of the aforementioned effects contribute [1]. Finally, 

I will show an extension to two-dimensional vibronic spectroscopy [3]. 

[1] T. Begušić and J. Vaníček, “On-the-fly ab initio semiclassical evaluation of

vibronic spectra at finite temperature,” J. Chem. Phys. 153, 024105 (2020).

[2] Z. T. Zhang and J. Vaníček, “Finite-temperature vibronic spectra from the

split-operator coherence thermofield dynamics,” J. Chem. Phys. 160, 084103

(2024).

[3] T. Begušić and J. Vaníček, “Finite-temperature, anharmonicity, and

Duschinsky effects on the two-dimensional electronic spectra from ab initio

Thermo-field Gaussian Wavepacket Dynamics,” J. Phys. Chem. Lett. 12, 2997

(2021).
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and experimental strategies for the design and analysis of a 

new class of high-performance battery electrolytes exploiting 

the Grotthuss structural diffusion mechanism 
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Reliable theoretical prediction of complex chemical processes in condensed phases requires an 

accurate quantum mechanical description of interatomic interactions.  If these are to be used in a 

molecular dynamics calculation, they are often generated “on the fly” from approximate solutions 

of the electronic Schrödinger equation as the simulation proceeds, a technique known as ab initio 

molecular dynamics (AIMD).   However, due to the high computational cost of these quantum 

calculations, alternative approaches employing machine learning methods represent an attractive 

alternative and have become increasingly popular.  As the adoption of machine-learning potentials 

becomes more widespread, it is important to consider how simulations employing them should be 

carried out.  Specifically, as they do not implicitly include nuclear quantum effects, these effects 

must be treated explicitly, for which the most efficient approach involves the use of Feynman path 

integral techniques.  This is especially important for processes involving light elements.  In this talk, 

I will discuss how state-of-the-art machine learning potentials can be combined with path-integral 

molecular dynamics to address a variety of challenging chemical problems that have unexpected 

quantum behavior.  In particular, I will discuss a new class of battery electrolytes that, by harnessing 

their unusual quantum character, could lead to breakthrough performance.  Discovery of the 

mechanism of charge transport in these systems could only be achieved by the development of an 

equivariant transformer network interatomic potential model.  I will discuss new quantum 

techniques, including path integrals and Green’s functions, we are developing for studying 

electronic charge transfer between molecular species and between molecules and electrode surfaces. 

Figure 1.  Chain structure in the new electrolyte and example of a proton transfer event. 
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Ab initio doorway-window methods for the simulation of 

nonlinear spectroscopic signals 

Maxim F. Gelin 

Hangzhou Dianzi University, Hangzhou, 310018 

maxim@hdu.edu.cn 

I will give a brief overview of the recently proposed methods for the on-

the-fly simulation of femtosecond time-resolved transient-absorption 

pump-probe, electronic 2D, and visible pump – X-ray probe spectra with 

quasi-classical trajectories [1]. The methods are based on the simulation 

protocol which employs the classical doorway-window representation of 

third-order 4-wave-mixing signals and accounts for the finite duration and 

spectral shape of the laser pulses involved. I will also discuss feasibility of 

the extension of these methods towards simulation of 6-wave-mixing and 

strong-field signals.  

[1] M. F. Gelin, L. Chen, W. Domcke. Chem. Rev. 2022, 122: 17339.
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ULTRAFAST PROCESSES: A NEXT GENERATION QTAIM 

INTERPRETATION   

Samantha Jenkins 

College of Chemistry and Chemical Engineering, Hunan Normal University, Changsha, Hunan 

410081, China 

Email(s): samanthajsuman@gmail.com 

We discuss a variety of recent ultra-fast applications analysed using Next Generation Quantum 

Theory of Atoms in Molecules (NG-QTAIM) for both molecules and the solid state. This is 

undertaken using pairs of left- and right-linearily or circularly or elliptically polarized laser 

pulses on femtosecond or faster time-scales. The carrier-envelope phase (CEP) angle ϕ is varied 

to learn more about learn more about the relationship ρ(r) → (r). 

References: 

[1] X. Zhou, H. He, G. Hong, X. P. Mi, T. Xu, H. Früchtl, T. v. Mourik, M. J. Paterson, S. R. Kirk and S. Jenkins,

Chem. Phys. Lett., 848,141391 (2024).

[2] H. He, X. P. Mi, X. Zhou, G. Hong, T. Xu, H. Früchtl, T. v. Mourik, M. J. Paterson, S. R. Kirk and S. Jenkins,

Chem. Phys. Lett., 835,141018 (2024).

[3] S. R. Kirk and S. Jenkins, “Tools for Overcoming Reliance on Energy-Based Measures in Chemistry: a

Tutorial Review”, Chem. Soc. Rev. 52(17), 5861–5874 (2023).

[4] X. P. Mi, H. Lu, T. Xu, H. Früchtl, T. v. Mourik, M. J. Paterson, S. R. Kirk and S. Jenkins, J. Comp. Chem.,

45 (3), 150–158. (2023).

[5] S. R. Kirk and S. Jenkins, “Theory Developments and Applications of Next Generation QTAIM (NG-

QTAIM)”, Lecture Notes in Chemistry 110, 1st ed., Springer Nature, Singapore (2023).

[6] H. Lu, A. Azizi, X. P. Mi, W. Yu, Y. Peng, T. Xu, H. Früchtl, T. v. Mourik, S. R. Kirk and S. Jenkins, J.

Comp. Chem., 44(21), 1776–1785 (2023)

[7] S. R. Kirk and S. Jenkins, WiRES: Computational Molecular Science 12, 6, e1611, 2022.

Figure 1: Left. The ethane C1-C2 BCP Hessian of ρ(r) eigenvector-following trajectories F(s) for the right-handed, 

clockwise (CW[+1]) and left-handed, counter-clockwise (CCW[-1]) circularly polarized laser pulses of duration 10 

femtoseconds for the carrier-envelope phase (CEP) angle ϕ = 0.0° corresponding to the electric field E = 200.0 x 10-4 a.u., 

see the main text for further explanation. The start and end of each F(s) are denoted by balls and cubes respectively and are 

surrounded by an ellipse. Inset. The corresponding variation of the ethane C1-C2 BCP ellipticity ε, notice the position of the 

green arrow on the x-axis. 

Right. The corresponding ethane C1-C2 BCP F(s) for the CEP angle ϕ = 180.0°. Notice the changed position of the black 

ellipse relative to the left figure. Inset. The corresponding variation of the ethane C1-C2 BCP ellipticity ε, notice that the 

green arrow on the x-axis has moved leftwards relative to that of the left inset. 
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Quantum control of ultracold atom-ion and atom-molecule
collisions

Michał Tomza

Faculty of Physics, University of Warsaw, Poland

michal.tomza@fuw.edu.pl

Experiments  at  ultralow  temperatures  provide  unprecedented
opportunities  for  preparing reagents  in  well-defined quantum states
and controlling their collisions with external fields. I will present our
recent  results  of  ab  initio electronic  structure  and  multichannel
scattering  calculations  proposing,  guiding,  and  explaining  ultracold
experiments. I will start with our efforts related to hybrid systems of
laser-cooled trapped ions and ultracold atoms combined in a single
experimental  setup.  In  collaboration  with  experimental  groups  in
Amsterdam and in Freiburg, we reached and explained the quantum
regime of ion-atom collisions manifested via shape resonances [1] and
their quantum control with an external magnetic field observed with
magnetic Feshbach resonances [2]. I will continue by explaining the
mechanism  of  recently  observed  magnetic  Feshbach  resonances  in
ultracold Na+NaLi atom-molecule mixtures [3]. In collaboration with
groups  at  MIT  and  in  Nijmegen,  we  showed  that  these  Feshbach
resonances  result  from  spin-rotation  and  spin-spin  couplings  in
combination  with  the  anisotropic  atom-molecule  interaction.  I  will
conclude  by  discussing  hyperfine-to-rotational  energy  transfer  in
ultracold Rb+KRb atom-molecule collisions [4]. In collaboration with
groups  at  Harvard  and  in  Reno,  we  found  that  electronic  spin  is
strongly coupled with molecular rotation in this system. 

[1] T. Feldker, H. Fürst, H. Hirzler, N. V. Ewald, M. Mazzanti, D. Wiater, M.
Tomza, R. Gerritsma, Nature Phys. 16, 413 (2020)

[2] P. Weckesser, F. Thielemann, D. Wiater, A. Wojciechowska, L. Karpa, K.
Jachymski, M. Tomza, T. Walker, T. Schaetz, Nature 600, 429 (2021)

[3] J. J. Park, H. Son, Y.K. Lu, T. Karman, M. Gronowski, M. Tomza, A. O.
Jamison, W. Ketterle, Phys. Rev. X 13, 031018 (2023)

[4] Y.-X. Liu, L. Zhu, J. Luke, M. C. Babin, T. V. Tscherbul, M. Gronowski, H.
Ladjimi, M. Tomza, J. L. Bohn, K.-K. Ni, Nature Chem. / arxiv (2024)
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In this contribution we will present different procedures for Tuning 

Range Separated Hybrids focusing on their accuracy for the description 

of both Local (LE) and Charge Transfer (CT) excited states.  

In particular, both the method originally proposed by Stein, Kronik and 

Baer leading to the so called Optimally Tuned RSH (OT-RSH) and a 

novel methodology based on the use of the computed effective electron-

hole distance to tune the range-separation parameter, γ, will be 

presented. 

Our aim is to propose a way to define novel Density Functional 

Approximations that keep the optimal accuracy of global hybrid for 

local excited states and cure their misleading behavior leading to 

underestimate the energy of  CT states of inter- and intra-molecular 

character.  To this end, while keeping a strict respect of the exact 

asymptotic behavior obtained by imposing full HF exchange at long 

range, we propose to tune the range-split parameter depending on the 

hole-electron separation computed for the CT state of interest. 

Ultimately,  this non-empirical procedure enables to define a system 

dependent range separation parameter optimal for the treatment of both 

CT states and LE excited states.  
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Advancements in MRSF-TDDFT: Addressing the 
Limitations of DFT/TDDFT 
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Density Functional Theory (DFT) and Linear Response Time-
Dependent DFT (LR-TDDFT) are essential tools for routine 
computational chemistry. However, DFT's single reference formulation 
struggles with accurately describing open-shell singlet systems, such as 
diradicals and bond-breaking scenarios. Similarly, LR-TDDFT faces 
challenges in modeling conical intersections, doubly excited states, and 
core-level excitations. This talk demonstrates that many of these 
limitations can be addressed by the recently developed Mixed-
Reference Spin-Flip TDDFT (MRSF-TDDFT). This method offers an 
accurate alternative for these challenging situations. By leveraging the 
practicality of LR formalism, MRSF-TDDFT is poised to become a key 
tool for routine computational tasks. 
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Modern density functional approximations are ill-designed to 
compute molecular properties
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We show that properties of molecules with low-frequency modes calcu- 
lated with density functional approximations (DFAs) suffer from 
spurious oscillations along the nuclear displacement coordinate [1]. 
Occasionally, the problem can be alleviated using extensive integration 
grids that compromise the favorable cost-accuracy ratio of DFAs. Since 
spurious oscillations are difficult to predict or identify, DFAs are 
exposed to severe performance errors in IR and Raman intensities and 
frequencies and other molecular properties [2,3]. Using Fourier spectral 
analysis and digital signal processing techniques, we identify and 
quantify the error due to these oscillations for 45 widely used DFAs, 
and indicate whether the exchange or correlation functionals are 
responsible for it [4]. Finally, we show that spurious oscillations occur 
because exchange-correlation energy DFAs are ill-designed, exhibiting 
local spurious oscillations in the exchange-correlation energy density. 
We present a judicious modification of B97 and ωB97XD functionals, 
which drastically reduces spurious oscillations preserving the accuracy 
of the original functionals [5]. The latter strategy can be applied to the 
design of modern DFAs that do not suffer from this problem.  

[1] Sitkiewicz, S.P.; Zalesny, R., Ramos-Cordoba, E., Luis, J.M., Matito, E.; “How reliable are
density functional approximations to compute vibrational spectroscopies?” J. Phys. Chem. Lett.
2022, 13, 5963.

[2] Zalesny, R. et al. “Can Density Functional Theory Be Trusted for High-Order Electric
Properties? The Case of Hydrogen-Bonded Complexes.” J. Chem. Theory Comput. 2019, 15,
3570.

[3] Sitkiewicz, S.P.; Matito, E.; Luis, J.M., Zalesny, R.; “Pitfall in simulations of vibronic TD-
DFT spectra: Diagnosis and assessment.” Phys. Chem. Chem. Phys., 2023, 25, 30193.

[4] Sitkiewicz, S.P.; Ferradás, R.R.; Ramos-Cordoba, E.; Zalesny R.; Matito, E.; Luis, J.M.;
“Spurious Oscillations Caused by Density Functional Approximations: Who is to Blame,
Exchange or Correlation?” J. Chem. Theory Comput. 2024, 20, 3144.

[5] Paulau, A.; Luis, J.M.; Salvador, P.; Ramos-Cordoba, E.; Matito, E.; Are modern density
functional approximations ill-designed to compute molecular properties? in preparation.

169

Parallel Sessions



Density Functional Theory on Quantum Computers
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Quantum computers  have  shown  promises  to  solve  problems  that  are  currently  intractable  on
classical  computers.  While  quantum chemistry  has  been identified  as  the  killer  applications  of
quantum computers in the near term, the focus is on wavefunction theory that provides an exact
solution to the quantum problem. However, the applications of wavefunction theory is limited in
terms of the size of affordable systems, even on quantum computers. Currently, computations on
large systems rely mainly on density functional theory, for which no quantum advantage has been
envisioned so far. In this talk, we question this a priori by investigating the benefit of quantum
computers  to  scale  up  not  only  many-body wavefunction  methods,  but  also  density  functional
theory, and consequently the whole range of application of quantum chemistry [1]. The Kohn-Sham
equations are solved by the so-called ensemble variational quantum eigensolver [2-4], recently used
to get a democratic description of ground and excited states on quantum computers. 

[1] Senjean, B., Yalouz, S., & Saubanère, M. (2023). Toward density functional theory on quantum computers?. SciPost
Physics, 14(3), 055.
[2] Nakanishi, K. M., Mitarai, K., & Fujii, K. (2019). Subspace-search variational quantum eigensolver for excited
states. Physical Review Research, 1(3), 033062.
[3] Yalouz, S., Senjean, B., Günther, J., Buda, F., O’Brien, T. E., & Visscher, L. (2021). A state-averaged orbital-
optimized hybrid quantum–classical algorithm for a democratic description of ground and excited states. Quantum
Science and Technology, 6(2), 024004.
[4] Yalouz, S., Koridon, E., Senjean, B., Lasorne, B., Buda, F., & Visscher, L. (2022). Analytical nonadiabatic
couplings and gradients within the state-averaged orbital-optimized variational quantum eigensolver. Journal of
chemical theory and computation, 18(2), 776-794.
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N-heterocyclic carbenes (NHC) are versatile molecules with
applications spanning from catalysis to materials science. Selecting the
best NHC for a specific purpose traditionally relies on human expertise
to summarize the vast literature on NHCs. In this work, we introduce a
machine learning-based workflow capable of identifying potentially
promising NHCs. To this end, we developed the NHC-cracker database,
which contains over 200 descriptors for 1,871 non-redundant NHCs,
each documented as an NHC-metal complex in the Cambridge
Structural Database.

To demonstrate the utility of the NHC-cracker database, we 
implemented a multiscale experimental/DFT/ML workflow to identify 
promising NHCs for a challenging photoredox reaction. Starting with 
five experimental data points, we created a dataset of 47 NHCs based 
on DFT calculations and trained a multivariate linear regressor. To 
validate the capability of a regressor trained on a few-entry dataset, to 
predict catalysts with performances beyond those of known catalysts, 
we developed a series of tests. These tests are condensed into a 
confidence score aimed at estimating the expected prediction capability 
of a new model. To achieve robust validation of these tests we applied 
them to 29 reaction classes assembled from literature. The validated 
regressor was then used to screen all NHCs in the NHC-cracker 
database, identifying candidates that could potentially yield high 
experimental yields. The same approach could be extended to the 
design of NHCs for developing functional materials. 

[1] J. M. Crawford, C. Kingston, F. D. Toste, M. S. Sigman, Data Science Meets
Physical Organic Chemistry. Acc. Chem. Res. 54, 3136-3148 (2021).

[2] W. L. Williams et al., The Evolution of Data-Driven Modeling in Organic
Chemistry. ACS Centr. Sci. 7, 1622-1637 (2021).
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Mechanism-based organometallic catalyst design: a hole in
the ice
Ming Lei

Institute of Computational Chemistry, State Key Laboratory of
Chemical Resource Engineering, College of Chemistry, Beijing

University of Chemical Technology, Beijing, P.R. China

leim@mail.buct.edu.cn

This talk will summarize our group’s research works on the rational
design of organometallic catalysts based on reaction mechanisms,
which involves transition-metal complexes with designed pincer,
bowl-type, hat-type and cage-type ligands for the hydrogenation,
hydroformylation etc..[1] These works might provide theoretical
insights into the mechanism-based rational catalyst design aiming on
realizing atomic efficiency, high catalytic activity and high selectivity,
and facilitate the development of industrial catalysts integrating with
current chemical industries.

Figure 1. Designed transition-metal catalysts for the hydrogenation of
C=O/C=N double polar bond.

[1] Tang, Y., Pu, M. and Lei, M. “Cyclopentadienone Diphosphine Ruthenium
Complex: A Designed Catalyst for the Hydrogenation of Carbon Dioxide to
Methanol..” Journal of Organic Chemistry (2024), 89(4), pp. 2431-2439. DOI:
10.1021/acs.joc.3c02438.
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Stretching the limits of surface reactivity: mechanochemistry and topological catalysis 

Tan Zhang, Yutian Bao, Sayan Banerjee, and Andrew M. Rappe 
University of Pennsylvania 

For the past century and more, physical chemists and chemical physicists have sought to 
understand chemical reactivity in terms of underlying physical processes. This fruitful 
connection has led to great breakthroughs in conceptual understanding and practical 
application for fostering and controlling chemical reactions. Here, we examine how the 
physical principles of solid mechanics and topological physics can influence surface chemistry. 

Mechanochemistry: The field of mechanochemistry is presently experiencing a renaissance. 
The governing hypothesis of this field is that force and stress (delivered by adjacent materials) 
can open novel avenues of chemical reactivity. In this context, we recently developed 
methodologies to relate applied pressure to molecular chemical transformations. More 
recently, we have examined the chemical consequences of bending nanomaterials. This 
deformation rearranges electronic states spatially, creating new opportunities for chemical 
reaction. Following this paradigm, we demonstrated that molecules bonded to curved 
graphene will definitively move, with the direction of movement controlled by the sign of the 
curvature and the type of molecular bonding. We also explored the strain-driven water 
decomposition on graphene as a model system to investigate the influence of mechanical 
distortions on 2D materials. 

Topological physics: Over the past twenty years, physicists have come to appreciate that the 
band structures of crystals can have different connectivities in momentum space, and some of 
these connectivities (“topologically nontrivial”) are not adiabatically connected to isolated 
connections of atoms or molecules. Thus, in some deep ways, the band topology encodes the 
nature of the chemical bonding in materials, leading to novel, potentially chemically active, 
edge states. In this area, we predicted novel topological band features, which have been 
experimentally realized. More recently, we have developed theoretical insights into how 
specific topological surface behaviors can be related to catalytic enhancements of energy-
relevant chemical reactions. 

These findings provide new avenues for the manipulation of molecular motions and chemical 
interactions via mechanical deformations of various two-dimensional materials and the 
exploration of surfaces in topologically novel materials, broadening the palette of physical 
phenomena that can beneficially impact surface chemical reactivity. 

The authors acknowledge the support of the NSF through grant CHE-2303044 and the DOE 
through grant DE-SC0024942, as well as computational support from NERSC. 
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Converging High-Level Coupled-Cluster Energetics with 
Semi-Stochastic, CIPSI-Driven, and Adaptive CC(P;Q) 

Methods 

Piotr Piecuch,1,2 Karthik Gururangan,1 J. Emiliano Deustua,1,* Arnab 
Chakraborty,1,† Stephen H. Yuwono,1,‡ Swati S. Priyadarsini,1 and Jun Shen1 

1 Department of Chemistry, Michigan State University, East Lansing, MI 48824, 
USA 

2 Department of Physics and Astronomy, Michigan State University, East Lansing, 
MI 48824, USA 

It is well established that the exponential wave function ansatz of coupled-cluster 
(CC) theory and its extensions to excited, open-shell, and multireference states are
among the most efficient ways of incorporating many-electron correlation effects
in molecular applications. In this talk, we will discuss novel ways of obtaining
accurate energetics equivalent to high-level CC and equation-of-motion (EOM) CC
calculations, such as CCSDT, CCSDTQ, and EOMCCSDT, at small fractions of
the computational costs, even when electronic quasi-degeneracies become large and
higher–than–two-body components of the relevant cluster and excitation operators
become nonperturbative, which result from merging the moment expansions that
define the CC(P;Q) framework [1] with Quantum Monte Carlo (QMC)
propagations in the many-electron Hilbert space [2,3] and with the selected
configuration interaction (CI) approach abbreviated as CIPSI [4,5]. We will
conclude by highlighting the newest adaptive, self-improving, CC(P;Q) formalism,
which frees us from the originally exploited active orbitals [1] and the more recently
utilized non-CC (CIQMC, CIPSI) [2-6] or stochastic (CIQMC, CCMC) [2,3,6]
concepts by taking advantage of the intrinsic mathematical structure of the CC(P;Q)
moment expansions in defining the underlying excitation manifolds [7]. The
usefulness of the semi-stochastic, CIPSI-driven, and adaptive CC(P;Q)
methodologies will be illustrated by chemical bond dissociations and reaction
pathways [2,4,5,7], singlet–triplet gaps in biradicals [5,6], and excited states
including one- as well as many-electron transitions [3]. Information about the
availability of CC(P;Q) methods in GAMESS and the open-source CCpy package
[8] will be provided as well.

[1] J. Shen and P. Piecuch, Chem. Phys. 401, 180 (2012); J. Chem. Phys. 136,
144104 (2012).
[2] J. E. Deustua, J. Shen, and P. Piecuch, Phys. Rev. Lett. 119, 223003 (2017); J.
Chem. Phys. 154, 124103 (2021).
[3] S. H. Yuwono et al., Mol. Phys. 118, e1817592 (2020).
[4] K. Gururangan et al., J. Chem. Phys. 155, 174114 (2021).
[5] S. S. Priyadarsini et al., J. Phys. Chem. A, submitted (2024).
[6] A. Chakraborty et al., J. Chem. Phys. 157, 134101 (2022).
[7] K. Gururangan and P. Piecuch, J. Chem. Phys. 159, 084108 (2023).
[8] K. Gururangan and P. Piecuch, https://github.com/piecuch-group/ccpy.

* Currently at Examol, Pittsburgh, PA, USA.
† Currently at the University of Southern California, Los Angeles, CA, USA.
‡ Currently at Florida State University, Tallahassee, FL, USA.
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Recent progress on the multireference electronic structure theory 

Feiwu Chen*  

Department of Chemistry and Chemical Engineering, School of Chemistry and Biological 

Engineering, University of Science and Technology Beijing, Beijing 100083, China 

*E-mail: chenfeiwu@ustb.edu.cn

Due to the electronic degeneracy or quasidegeneracy, it is difficult for the single 

reference theory such as the closed shell Møller–Plesset perturbation theory (MP) [1] 

and the open shell perturbation theory (OSPT) [2,3] to be used to calculate excitation 

energies, to describe the dissociation behavior and to predict a chemical reaction when 

there are one or more bonds broken. In these cases, a multireference theory is required. 

Based on the Taylor expansion of a secular equation, the multireference perturbation 

theory (MRPT) [4] is derived in our previous work though it is not size extensive. Next, 

A size extensive and orbitally invariant multireference perturbation series (SMRPT) [5] 

is derived based on the Rayleigh–Schrödinger perturbation theory. Its computational 

cost is comparable to the single reference Møller–Plesset perturbation theory. Based on 

the complete active space multireference wavefunction, multireference Rayleigh–

Schrödinger perturbation theory (MRSPT) [6] is derived with the assumption that the 

orbital energies of active orbitals are the same. MRSPT2 and MRSPT3 are size 

extensive.  

Recently block effective Hamiltonian theory (BEHT) was developed in our group 

[7]. Configuration interaction functions are divided into P, Q and R spaces. Effective 

Hamiltonian is constructed with the partitioning technique within the P space. The 

eigenvalue problem of the effective Hamiltonian is then solved iteratively. The iteration 

numbers are all less than 10. The accuracy of BEHT is better than that of the second 

order multireference perturbation theory at almost the same level of computational 

amount. Numerical calculations show the good performances of BEHT in comparison 

with other theoretical methods. 

[1] C. Møller, M. S. Plesset, Phys. Rev. 46, 618, 1934.

[2] F. Chen, J. Chem. Theory Comput. 5, 931, 2009.

[3] F. Chen, M. Wei, W. Liu, Sci. China Chem. 54, 446−453, 2011.

[4] F. Chen, E. R. Davidson, S. Iwata, Int. J. Quantum Chem. 86, 256, 2002.

[5] F. Chen, Z. Fan, J. Comput. Chem. 35, 121, 2014.

[6] J. Yi, F. Chen, J. Chem. Phys. 150, 124108, 2019.

[7] X. Hou, F. Chen, J. Chem. Theory Comput. 19, 61-70, 2023.
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Alternative coupled cluster methods based on electron-pair 
theories 

Katharina Boguslawski 

Institute of Physics, Faculty of Physics, Astronomy and Informatics 

Nicolaus Copernicus University in Toruń 

Grudziądzka 5, 87-100 Toruń, Poland 

k.boguslawski@fizyka.umk.pl

Quantum-mechanical modeling can assist experimental studies in 
efficiently devising novel compounds with desired properties. 
However, the computational models are also difficult primarily 
because conventional highly-accurate quantum chemistry approaches 
are technically limited to small—and to some extent rather simplified
— model compounds and demand user control on an expert level. We 
will discuss alternative wave-function-based approaches that represent 
computationally inexpensive, robust, and black-box-like electronic 
structure methods. Specifically, we will focus on electron-pair 
theories, where two-electron functions are the fundamental building 
blocks of the electronic wave function, and how they can be extended 
to obtain a balanced description of static/nondynamic and dynamic 
correlation. We will demonstrate how these inexpensive methods 
allow us to accurately and efficiently model building blocks of organic 
electronics. 

[1] P. Tecmer and K. Boguslawski, Phys. Chem. Chem. Phys. 24 (2022) 23026–
23048.

[2] A. Leszczyk, M. Máté, Ö. Legeza, K. Boguslawski, J. Chem. Theory Comput.
18 (2022) 96–117.

[3] P. Tecmer, M. Gałyńska, L. Szczuczko, K. Boguslawski, J. Phys. Chem, Lett.
14 (2023) 9909–9917.

[4] M. Gałyńska and K. Boguslawski, J. Chem. Theory Comput. 20 (2024) 4182–
4195.
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DMRG-tailored coupled cluster method in the 4c-relativistic domain

Jakub Višňák, 1 Jan Brandejs, 2 Mihály Máté, 3 Örs Legeza, 3 Lucas Visscher, 4 and Jiří Pittner, 1

1 J. Heyrovský Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, v.v.i., Dolejškova 3, 18223

Prague 8, Czech Republic
2 Laboratoire de Chimie et Physique Quantique, Université de Toulouse 3 (Paul Sabatier), F-31062 Toulouse, France
3 Strongly Correlated Systems “Lendület" Research group, Wigner Research Centre for Physics, H-1525, Budapest,

Hungary
4 Department of Chemistry and Pharmaceutical Sciences, De Boelelaan 1108, Vrije Universiteit Amsterdam, NL-1081

HZ Amsterdam, Netherlands

Heavy atom compounds represent a challenge for computational chemistry, due to the need for
simultaneous treatment of relativistic and correlation effects. Often such systems exhibit also
strong correlation which hampers the application of perturbation theory or single-reference
coupled cluster (CC) methods. As a viable alternative, we have proposed to externally correct
the CCmethodusing the densitymatrix renormalization group (DMRG)wave functions, yielding
the DMRG-tailored CC method. This method has been successfully implemented and applied
in the non-relativistic regime [1-5], and its multireference generalization has been recently de-
veloped [7]. In the work [6] we have reported a first implementation of this method in the
relativistic context, which was restricted to molecules with real double group symmetry. Now
we present a fully general implementation of the method, covering complex and quaternion
double groups as well. The 4c-TCC method thus becomes applicable to polyatomic molecules
including heavy atoms. For assessment of the method, we performed calculations of the chiral
uranium compound NUHFI, which was previously studied in the context of the enhancement of
parity violation effects. In particular, we performed calculations of a cut of the potential energy
surface of this molecule along the dissociation of the N-U bond, where the system exhibits a
strong multireference character. Since there are no experimental data for NUHFI, we have per-
formed also an analogous study of the (more symmetric) NUF3 molecule, where the vibrational
frequency of the N-U bond can be compared with spectroscopic data.

[1] Kinoshita T., Hino O., Bartlett R. J., J. Chem. Phys. 123, 074106 (2005).

[2] Veis L., Antalík A., Brabec J., Neese F., Legeza Ö, Pittner J., J. Phys. Chem. Lett. 7, 4072 (2016); 8, 291

(2017).

[3] Antalík A., Veis L., Brabec J., Demel O., Legeza Ö., Pittner J.: J. Chem. Phys. 151, 084112 (2019).

[4] Lang J., Antalík A., Veis L., Brabec J., Legeza Ö, Pittner J.: J. Chem. Theor. Comp. 16, 3028–3040

(2020).

[5] Veis L., Antalík A., Legeza Ö., Alavi A., Pittner J. J. Chem. Theor. Comp., 14, 2439–2445 (2018).

[6] Brandejs J., Višňák J., Veis L., Legeza Ö., Pittner J.: J. Chem. Phys. 152, 174107 (2020).

[7] Demel O., Brandejs J., Lang J., Antaík A., Brabec J., Veis L., Legeza Ö., Pittner J.: J. Chem. Phys. 159,

224115 (2023).

[8] Višňák J., Brandejs J., Máté M., Visscher L., Legeza Ö., Pittner J., Arxiv 2403.18473 (2024).
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Downfolding in Atomic and Molecular Electronic Structure 

Mark R. Hoffmann* and Tsogbayar Tsednee 

University of North Dakota, Grand Forks, ND 58201 USA 

Quantum Chemistry is traditionally done by assuming a form for the wavefunction and optimizing 
parameters.  Alternatively, one could ask the question whether the Hamiltonian operator itself 
could be modified.  One could do this in an ad hoc manner, as is usually done (i.e. for semi-
empirical methods), or one could seek a systematic method for this downfolding.  We are exploring 
a method of downfolding introduced by Wilson and by Wegner, which has proven useful in nuclear 
physics by Bogner and coworkers.  Formally, it is an Effective Field Theory built along 
Renormalization Group ideas.  Besides discussing the mathematical model, examples from atomic 
and molecular physics will be given. 
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Basis-set limit correlation energies for large molecules with 
density-based basis-set corrections

Mihály Kállay, Dávid Mester, Péter R. Nagy

Department of Physical Chemistry and Materials Science, Budapest  
University of Technology and Economics, Műegyetem rkp. 3., H-1111 

Budapest, Hungary

kallay.mihaly@vbk.bme.hu

The calculation of the density-based basis-set correction (DBBSC) of 
Toulouse,  Giner,  and  co-workers,  which  remedies  the  basis-set 
incompleteness (BSI) error of the correlation energy, is combined with 
local approximations. Aiming at large-scale applications, the procedure 
is  implemented in  our  efficient  local  natural  orbital-based coupled-
cluster singles and doubles with perturbative triples  [LNO-CCSD(T)] 
scheme.  To  this  end,  the  range-separation  function,  which 
characterizes the one-electron BSI in space, is decomposed into the 
sum  of  contributions  from  individual  localized  molecular  orbitals 
(LMOs). A compact domain is constructed around each LMO, and the 
corresponding contributions are evaluated only within these restricted 
domains.  Furthermore,  for  the  calculation  of  the  complementary 
auxiliary  basis  set  correction,  which  significantly  improves  the 
Hartree–Fock  energy,  the  local  density  fitting  approximation  is 
utilized. The errors arising from the local approximations are examined 
in detail, efficient prescreening techniques are introduced to compress 
the numerical quadrature used for DBBSC, and conservative default 
thresholds are selected for the truncation parameters. The efficiency of 
the  DBBSC-LNO-CCSD(T)  method  is  demonstrated  through 
representative examples of up to 1000 atoms. 

[1] P.-F. Loos, B. Pradines, A. Scemama, J. Toulouse, and E. Giner, J. Phys.
Chem. Lett. 10 (2019) pp. 2931. https://doi.org/10.1021/acs.jpclett.9b01176

[2] D. Mester and M. Kállay, J. Chem. Theory Comput. 19 (2023) pp. 8210.
https://doi.org/10.1021/acs.jctc.3c00979

[3] D. Mester, P. R. Nagy, and M. Kállay, J. Chem. Theory Comput. 20 (2024) in
press. https://doi.org/10.1021/acs.jctc.4c00777
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Complex-scaled electronic-structure methods 

for nonradiative decay processes 

Thomas C. Jagau 

Department of Chemistry, KU Leuven  

Celestijnenlaan 200F, B-3001 Leuven, Belgium 

thomas.jagau@kuleuven.be 

The interaction of molecules with radiation can lead to metastable 

electronic states that decay non-radiatively by emission of electrons. 

This includes high-energy processes such as Auger decay [1] of core-

ionized states, where electrons with energies of hundreds or even 

thousands of electron volts are emitted, as well as low-energy processes 

such as Coster-Kronig decay [2] and interatomic/intermolecular 

Coulombic decay,[3] where the emitted electrons have energies of a few 

or even less than one electron volt.  

The theoretical modeling of nonradiative decay is difficult because the 

initial states are embedded in the ionization continuum and not L2-

integrable. An elegant approach to decaying states is afforded by 

complex scaling and the method of complex basis functions,[4,5] which 

produce Hamiltonians with complex eigenvalues from which total and 

partial decay widths can be extracted. Our numerical results indicate 

that complex-scaled coupled-cluster theory and Møller-Plesset 

perturbation theory are well suited for a broad range of autoionization 

phenomena.[6–10]  

[1] P. Auger, CR Acad. Sci. (F), 177 (1923), 169.

[2] D. Coster and R. Kronig, Physica, 2 (1935), 13.

[3] L.S. Cederbaum, J. Zobeley, F. Tarantelli, Phys. Rev. Lett. 79 (1997), 4778.

[4] C.W. McCurdy and T.N. Rescigno, Phys. Rev. Lett. 41 (1978), 1364.

[5] A.F. White, M. Head-Gordon, C.W. McCurdy, J. Chem. Phys. 142 (2015),

054103.

[6] F. Matz and T.-C. Jagau, J. Chem. Phys. 156 (2022), 114117.

[7] F. Matz and T.-C. Jagau, Mol. Phys. 121 (2023), e2105270.

[8] N.K. Jayadev, A. Ferino-Pérez, F. Matz, A.I. Krylov, T.-C. Jagau, J. Chem.

Phys. 158 (2023), 064109.

[9] A. Ferino-Pérez and T.-C. Jagau, J. Phys. Chem. A 128 (2024), 3957.

[10] J.P. Drennhaus, A. Ferino-Pérez, F. Matz, and T.-C. Jagau, Phys. Chem.

Chem. Phys., accepted (2024). DOI: 10.1039/D4CP02085E
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Quantum-information-based orbital optimization, energy-
filtered excited states and electron dynamics within the 

coupled cluster framework 
Ke Liao, Lexin Ding, Christian Schilling 

Ludwig-Maximilians-Universität München 

ke.liao.whu@gmail.com 

In this talk, I will present three new algorithms within the coupled 
cluster framework for optimizing orbitals using quantum information 
(QI) tools [1], obtaining excited states and carrying out electron 
dynamics within a specified energy window.  

In the first part, I will show how QI tools, e.g. the total orbital 
entanglement entropy, can be used to quantify the complexity of a 
wavefunction. Based on this insight, we design an algorithm to 
minimize the entropy by rotating the orbitals, aiming at minimizing 
the representational complexity of the wavefunction and improving 
the accuracy of approximate ansatze such as  the tailored coupled 
cluster singles and doubles.  

In the second half, I will introduce two algorithms [3] for probing 
excited states within a specified energy window, based on the Cauchy 
integral formula (CIF). The original FEAST [2] algorithm was 
designed for finding all excited states within an energy window, and 
the key idea was using a contour integral representation of the spectra 
projector. I will show that it is a special case of the CIF and that any 
holomorphic functions of a diagonalizable operator can be written in 
the CIF form. This opens the door to a much broader class of 
algorithms that can be achieved in the CIF form. As examples, I will 
present an improved version of FEAST that can automatically identify 
the correct number of eigenstates and resolve them within a specified 
energy window in the EOM-CCSD framework. In addition, I will 
showcase as a proof of principle that the exponential time evolution 
operator in the CIF form can be used to accurately evolve states with 
extremely large time step sizes. 
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Figure 1: FEAST-EOM-CCSD correctly finds all the excited state energies 
within a specified energy window in the H2O molecule [3]. 

[1] K. Liao, L. Ding and C. Schilling, The Journal of Physical Chemistry Letters
15 (26), 6782-6790 (2024)
[2] E. Polizzi, Physical Review B 79, 115112 (2009)
[3] K. Liao, available soon on arxiv or google scholar: https://
scholar.google.com/citations?user=X5jjBd8AAAAJ&hl=en
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Multireference density functional theory with valence bond 
methods 
Wei Wu 

College of Chemistry and Chemical Engineering, Xiamen University, 
Xiamen, China 

weiwu@xmu.edu.cn 

In this talk, a hybrid density functional valence bond method based on 
unpaired electron density, called λ-DFVB(U), is presented, which is a 
combination of valence bond self-consistent field (VBSCF) method and 
Kohn–Sham density functional theory (KS-DFT). In λ-DFVB(U), the 
double-counting error of electron correlation is mitigated by a linear 
decomposition of the electron-electron interaction using a parameter λ, 
which is a function of an index based on the number of effectively 
unpaired electrons. Besides, λ-DFVB(U) is based on the approximation 
that correlation functionals in KS-DFT only cover dynamic correlation 
and exchange functionals mimic some amount of static correlation. The 
method is applied to test calculations of atomization energies, atomic 
excitation energies, and reaction barriers. It is shown that the accuracy 
of λ-DFVB(U) is comparable to that of CASPT2, while its 
computational cost is approximately the same as VBSCF. Furthermore, 
A multistate hybrid density functional valence bond method, called λ-
DFVB(MS), is presented, in which an effective Hamiltonian matrix is 
constructed in the diabatic state basis obtained by the valence-bond-
based compression approach for diabatization (VBCAD) scheme, and 
the interaction between electronic states can be included through the 
diagonalization of the effective Hamiltonian matrix. 
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Improving Density Functional Approximations through Exact 

Constraints and Exact Wave Function 

Chen Li1,* 
1College of Chemistry and Molecular Engineering, Peking University, Chengfu 

Road 292, Haidian District, Beijing, 100871 

The present-day commonly used density functional approximations (DFAs) suffer from 

various systematic errors, and they can all be attributed to the violation of some exact 

constraints. Here we focus on yet another unexplored exact constraint, i.e., the semi-

classical limit, where ћ→0. Through a model atomic calculation, we show that the exact 

total energy as ћ→0 saturates to a finite value, whereas the mainstream DFAs have 

qualitatively wrong divergent behavior of ћ−1/6. Moreover, we show that this semi-

classical limit is highly relevant to strongly correlated systems such as in the stretching 

of chemical bonds, or transition metal diatomic molecules in their equilibrium bond 

length. By introducing an effective ћ for valence electrons, we estimate that the ћeff for 

such systems can be as small as 0.05. Thus, this exact constraint might inspire novel 

functional approximations for describing strong correlation. In the second part of the 

talk, we discuss our recently developed method for solving Schrödinger equations, 

which allows us to obtain the exact analytic structure of wave functions for one and 

two-body problems, and can be further generalized to many-body problems. The 

analytic expression of the ground state wave function is ultimately cast into an exact 

factorized form including a pre-exponential power factor, an exponential decaying term 

and a modulator, a mildly-varying and bounded function that can be easily 

approximated. This new analytic formula can be potentially a new starting point for 

developing DFAs that go beyond the single electron picture.   

[1] Y. Li, C. Li, Density functional theory in the semi-classical limit, in preparation.

[2] C. Li, Exact analytical solution of the ground-state hydrogenic problem with soft

Coulomb potential, J. Phys. Chem. A. 125, 5146, 2021. 

[3] Y. Li, C. Li, Exact analytical form of diatomic molecular orbitals, ACS Omega,

7(26), 22594, 2022. 

[4] Y. Tao, Y. Li, C. Li, Is there a better way of representing stationary wave functions

than basis expansion? Int. J. Quantum Chem. 123(9), e27083, 2023. 

[5] W. Yao, Z. Yin, C. Li, Formally exact and practically useful analytic solution of

Harmonium, in revision, 2024. 
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Accurate ΔSCF from ensemble density functional theory 

Tim Gould 

Queensland Micro- and Nano-technology Centre, Griffith University, 

Qld 4222 

t.gould@griffith.edu.au

I will introduce GX24 [1], an effective ΔSCF density functional 

approximation for ground (G) and excited (X) state prediction. GX24 

(Figure 1) can out-perform TDDFT on excitation energy problems 

where TDDFT works, but also performs well for double and charged 

excitations where TDDFT fails completely. Its strong performance 

reflects the first principles “ensemblisation” strategy [i.e. use of exact 

constraints from ensemble density functional theory] employed in its 

design, which will also be summarised in the talk. GX24 includes the 

first (to my knowledge) general purpose approximation for density-

driven correlations [2]. 

Figure 1. Performance of GX24 on excitations. a) a mixture of singlet-

triplet (ST), singlet-singlet (SS), charge transfer (CT) and double 

excitations (DX); b) relatively easy SS excitations where TDDFT can 

work; and c) hard DX where TDDFT fails completely. 

[1] T. Gould and S.G. Dale and L. Kronik and S. Pittalis, arXiv:2406.18105

(2024)

[2] T. Gould and S. Pittalis, Phys. Rev. Lett. 123, 016401 (2019); E. Fromager

124, 243001 (2020); T. Gould and G. Stefanucci and S. Pittalis 125, 233001

(2020).
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Machine-Learning Atomic Simulation Resolves Active Site 

for Selective Ethene Epoxidation on Silver 

Zhi-Pan Liu 

Department of Chemistry, Fudan University, Shanghai, China 

zpliu@fudan.edu.cn 

This lecture introduces our recent progress in machine-learning atomic 

simulations for catalysis by using LASP software (www.lasphub.com) 

developed by our group [1]. Our methodology for bulk, surface 

structure search, and reaction sampling in the grand-canonical 

ensemble will be overviewed [2-3]. These methods will recently be 

applied to resolve the active site for selective ethene epoxidation on 

silver, a long-standing problem in the field for more than 50 years. Ag-

catalyzed ethene epoxidation is the only viable route for making ethene 

oxide (EO) in industry. Due to the lack of tools to probe the reaction at 

high temperatures and high pressures, the active site structure remains 

highly controversial. Here, with advanced machine-learning grand 

canonical global structure exploration and in-situ catalysis experiments, 

we identify a unique surface oxide phase, namely O5 phase, grown on 

Ag(100) under industrial catalytic conditions. This O5 phase features 

square-pyramidal subsurface O and strongly adsorbed ethene, which 

can selectively convert ethene to EO. The other Ag surface facets, 

Ag(111) and Ag(110), although also reconstructing to surface oxide 

phases, only produce CO2 due to the lack of subsurface O. The complex 

in-situ surface phases with distinct selectivity contribute to an overall 

medium (50%) selectivity of Ag catalyst to EO. Our further catalysis 

experiments with in-situ infrared spectrum confirm the theory-

predicted IR-active C=C vibration (1583 cm-1) of adsorbed ethene on 

O5 phase and the microkinetics simulation results. The active phase 

structure and activity help to settle the long dispute on the nature of 

active oxygen in ethene epoxidation caused by the “pressure gap” and 

shed light on the design of better catalysts for olefin epoxidation. [4] 
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[1] Pei-Lin Kang, Cheng Shang, Zhi-Pan Liu, Large-Scale Atomic Simulation via

Machine Learning Potentials Constructed by Global Potential Energy Surface

Exploration, Acc. Chem. Res .2020, 53, 2119.

[2] Sicong Ma, Si-Da Huang, Zhi-Pan Liu, Dynamic Coordination of Cations and

Catalytic Selectivity on Zn-Cr oxide Alloy during Syngas Conversion, Nature

Catal., 2019, 2, 671.

[3] Ye-Fei Li, Zhi-Pan Liu, Smallest stable Si/SiO2 interface that suppresses

quantum tunneling   from machine-learning-based global search, Phys. Rev. Lett.

2022, 128, 226102.

[4] 4. Dongxiao Chen#, Lin Chen#, Qian-Cheng Zhao, Zheng-Xin Yang, Cheng

Shang, Zhi-Pan Liu*, Square-pyramidal Subsurface Oxygen [Ag4OAg] Drives

Selective Ethene Epoxidation on Silve, Nature Catal., 2024, 7, 536.
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Advancing Realism in Catalytic Models: 
Modeling Active Sites on Nanoparticles 

Mikhail V. Polynski 

National University of Singapore 

mvp@nus.edu.sg, polynskimikhail@gmail.com 

Recent advancements in computational catalysis have shown great 
success, with predictive DFT models becoming routine in 
homogeneous catalysis and machine-learning-powered tools now 
capable of modeling complex heterogeneous catalytic reaction 
networks to drive catalyst design [1]. However, these models often omit 
the diversity and in situ transformations of active centers for 
computational feasibility. 

This talk will address studies focusing on the transformation and 
diversity of catalytic active centers. Topics include the transformation 
of nanoparticle catalysts to solute species during coupling reactions [2], 
the superior activity of nanoparticle edges in aryl halide oxidative 
addition, compared to ideal surfaces [3], and the complexity of reaction 
networks for CO and CO2 hydrogenation to C1 and C2 oxygenates due 
to the diversity of active sites. We will explore how extensive DFT 
modeling, combined with machine learning models and semi-empirical 
simulations—integrated into thermodynamic and kinetic models—aids 
in understanding experimental observations in these reactions. 

[1] S. Morandi, O. Loveday, T. Renningholtz, S. Pablo-García, R.A. Vargas-
Hernández, R.R. Seemakurthi, P.S. Berman, R. García-Muelas, A. Aspuru-Guzik,
N. López. “A Foundational Model for Reaction Networks on Metal Surfaces”.
ChemRxiv (2024). DOI: 10.26434/chemrxiv-2024-bfv3d.

[2] M.V. Polynski, V.P. Ananikov. “Modeling Key Pathways Proposed for the
Formation and Evolution of “Cocktail”-Type Systems in Pd-Catalyzed Reactions
Involving ArX Reagents”. ACS Catalysis 9 (2014), pp. 3991-4005. DOI:
10.1021/acscatal.9b00207.

[3] M.V. Polynski, Y.S. Vlasova, Y.V. Solovev, S.M. Kozlov, V.P. Ananikov.
“Computational analysis of R–X oxidative addition to Pd nanoparticles”.
Chemical Science 15 (2024), pp. 9977-9986. DOI: 10.1039/D4SC00628C.
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Electronic Effects on Gas-Phase C−H Bond Activations by 

Cluster Oxides and Metal Carbides: The Methane Challenge  

Jilai Li, Helmut Schwarz 

QiTCS, School of chemistry and chemical engineering, Shandong 

University, Qingdao 266237, China 

Jilai@sdu.edu.cn 

In this talk, I’ll show you a dizzying mechanistic landscape of gas-phase methane 

C−H bond activation by a few metal cationic oxides (MCO) and carbides at ambient 

conditions. One mechanism is hydrogen atom transfer (HAT), which occurs 

whenever the MCO possesses a localized oxo radical (M−O•)[1]. Whenever the 

radical is located on the metal centers as in [Al2O2]
•+ the mechanism crosses-over 

to proton-coupled electron transfer (PCET).[2] Bare transition-metal carbides [MC]+ 

cations (M = Sc – Zn and Au) act by three different mechanistic scenarios.[3] For 

example, Cu+, performs coupling of C to methane to yield ethylene, in a single 

almost barrier-free step, with an unprecedented atomic choreography catalyzed by 

the OEF of Cu+.[3b]  

 

Figure 1. Mechanistic picture of methane C−H bond activation. 

References 

[1] J. Li, X.-N. Wu, M. Schlangen, S. Zhou, P. González-Navarrete, S. Tang, H. Schwarz, 

Angew. Chem. Int. Ed. 2015, 54, 5074-5078. 

[2] (a) J. Li, S. Zhou, J. Zhang, M. Schlangen, D. Usharani, S. Shaik, H. Schwarz, J. Am. 

Chem. Soc. 2016, 138, 11368–11377; (b) J. Li, S. Zhou, J. Zhang, M. Schlangen, T. 

Weiske, D. Usharani, S. Shaik, H. Schwarz, J. Am. Chem. Soc. 2016, 138, 7973–7981. 

[3] (a) J. Li, S. Zhou, M. Schlangen, T. Weiske, H. Schwarz, Angew. Chem. Int. Ed. 2016, 

55, 13072–13075; (b) C. Geng, J. Li, T. Weiske, M. Schlangen, S. Shaik, H. Schwarz, 

J. Am. Chem. Soc. 2017, 139, 1684–1689; (c) C. Geng, T. Weiske, J. Li, S. Shaik, H. 

Schwarz, J. Am. Chem. Soc. 2019, 141, 599–610. 
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Theoretical Design of Energy Catalysis 

Xiaojing Liu  

School of Chemistry and Chemical Engineering, Shandong University, 

Qingdao, 266237 

Email: liuxj2020@sdu.edu.cn 

Precision design and prediction of efficient energy catalytic materials 

urgently requires new theoretical guiding strategies. We first propose 

the concept that the surface orbital orientation at material interfaces 

influence the chemical reaction kinetics, offering a new theoretical 

approach for high-efficient material design. Simultaneously, we further 

develop the strategy of surface orbital energy effect on the reaction 

performance, overcoming the limitations of the d-band center theory 

application. Moreover, based on the surface orbital steric and energy 

effects, we innovated a material parameterization method FOGN 

independent on structural information, achieving the AI precise 

structure design nd reactivity prediction.    

Fig. 1 Orbital steric (a) and energy (b) effects and AI design and 

prediction (c). 

References: 

[1] Liu, X. J. * etc. Nat. Commun. 2019, 10:1217

[2] Liu, X. J. * etc. Nat. Commun. 2024.

[3] Liu, X. J. * etc. Sci. Adv. 2020, 6: eeaw8113.

[4] Liu, X. J. * etc. Adv. Mater. 2020, 32, 1904346.

[5] Liu, X. J. * etc. Chem 2020, 6, 221.
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Core and valence properties of heavy element species from 

relativistic (embedded) coupled cluster calculations 

André Severo Pereira Gomes, Xiang Yuan, Loïc Halbert, Florent 

Réal, Valérie Vallet 

Univ. Lille, CNRS, UMR 8523 - PhLAM - Physique des Lasers Atomes 
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Accurate electronic structure calculations have become an 

indispensable tool to understand the molecular properties of heavy and 

superheavy elements. Such approaches help make sense of the 

underlying complex physical processes probed by experiments, or in 

the case such experiments are unfeasible due to the heavy elements’ 

radiotoxicity. In this presentation I will outline our contributions to 

developments of coupled cluster approaches based on two- and four-

component Hamiltonians for valence and core spectra and their 

application to investigating species in the gas phase and in solution [1-

3], as well as for the determination of linear and quadratic response 

properties [4, 5]. 

[1] L. Halbert et al., “Relativistic EOM-CCSD for Core-Excited and Core-Ionized State

Energies Based on the Four-Component Dirac–Coulomb(−Gaunt) Hamiltonian”, J.

Chem. Theory Comput. (2021) 17, 3583 DOI: 10.1021/acs.jctc.0c01203

[2] Y Bouchafra et al., “Predictive Simulations of Ionization Energies of Solvated Halide

Ions with Relativistic Embedded Equation of Motion Coupled Cluster Theory”, Phys.

Rev. Lett. (2018) 121, 266001 DOI: 10.1103/PhysRevLett.121.266001

[3] RA Opoku et al, “Simulating core electron binding energies of halogenated species

adsorbed on ice surfaces and in solution via relativistic quantum embedding

calculations”, Phys. Chem. Chem. Phys. (2022) 24, 14390 DOI: 10.1039/d1cp05836c

[4] X Yuan et al., “Formulation and Implementation of Frequency-Dependent Linear

Response Properties with Relativistic Coupled Cluster Theory for GPU-Accelerated

Computer Architectures”, J. Chem. Theory Comput. (2024) 20, 677 DOI:

10.1021/acs.jctc.3c00812

[5] X Yuan et al., “Frequency-Dependent Quadratic Response Properties and Two-

Photon Absorption from Relativistic Equation-of-Motion Coupled Cluster Theory” J.

Chem. Theory Comput. (2023) 19, 9248 DOI: 10.1021/acs.jctc.3c01011
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Theoretical Studies of Coordination Structures and Electronic 

Spectra of Cm3+ Species at the Mineral-Water Interface 

Jing Su*, Zhao-Qin Chu, Ru-Yu Zhu  

College of Chemistry, Sichuan University, Chengdu 610064, China 

Email: jingsu@scu.edu.cn 

 

Accurate interpretation and prediction of actinide coordination 

chemistry at the mineral-water interface is one of the key scientific 

issues that need to be urgently addressed in environmental radio-

chemistry. However, due to the strong relativistic and electron 

correlation effects of actinides, as well as the high complexity of their 

interactions with mineral surfaces, high-precision theoretical 

calculations of actinides at mineral-water interface are extremely 

challenging. In particular, no theoretical studies of the electronic spectra 

of actinides at the mineral-water interface have been carried out. In this 

talk, the coordination structure, stability, and electronic spectral 

properties of Cm3+ sorption species at typical mineral-water interfaces 

have been accurately predicted by combing ab initio molecular 

dynamics simulations and wave function theory calculations, with the 

calculation results in good agreement with available experimental 

results. [1, 2] 

 

Figure 1. The simulated emission spectra of the Cm3+ species at the 

gibbsite-water interface. 

 

[1] Z.-Q. Chu, R.-Y. Zhu, J. Su, J. Colloid Interf. Sci. 640 (2023), 727–736. 

[2] Z.-Q. Chu, R.-Y. Zhu, J. Su, Phys. Chem. Chem. Phys. 26 (2024), 7545-7553. 
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Development and Application of a Relativistic 

CASPT2/RASPT2 Program based on the DIRAC software 

Minori Abe, Yasuto Masuda, Kohei Noda, Sumika Iwamuro 

Hiroshima University 

minoria@hiroshima-u.ac.jp 

Exploring electronic states in actinide compounds is a critical aspect of 

nuclear science. However, considering relativistic effects and electron 

correlation in theoretical calculations poses complex challenges. To 

address this, we developed a CASPT2/RASPT2 program alongside the 

DIRAC program [1], enabling calculations of electron correlation 

methods using multiconfigurational perturbation theory with various 

relativistic Hamiltonians. We currently employ a method that combines 

the Improved Virtual Orbital (IVO) approach with CASCI 

methodologies as reference functions, deviating from the traditional use 

of CASSCF. Additionally, we have implemented the RASCI-RASPT2 

method to handle larger active spaces and have parallelized the entire 

program. We will introduce the program's overall structure, including a 

GUI program that allows for the selection of active spaces and the 

creation of input files for RASPT2. We will also demonstrate the 

computational times to evaluate the parallelization efficiencies of the 

CASCI-CASPT2 program for the UO2
2+ molecule. Furthermore, we 

will discuss the calculation results of the vertical excitation energies for 

gas-phase UO2
2+ molecules, along with data from several previous 

works for comparison. As an example of the application of actinide 

compounds, we will present the f-f transition excitation energies at the 

CASCI-CASPT2 level for the Cm(Phen)2(H2O)4
3+  compound. These 

calculation results can explain the experimental peaks observed in 

Resonant Inelastic X-ray Scattering (RIXS) spectra. 

[1] DIRAC: Program for Atomic and Molecular Direct Iterative Relativistic All-

electron Calculations. Project website: https://diracprogram.org 
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From crystalline solids to molecules: the incremental scheme 

for ab initio electron correlation energy estimates 

Michael Dolg 

Beijing Normal University, University of Cologne 

m.dolg@uni-koeln.de

The incremental scheme was originally devised by H. Stoll in the 

1990ies to obtain wavefunction-based ab initio calculations for 

correlation energies per unit cell of crystalline solids, e.g. CCSD or 

CCSD(T) energies for diamond or graphene. Due to the relatively 

small number of contributing energy increments for simple/small unit 

cells the calculations could be essentially carried out in a non-

automated way. For general larger molecules this procedure becomes 

impracticable due to the lack of symmetry. Three implementations of 

the approach for corresponding fully automated calculations on 

medium-sized and large molecules [1-4] will be reviewed, with the 

most recent scheme reaching linear scaling of the computational effort 

with system size [4]. 

[1] J. Friedrich, M. Hanrath, M. Dolg, “Fully automated implementation of the

incremental scheme: application to CCSD energies”, J. Chem. Phys. 126 (2007)

154110.

[2] J. Zhang, M. Dolg, “Third-order dual-basis set zero-buffer approach: an

acurate and efficient way to obtain CCSD and CCSD(T) energies”, J. Chem.

Theor. Comput. 9 (2013) 2992.

[3] J. Zhang, M. Dolg, “Approaching the CCSD(T)/CBS limit for large systems

by the third-order incremental dual-basis set zero-buffer F12 method”, J. Chem.

Phys. 140 (2014) 044114.

[4] I. Türkmen, M. Dolg, “Linear scaling incremental scheme for correlation

energies with embedding generated virtuals”, J. Chem. Theor. Comput. 20 (2024)

3154.
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Recent development of elongation method and its 
applications toward functional designs 

Yuriko Aoki, Shichen Lin, Denis Mashkovtsev, Yuuichi Orimoto 

Department of Material Sciences, Faculty of Engineering Sciences, 
Kyushu University, 6-1 Kasuga-Park, Fukuoka 816-8580, Japan 

aoki.yuriko.397@m.kyushu-u.ac.jp 

Quantum chemistry has been rapidly developed along with 
remarkable progress in recent computers, especially since the Nobel 
Prize in Chemistry 1981, awarded jointly to Profs. Roald Hoffmann and 
Kenichi Fukui on the role of frontier orbitals in chemical reactions.  

On the other hand, since there is no established method to calculate 
the intermediate finite giant systems with random arrangement, we have 
been developing a linear scaling Elongation (ELG) method [1-3] as 
schematically shown in Figure 1 left. In this talk, I will introduce the 
development of the basic theory of our Elongation method, and then 
show its application to the functional design of NLO polymers, local 
excitation in large systems [4], DNA-small molecule interactions, 
combination with neural networks (NN) (Figure 1 right), CO2 adsorption 
amine-containing polymers in multi-scale calculations, and so on.  

Figure 1. An example of ELG method and application to NN. 

[1] A. Imamura, Y. Aoki, K. Maekawa, J. Chem. Phys., 95 (1991) 5419.

[2] F. L. Gu, Y. Aoki, J. Korchowiec, A. Imamura, B. Kirtman, J. Chem. Phys., 121 (2004) 10385.

[3] Y. Aoki, F. L. Gu, Phys. Chem. Chem. Phys., 14 (2012) 7640.

[4] D. Mashkovtsev, Y. Orimoto, Y. Aoki, J. Chem. Theory Comput., 19, 16, 5548–5562 (2023).
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Efficient Fragment-based Electronic Structure Methods for Excited States 

Ganglong Cui 

Key Laboratory of Theoretical and Computational Photochemistry, Ministry of Education, College of 

Chemistry, Beijing Normal University, Beijing 100875, P. R. China 

Email: ganglong.cui@bnu.edu.cn 

In recent years, we developed a multi-layer energy-based fragment (MLEBF) method within the 

many-body energy expansion framework, which supplies accurate energies and gradients and reproduces 

excited-state topological structures. [1-2] In addition, we also combined machine learning (ML) techniques 

with MLEBF, [3-5] in which the photochemically active and inert regions are separately treated with the 

complete active space self-consistent field (CASSCF) method and trained ML models. This QM/ML MLEBF 

method provides accurate energies and gradients leading to essentially same excited-state potential energy 

surfaces and nonadiabatic dynamics compared with full CASSCF results. Importantly, in conjunction with the 

use of ML models, this method exhibits a low-scaling computational cost. Finally, our work could encourage 

the marriage of ML with fragment-based methods to explore excited-state electronic structures and ab initio 

nonadiabatic dynamics of large systems. 

Reference： 

[1] Chen, W.-K.; Fang, W.-H.; Cui, G. L.* Phys. Chem. Chem. Phys. 2019, 21, 22695 (communication).

[2] Chen, W.-K.; Fang, W.-H.; Cui, G. L.* J. Chem. Phys. 2023, 158, 044110.

[3] Chen, W.-K.; Liu, X.-Y.; Fang, W.-H.; Dral, P. O.; Cui, G. L.* J. Phys. Chem. Lett. 2018, 9, 6702.

[4] Chen, W.-K.; Fang, W.-H.; Cui, G. L.* J. Chem. Phys. Lett. 2019, 10, 7836.

[5] Chen, W.-K.; Zhang, Y. L.; Jiang, B.; Fang, W.-H.; Cui, G. L.* J. Chem. Phys. A. 2020, 124, 5684.
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Transition Path Sampling studies of the evolution of reactions 

in enzymes 

Steven D. Schwartz 

University of Arizona 

Tucson, AZ USA 

sschwartz@arizona.edu 

This talk will focus on recent studies of the catalytic effect in enzymes. 

Our group has long used Transition Path Sampling to study the reaction 

and has identified dynamics within the body of the protein necessary 

for reaction to occur and a source of the catalytic effect. We now apply 

these methods to both proteins generated by laboratory evolution and 

by natural evolution to find how the protein dynamics is built in over 

the course of optimization. As a side note we study the evolutions use 

of quantum tunneling as a mechanism of optimization. 

Figure. One system we study is how an ancestral 𝛽-lactamase differs 

in mechanistic details from a modern protein. The structures are 

almost identical, but there are significant mechanistic differences 

involving protein dynamics and electric field shaping. 
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Combining Resetting with Metadynamics for Improved 

Sampling and Kinetics Inference 

Ofir Blumer, Shlomi Reuveni, Barak Hirshberg 

School of Chemistry, Tel Aviv University, Tel Aviv 6997801, Israel. 

hirshb@tauex.tau.ac.il 

Metadynamics is a popular enhanced sampling method, whose 

performance relies on identifying efficient collective variables. Despite 

recent progress, locating collective variables that capture the slow 

modes of condensed phase chemical and biological process is 

challenging. We recently presented a collective variables-free approach 

to enhanced sampling using stochastic resetting [1]. We show that 

combining the two methods leads to greater acceleration than either 

approach separately [2]. We also demonstrate that resetting 

Metadynamics simulations performed with suboptimal collective 

variables can lead to speedups comparable with those obtained with 

optimal collective variables. Then, we show that insights from resetting 

inspired an improved kinetics inference scheme for infrequent 

Metadynamic simulations. The standard inference procedure is based 

on rescaling the first-passage times of the trajectories using a bias-

dependent acceleration factor. While useful in many cases, it is limited 

to Poisson kinetics, and a reliable estimation of the unbiased rate 

requires slow bias deposition and prior knowledge of efficient 

collective variables. By limiting the inference procedure to short 

trajectories, experiencing minimal bias, we obtain an improved tradeoff 

between speedup and accuracy at no additional computational cost, 

especially when employing suboptimal collective variables [3]. 

[1] O. Blumer, S. Reuveni and B. Hirshberg. “Stochastic Resetting for Enhanced

Sampling” J. Phys. Chem. Lett. 13, 48 (2022).

[1] O. Blumer, S. Reuveni and B. Hirshberg. “Combining stochastic resetting with

Metadynamics to speed-up molecular dynamics simulations”. Nat. Commun. 15,

240 (2024).

[3] O. Blumer, S. Reuveni and B. Hirshberg. “Short-Time Infrequent

Metadynamics for Improved Kinetics Inference”. J. Chem. Theory Comput. 20, 9

(2024).
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Identifying Most Probable Transition Path with Constant 

Advance Replicas 

Jing Huang 

Westlake University 

huangjing@westlake.edu.cn 

In this talk a new constraint-based constant advance replicas (CAR) 

formalism will be introduced for locating the minimum energy path 

(MEP) and the most probable transition path (MPTP) between two 

given conformational states. We derive the temporal-integrated 

effective dynamics governing the projected subsystem under the 

holonomic CAR path constraints and show that a dynamical action 

functional can be defined and used for optimizing the MPTP. We 

further demonstrate how the CAR MPTP can be located by 

asymptotically minimizing an upper bound of the CAR action 

functional using a variational expectation-maximization framework. 

The efficiency of the proposed method will be demonstrated on the 

Muller potential, the alanine dipeptide isomerization, and the DNA base 

pairing transition (Watson-Crick to Hoogsteen) in explicit solvent. 

199

Parallel Sessions



Molecular Mechanism of Channel Transport: from Synthetic 

Channels to Protein 

Wenning Wang 
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Membrane channel proteins facilitate molecular transport across 

biological membranes. Inspired by these proteins, researchers have 

synthesized artificial channels. We investigated water transport in a 

pillar[5]arene channel, finding that its proton-blocking mechanism 

resembles natural aquaporins [1]. Positive charges at the channel 

entrance enhance water transport by reducing hydrogen bond lifetimes 

and promoting water molecule movement. Using MD simulations and 

Markov state models, we analyzed glycerol transport in the GlpF 

channel, constructing a kinetic model to predict flux under various 

conditions. This approach connects microscopic and macroscopic 

dynamics, offering a versatile tool for studying protein properties [2]. 

[1] Yan, Z. J.; Wang, D.; Ye, Z.; Fan, F.; Wu, G.; Deng, D.; Yang, L.; Li, B.; Liu,

J.; Ma, T.; Dong, C.; Li Z. T.; Xiao L.; Wang Y.; Wang, W.; Hou, J. L., “Artificial

Aquaporin That Restores Wound Healing of Impaired Cells” J. Am. Chem. Soc.,

(2020), 142, pp. 15638-15643.

[2] Wang D., Weng J. Wang W., “Glycerol Transport through the quaglyceroporin

GlpF: Bridging Dynamics and Kinetics with Atomic Simulation” Chem. Sci. 

(2019), 10, pp. 6957-6965. 
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RNA-MobiSeq: Deep mutational scanning and mobility-

based selection for RNA 2D & 3D structure inference 

Yaoqi Zhou 

Shenzhen Bay Laboratory 

zhouyq@szbl.ac.cn 

Tertiary structures of RNAs are increasingly found to be essential for 

their functions and yet are notoriously challenging to be determined by 

experimental techniques or predicted by energy-based and AlphaFold2-

like deep-learning-based computational methods. Here, we coupled 

deep mutational scanning with mobility-based selection to separate 

structurally stable from nonstable RNA variants. The subsequent high-

throughput sequencing allows the detection of the covariational signals 

of key secondary and tertiary base pairs with significantly improved, 

RNA-specific, unsupervised analysis of covariation-induced deviation 

of activity (CODA2) and amplification of these signals by Monte-Carlo 

simulated annealing. The resulting base-pairing structures can serve as 

the restraints for final energy-based structure predictions. This 

MobiSeq technique was tested on four structurally different RNAs. The 

results show that the detection of tertiary base pairs by MobiSeq allows 

reasonably accurate prediction of RNA tertiary structures. The 

proposed method should be useful for structural inference and 

improved mechanistic understanding of all RNAs with detectable 

changes in mobility due to deleterious mutations. 
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Physiological and Pharmacological Role of Protein Folding 
Pathways 

Pietro Faccioli, Emiliano Biasini 

U. Milan-Bicocca and INFN

pietro.faccioli@unimib.it

Over the last decade, the combined development of accurate time-
resolved experimental techniques and advanced algorithms for 
computer simulations has opened the possibility of investigating 
biological mechanisms at atomic resolution with physics-based 
models. In particular, combination of experimental information and 
enhanced sampling techniques now allow the reconstruction of the co-
translational folding pathways of biologically relevant proteins, at an 
atomic level of resolution. These innovative computational 
technologies reveals the existence of non-native metastable states 
transiently appearing along the co-transcriptional folding process of 
such proteins. The lifetime of these intermediates is set by the amino-
acid synthesis rate, hence is in the several second time scale. In this 
talk, we review the evidence indicating that these protein folding 
intermediates play roles in post-translational regulation. We also  
discuss how the information encoded into protein folding pathways is 
being exploited in an entirely new generation of drugs capable of 
promoting the selective degradation of protein targets. 

Figure 1.Druggable pocket only appearing along the protein folding 
pathways. 
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[1] G. Spagnolli et al., “Pharmacological inactivation of the prion protein by
targeting a folding intermediate”, Communications Biology 4 (1), 6223–124
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[2] E. Biasini and P. Faccioli “Functional, pathogenic, and pharmacological role
of protein folding pathways”. Proteins. 2023; 1-9.

203

Parallel Sessions



Modeling and analyzing long-time dynamics in complex 
systems 

Hao Wang 

Qingdao Institute for Theoretical and Computational Sciences, School 
of Chemistry and Chemical Engineering, Shandong University 

Binhai 72, Qingdao, 266237, China 

Email: wanghaosd@sdu.edu.cn 

Many important physical and biochemical processes occur on time 
scales that are far beyond the capability of straightforward molecular 
dynamics simulations and are therefore called rare events. Although 
rare, once they occur, they can profoundly affect the function of 
complex molecular systems [1, 2]. Milestoning is an accurate and 
efficient simulation method that converts long trajectory simulations 
into manageable short trajectory simulations by constructing a 
continuous-time stochastic model. In this report, we present recent 
progresses on Milestoning algorithms: (i) A series of algorithms such 
as LPT-M, BI-M, and LiLPT-M have been developed [3], which 
significantly improve the accuracy and efficiency of kinetics 
calculations by improving the initial distribution of short trajectories; 
(ii) A rigorous committor function calculation method [4] and a
systematic kinetic network reduction method [5] have been developed,
addressing the challenges of non-Markovicity and non-reversibility in
general Milestoning networks and enabling systematic reduction of
kinetic network. We anticipate that the Milestoning method will be
widely used in studying the long-time dynamics of complex systems.

[1] Wang, H.; Huang, N.; Dangerfield, T.; Johnson, K. A.; Gao, J.; Elber, R. J.
Phys. Chem. B, 2020, 124, 21, 4270-4283

[2] Wang, H.; Elber, R. J. Phys. Chem. B, 2021, 125, 14, 3494-3500

[3] Wang, R.; Wang, H.; Liu, W.; Elber, R. J. Chem. Theory Comput. 2023, 19,
19, 6816-6826

[4] Ji, X.; Wang, R.; Wang, H.; Liu, W. J. Chem. Phys. 2023, 159, 244115

[5] Wang, R.; Ji, X.; Wang, H.; Liu, W. J. Chem. Theory Comput. 2024, 20, 13,
5439-5450
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Multi-Scale Simulation of Photosynthesis System 

Jun Gao 

Hubei Key Laboratory of Agricultural Bioinformatics, College of 

Informatics, Huazhong Agricultural University, Wuhan 430070, 

Hubei, China 

E-mail: gaojun@ mail.hzau.edu.cn

The photosynthesis process is considered the most important chemical 

reaction on Earth. Based on a multi-scale simulation framework, the 

molecular mechanisms of protein conformational variation, energy 

transfer, and quinol exchange in photosynthetic systems can be 

explored through molecular dynamics simulations, quantum chemical 

calculations, and enhanced sampling simulations. The report covers two 

aspects of the application. Firstly, by using a million-atom system 

model of the spinach PSII-LHCII super-complex in the membrane, 

microsecond-level molecular dynamics simulations were performed, 

with the help of the Frenkel exciton model and the master equation 

method, the energy transfer mechanism between the PSII-LHCII 

antenna and core complexes is analyzed. Secondly, based on the purple 

bacteria RC-LH1 complex, molecular mechanisms of quinol and quinol 

exchange, as well as the dissociation process of quinol molecules in the 

purple bacteria RC-LH1 are revealed using full-atom molecular 

dynamics simulations; random acceleration molecular dynamics 

simulations, and umbrella sampling method. 

[1] Mao, R.; Zhang, H.; Bie, L.;  Liu, L.-N.*; Gao, J.*, Million-atom molecular dynamics

simulations reveal the interfacial interactions and assembly of plant PSII-LHCII

supercomplex. RSC Advances 2023, 13 (10), 6699-6712.

[2]. Wang, Y.; Hu, Y.; Guo, J.-P.; Gao, J.; Song, B.; Jiang, L. A physical derivation of

high-flux ion transport in biological channel via quantum ion coherence. Nature Commun

2024, 15 (1), 7189.

[3]. Zhang, Y. Z.; Li, K.; Qin, B. Y.; Guo, J. P.; Zhang, Q. B.; Zhao, D. L.; Chen, X. L.;

Gao, J.; Liu, L. N.; Zhao, L. S. Structure of cryptophyte photosystem II-light-harvesting

antennae supercomplex. Nat Commun 2024, 15 (1), 4999.

[4].Zhao, L.-S.; Wang, N.; Li, C.-Y.; Guo, J.-P.; He, F.-Y.; Liu, G.-M.; Chen, X.-L.; Gao,

J.; Liu, L.-N.; Zhang, Y.-Z. Architecture of symbiotic dinoflagellate photosystem I–light-

harvesting supercomplex in Symbiodinium. Nat Commun 2024, 15, 2392.
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Computational spectroscopy for precision experiments: 
From electroweak to quantum electrodynamical effects

Robert Berger

Philipps-Universität Marburg, Germany

robert.berger@uni-marburg.de

Precision spectroscopy of molecules can provide insight into nuclear 
structure and fundamental interactions. In this presentation, I plan to
discuss the role played by parity-violating electroweak interactions in
rotational spectroscopy of heavy-elemental chiral molecules, transition 
metal complexes [1,2] and clusters. Furthermore, I intend to highlight
also recent collaborative work on the computation of nuclear magnetic 
resonance  parameters  and  quantum electrodynamical  corrections  to
these for molecules containing heavy elements  [3,4]. 

[1] S. A. Brück, N. Sahu, K. Gaul, R. Berger, “Quasi-relativistic approach to
analytical gradients of parity violating potentials”, J. Chem. Phys., 158 (2023)
194109. DOI:10.1063/5.0141271

[2] N. Sahu, K. Gaul, A. Wilm, M. Schnell, R. Berger, “Towards detection of
molecular parity violation by microwave spectroscopy of CpRe(CH3)(CO)(NO)”,
arXiv:2303.08263

[3] M. C. Jofré, K. Kozioł, I. A. Aucar, K. Gaul, R. Berger, G. A. Aucar,
“Relativistic and QED corrections to one-bond indirect nuclear spin-spin

couplings in X2
2+ and X3

2+ ions (X = Zn, Cd, Hg)”, J. Chem. Phys., 157 (2022)
064103. DOI:10.1063/5.0095586

[4] K. Kozioł, I. A. Aucar, K. Gaul, R. Berger, G. A. Aucar, “Relativistic and
quantum electrodynamics effects on NMR shielding tensors of TlX (X = H, F, Cl,
Br, I, At) molecules”, J. Chem. Phys., 161 (2024) 064307.
DOI:10.1063/5.0213653
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 Quantum Chemical Calculation  of 193Ir Mössbauer Spectra 
Christoph van Wüllen 

RPTU Kaiserslautern-Landau, Kaiserslautern, Germany 

c.vanwuellen@rptu.de

193Ir is a nucleus well suited for Mössbauer investigations. Conventional 
experiments were hampered by the need for radioactive sources, this 
changed with the availability of synchrotron radiation. Compared to 
well established methods for the calculation of, say, 57Fe Mössbauer 
spectra, heavy elements such as iridium come with additional 
complications, so the toolbox for the calculation of such spectra is 
reviewed. This includes the proper choice of a (quasi-) relativistic 
Hamiltonian, how to do the picture change correction that is required if 
two-component methods are used, and to which extent finite nuclear 
size effects need be considered. 

Different options have been tested against each other for a large set of 
iridium compounds, thus performing an internal consistency check of 
the theoretical methods. While Douglas-Kroll and exact quasi-
relativistic (X2C) calculations give virtually the same results, picture 
change correction is much easier for the latter. Once the (DFT) wave 
function has been calculated using extended (finite) nuclei, modeling 
finite nuclear size in the calculation of the Mössbauer parameters has 
little impact. Spin-orbit coupling seems to have little effect on the 
calculated isomer shifts, but can be very important for quadrupole 
splitting, depending on the iridium oxidation state. 

We compare results from calculations using the B3LYP (containing 
20% exact exchange) and PBE (pure DFT) functional since they are 
prominent representatives for their functional class. Differences seen 
here are larger than those discussed above. This again tells us that the 
problems of relativity have largely been solved for the theoretical 
treatment of heavy-element chemistry, and the biggest obstacle that 
remains is the good old electron correlation problem.  
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Digital-intellectual Materials Design 

Weiqiao Deng 

Shandong University, China  

dengwq@sdu.edu.cn 

To break through the limitations of traditional material design, a new 

paradigm of digital-intellectual materials design has been proposed [1], 

covering from basic theory, material design to synthesis and application. 

This approach leverages the integration of data, artificial intelligence, 

and human expertise, not only aiming for a deep integration of 

experimental and theoretical methods but also emphasizing 

purposefulness and efficiency. It is poised to accelerate future material 

development. Notably, this paradigm has achieved effective carbon 

dioxide capture and conversion at ambient conditions, addressing the 

high energy consumption of traditional methods, providing theoretical 

and technical foundations for low-energy carbon reduction, and 

offering potential solutions toward carbon neutrality. [2,3] 

Fig. 1 Digital-Intellectual design of materials. 

[1] Yang, L.; Sun, L.; Zhao, Y.L.; Sun, J.K.; Deng, Q.W.; Wang, H.L.; Deng, W.Q.

“Digital-intellectual design of microporous organic polymers” Phys. Chem.

Chem. Phys. 23 (2021), pp: 22835.

[2] Zhou, W.; Deng, Q.W.; Ren, G.Q.; Sun, L.; Yang, L.; Li, Y.M.; Zhai, D.; Zhou,

Y.H.; Deng, W.Q. “Enhanced carbon dioxide conversion at ambient conditions

via a pore enrichment effect” Nat. Commun. 11 (2020), pp: 4481.

[3] Sun, J.;  Tu, R.;  Xu, Y.;  Yang, H.;  Yu, T.;  Zhai, D.;  Ci, X.; Deng, W., Machine

learning aided design of single-atom alloy catalysts for methane cracking. Nat.

Commun. 15 (2024), pp: 6036.
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Reliable predictions of crystal structures entirely from

quantum mechanics

Krzysztof Szalewicz

University of Delaware

A 1988 Nature editorial stated that one of continuing scandals in physical sciences is inability

to predict crystal structures from the knowledge of the crystal monomer formula. A method

developed in our group not only provides reliable predictions, but makes such predictions

from first principles, i.e., not using any experimental information on the investigated sys-

tems. These predictions follow directly from quantum mechanics and can now be made for

monomers consisting of a hundred or so atoms. The reasons this progress was possible are

as follows. The inherent difficulty of crystal structure predictions (CSPs) stems from the

fact that a given molecule can crystallize in tens of thousands plausible structures, but only

a couple of them, in most cases just one, can be found experimentally. The vastness of this

configuration space is due to the complexity of intermolecular interaction potentials between

monomers (often called force fields, FF). The only FFs available in the 1980s and until re-

cently were empirical FF, fitted to experimental data. It turns out that these FFs, quite

successful in other applications, were not accurate enough for crystal structure predictions.

Ab initio based FFs (aiFFs) derived from first principles using the methodology developed

by our group are much more accurate and do provide reliable predictions. The main current

challenge is to enable reliable predictions for flexible monomers, i.e., monomers with several

soft degrees of freedom. This requires development of intramonomer aiFFs of much higher

accuracy than the empirical ones. The methodology applied in CSPs can be extended to

any soft condensed matter.
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Chemical stabilities of OLED materials in the excited states: 

A DFT study 

Dongwook Kim, Donggeon Kim 

Department of Chemistry, Kyonggi University 

dongwook-kim@kyonggi.ac.kr 

The device lifetime of organic light emitting diodes (OLEDs) is 

currently of high importance and is known to be affected significantly 

by chemical stability of ingredient organic semiconducting 

molecules.[1] However, the studies regarding such molecular chemical 

stabilities remain in their infancy. Furthermore, theoretical studies have 

been limited to calculate the bond dissociation energy of molecules of 

interest. 

In this presentation, we’ll discuss about our recent results on a 

theoretical evaluation of not only the bond dissociation energy but also 

the bond dissociation rate, in particular in the excited states. This will 

provide a critical judgement of bond dissociation energy as a decisive 

parameter for molecular chemical stabilities. In addition, we’ll also 

discuss the chemical stability from a more comprehensive perspective, 

considering the competition between bond dissociation and other 

plausible processes. [2]. 

[1] S. Scholz, D. Kondakov, B. Lussem, and K. Leo “Degradation Mechanisms

and Reactions in Organic Light-Emitting Devices” Chemical Reviews 115 (2015),

pp. 8449-8503 DOI: 10.1021/cr400704v

[2] D. Kim et al. “A density functional theory study on excited-state chemical

stabilities of organic semi-conducting materials for organic light emitting diodes:

A quest for reliable factors to assess their stabilities”. Submitted.
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Beyond VQE methods for quantum chemistry on quantum 

computers 

Kosuke Mitarai 

Graduate School of Engineering Science, Osaka University, Japan 

Quantum information and quantum biology center, Osaka University, 

Japan 

The Variational Quantum Eigensolver (VQE) has been a prominent 

approach for quantum chemistry calculations on quantum computers. 

However, its practicality is increasingly challenged by issues such as 

the large number of measurement shots required to achieve accurate 

results. In this talk, we explore alternative methods beyond VQE for 

quantum chemistry calculations. This includes our recent proposal, 

Quantum Selected Configuration Interaction (QSCI) [1], as well as 

other techniques that leverage fault-tolerant quantum computing to 

enhance the accuracy and efficiency of chemistry calculations. 

[1] Keita Kanno, Masaya Kohda, Ryosuke Imai, Sho Koh, Kosuke Mitarai,

Wataru Mizukami, and Yuya O. Nakagawa. "Quantum-Selected Configuration

Interaction: classical diagonalization of Hamiltonians in subspaces selected by

quantum computers." arXiv:2302.11320 (2023).
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Quantum computational chemistry 

Xiao Yuan 

Peking University 

xiaoyuan@pku.edu.cn 

One of the most promising suggested applications of quantum 

computing is solving classically intractable chemistry problems. This 

may help to answer unresolved questions about phenomena such as 

high temperature superconductivity, solid-state physics, transition 

metal catalysis, and certain biochemical reactions. Quantum 

computational chemistry is rapidly emerging as an interdisciplinary 

field between quantum computing and computational chemistry. This 

talk provides a brief introduction to major algorithms in quantum 

computational chemistry. After introducing the preliminaries, we 

review the universal algorithms with a fault-tolerant quantum computer 

and the variational algorithms with near-term quantum hardware for 

solving the electronic structure. We also discuss challenges of 

implementing these algorithms and opportunities of realizing quantum 

advantage in computational chemistry. 
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A general quantum algorithm for simulating open quantum 
dynamics 

Zixuan Hu 

University of Science and Technology of China 

huzx@ustc.edu.cn 

Open quantum dynamics describes the time evolution of a system 
interacting with an environment and has important applications in 
physical chemistry, materials science, applied physics, etc. Despite its 
importance, there are relatively few developments of quantum 
algorithms for simulating open quantum dynamics, and a main 
challenge is to design a general quantum algorithm for physical models 
beyond the 2-level system and Markovian systems. To this end, we 
present such a general quantum algorithm based on the mathematical 
theory of unitary dilation. Initially demonstrated with a 2-level 
Markovian system (Scientific Reports, 10, 3301, 2020), this algorithm 
was then applied to a non-Markovian system (Physical Review 
Research 3, 013182, 2021). Recently, this quantum algorithm was 
generalized to simulating the dynamics of the Fenna-Matthews-Olson 
(FMO) complex (Quantum 6, 726, 2022) and the avian compass 
mechanism (J. Phys. Chem. Lett. 14, 3, 832, 2023), which demonstrated 
the ability of the algorithm to simulate the dynamics of complex 
biological systems. 
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GPU Acceleration in PySCF
Qiming Sun  1  , Xiaojie Wu2, Rui Li3, Xing Zhang3, Garnet Chan3

1Qunatum Engine, LLC
2ByteDance Research, USA

3Division of Chemistry and Chemical Engineering, California
Institute of Technology

osirpg.sun@gmail.com

The  GPU4PySCF  project  (https://github.com/pyscf/gpu4pyscf)
integrates GPU acceleration into the PySCF package. The 1.0 release
of this package features the GPU-accelerated Hartree-Fock (HF) and
Density  Functional  Theory  (DFT)  calculations,  along  with  their
nuclear gradients and Hessians [1,2]. The computation of two-electron
repulsion  integrals  (ERIs)  is  efficiently  handled  using  the  Rys
quadrature algorithm for up to g-type Gaussian basis functions. This
GPU  implementation  achieves  a  significant  performance
enhancement,  offering  a  speedup  ranging  from 500  to  2000  times
compared to traditional PySCF runs on a pure CPU setup. The project
ensures  full  compatibility  with  the  existing  PySCF APIs,  allowing
users  to  activate  GPU  acceleration  seamlessly  using  the  same
codebase  developed  for  the  CPU  version.  This  package  is  now
available on PyPI, ready for installation and use as a standard Python
package. In this presentation, we will explore the design, techniques,
and features available in the GPU4PySCF project.

[1] X. Wu, Q. Sun, and et cl. “Enhancing GPU-acceleration in the Python-based
Simulations of Chemistry Framework”. arXiv:2404.09452.

[2] R. Li, Q. Sun, X. Zhang, and G. K. Chan. “Introducing GPU-acceleration into
the Python-based Simulations of Chemistry Framework”. arXiv:2407.09700.
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Target State Optimization Density Functional Theory 

Jun Zhang 

Institute of Systems and Physical Biology, Shenzhen Bay Laboratory 

Target state optimization density functional theory (TSO-DFT) is a powerful self-consistent 

field method for studying electronic excited and diabatic states. Its essential idea is to divide 

the molecular orbitals into different subspaces according to the properties of the target 

excited or diabatic state. In the self-consistent field optimization, orbitals belonging to 

different subspaces do not mix and are not orthogonal. Unlike the traditional ΔSCF method, 

TSO-DFT does not collapse back to the ground state, low-lying excited state or adiabatic 

state. The TSO method has been applied to many different types of practical chemical 

problems. For the valence excited states of organic compounds, the vertical excitation 

energies calculated by TSO-DFT and time-dependent density functional theory (TD-DFT) 

have similar accuracy, while TSO-DFT has a clear advantage in adiabatic excitation energies; 

for core electronic excitations, doubly excited states and charge transfer excited states, TSO-

DFT performs significantly better than the TD-DFT method in both qualitative and 

quantitative results. In particular, the TSO-DFT method was used to study the relationship 

between the coupling and distance between the two excited states of the light-harvesting 

compounds in photosynthetic system II, successfully explaining the mechanism of the change 

in light absorption behavior observed in the experiment. In the diabatic calculation, TSO-DFT 

can clearly define the charge and spin of molecular fragments, which can be used for energy 

decomposition of the excitation or energy transfer processes. TSO-DFT has been 

implemented in the computational chemistry software Qbics developed by us, which can be 

a powerful tool for chemists. 

Reference: 

1. Tang, Z.; Zhu, H.; Pan, Z.; Gao, J.; Zhang, J. Phys. Chem. Chem. Phys. 2024, 26, 17549-

17560.

2. Hettich, C.; Zhang, X.; Kemper, D.; Zhao, R.; Zhou, S.; Lu, Y.; Gao, J.; Zhang, J.; Liu, M. JACS 

Au 2023, 3, 1800-1819.

3. Zhao, R.; Christian, H.; Zhang, J.; Liu, M.; Gao, J. J. Phys. Chem. Lett. 2023, 14, 2917-2926.

4. Zhang, J.; Tang, Z.; Zhang, X.; Zhu, H.; Zhao, R.; Lu, Y.; Gao, J. J. Chem. Theory Comput. 

2023, 19, 1777-1789.

5. Ruan, M.; Li, H.; Zhang, Y.; Zhao, R.; Zhang, J.; Wang, Y.; Gao, J.; Wang, Z.; Wang, Y.; Sun,

D.; Ding, W.; Weng, Y. Nat. Plant 2023, 9, 1547-1557.
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A molecular dynamics simulation software for polymers 

You-Liang Zhu* 

a State Key Laboratory of Supramolecular Structure and Materials, College of Chemistry, Jilin 

University, Changchun, 130012, China 

E-mail address: youliangzhu@jlu.edu.cn

Abstract 

It is a daunting challenge to simulate polymers by molecular dynamics (MD) simulations due to 

the large size and long relaxation time of polymer chains. Combining coarse-grained models and 

GPU-accelerated computation, we develop a software for the large-scale MD simulations of 

polymers. The name of software is PYGAMD (Python GPU-Accelerated Molecular Dynamics 

Software, http://pygamd.com/). It integrates modeling, dynamic simulation engine, property 

analysis modules with 9 innovative simulation methods. Taking dynamic bond model as an 

example, we show how to employ MD simulation method to reveal the mechanism of enhancing 

the mechanical properties of polymers by hydrogen or coordinate bond interactions. 

Reference 

1. S. Zhang, Y.-L. Zhu*, J. Chen* and S. C. Tan* et al., Nat. Electron. 6, 338, 2023

2. S. Zhang, Y.-L. Zhu*, J. Chen* and S. C. Tan* et al., Adv. Mater. 2207916, 2023.

3. Z. Li#, Y.-L. Zhu#, X. Liu* et al., Adv. Mater., 33, 2101498, 2021.

4. Y.-L. Zhu, H.-Y. Zhao, C.-L. Fu, Z.-W. Li, Z.-Y. Sun*, Nanoscale, 12, 22107, 2020.

5. Y.-L. Zhu, Z.-Y. Sun*, Z.-Y. Lu* et al., J. Phys. Chem. Lett., 11, 9952, 2020.

6. 朱有亮，吕中元；软件：GALAMOST，著作权号：2020SR0599722.
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Improving the Accuracy of Density Functional Theory via Δ-learning and Machine-

learning Exact Exchange-correlation Functional 

GuanHua Chen 

Department of Chemistry, The University of Hong Kong, Hong Kong, China; Hong Kong Quantum 

AI Lab Limited, Hong Kong, China 

Abstract 

Density-functional theory (DFT) is a cornerstone of modern computational chemistry. 

Specifically, Kohn-Sham DFT greatly reduces computational costs by focusing on the real-

space electron density rather than the many-body wavefunction in a higher-dimensional space. 

However, the catch is that the exchange-correlation (XC) functional in Kohn-Sham equation is 

unknown and needs to be approximated. This leads to the errors that are too large to be 

predictive. We proposed and developed two approaches to address this problem, i.e., Δ-learning 

technique to calibrate the results of conventional DFT, and machine learning (ML)-based XC 

functional. 

As approximated XC functional leads to systematic error, a simple ML model with a little extra 

information will be capable for calibrating the less precise results to better counterparts. Δ-

learning is thus designed to learn this error with a small amount of data. Our pioneering work 

back in 2003 proposed a framework, proving that as simple as a one-hidden-layer neural 

network, together with several molecular descriptors, is enough for calibrating DFT-level 

results to experimental level. Later in 2022, we replaced the time-consuming DFT calculation 

with a graph neural network, enabling the prediction of experimental-level heat of formation 

in nearly no time. Δ-learning method has also been applied to calibrate photophysical properties, 

open circuit voltages of lithium-ion batteries, etc. 

Another solution to improve the accuracy of DFT is to find a better XC functional. In 2004, we 

refined the three hybrid parameters of B3LYP XC functional to make them depend on 

molecular descriptors included the number of electrons, dipole moment, quadrupole moment, 

kinetic energy, and spin multiplicity. The functional exhibits a remarkable alignment with 

experimental data. Thanks to the holographic electron density theory, in 2019, we further 

developed a deep-learning-based algorithm that maps quasi-local electron densities to the exact 

XC potential. This approach not only showed excellent performance on both the training and 
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validation set, but also exhibited transferability and could describe van der Waals interaction. 

It is shown further that this approach also gives correct dissociation behaviour where 

conventional DFT functional fails. 

[1] “Combined first-principles calculation and neural-network correction approach for heat

of formation”, L.H. Hu, X.J. Wang, L.H. Wong, G.H. Chen, J. Chem. Phys. 119, 11501 (2003). 

[2] “Predicting experimental heats of formation via deep learning with limited

experimental data”, G.Y. Yang, W.Y. Chiu, J. Wu, Y. Zhou, S.G. Chen, W.J. Zhou, J. Fan, G.H. 

Chen, J. Phys. Chem. A 126, 6295 (2022). 

[3] “Predictions of photophysical properties of phosphorescent platinum(II) complexes

based on ensemble machine learning approach”, S. Wang, C.Y. Yam, S.G. Chen, L.H. Hu, L.P. 

Li, F.F. Hung, J.Q. Fan, C.M. Che, G.H. Chen, J. Comput. Chem. 45, 321 (2024). 

[4] “A generalized exchange-correlation functional: the Neural-Networks approach”, X.

Zheng, L.H. Hu, X.J. Wang, G.H. Chen, Chem. Phys. Lett. 390, 186 (2004). 

[5] “Toward the exact exchange-correlation potential: a three-dimensional convolutional

neural network construct”, Y. Zhou, J. Wu, S.G. Chen, G.H. Chen, J. Phys. Chem. Lett. 10, 

7264 (2019). 
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A Data Driven Robotic AI-Chemist 

Jun Jiang 

University of Science and Technology 

Email: jiangj1@ustc.edu.cn 

The realization of automated chemical experiments by robots unveiled 

the prelude of artificial intelligent laboratory. We have recently built a 

robotic AI-chemist system that is capable of proposing scientific 

hypothesis after reading/disgusting existing literature, executing a full 

set of experiments (synthesis, characterization, and performance testing) 

for multiple chemical tasks, and building predictive models based on 

theoretical calculations and experimental data feedback, allowing to 

propose new hypothesis for next optimizing iteration. Over 20 distinct 

models and a set of 60 instructions have been developed to facilitate the 

collaboration of 3 types of robotics across 39 self-developed chemical 

stations. Within this system, over 100 experiments are conducted daily. 

The scope of research encompasses various fields, including 

photocatalysis, functional molecules, and energy materials, resulting in 

a thousand-fold increase in research and development efficiency. 

Concurrently, more than 2000 computational tasks and 10000 entries 

are processed simultaneously, with the entire life cycle of samples 

meticulously documented. Optimization algorithms, such as Bayesian 

methods, are integrated to enable autonomous research, while 15 

models—encompassing text, graphs, tables, and classifications—are 

employed in the high-throughput scientific archiving process, which 

provides a robust foundation of data, essential for recommending 

experimental workflows. With the help of computations, AI chemist 

has the ability to find the optimal result beyond the chemical space 

covered by the experiments. It means that we have created a robotic AI 

chemist that is capable of executing all-round chemical research with 

data driven intelligence. In the future, the more advanced all-round AI-

Chemists equipped with scientific data intelligence may cause changes 

to chemical R&D. 
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Figure 1. Three basic components of the robotic AI-Chemist system 

[1] Q. Zhu, Y. Huang, D.L. Zhou, L.Y. Zhao, L.L. Guo, R.Y. Yang, Z.X. Sun, M.

Luo, F. Zhang, H.Y. Xiao, X.S. Tang, X.C. Zhang, T. Song, X. Li, B.C. Chong,

J.Y. Zhou, Y.H. Zhang, B.C. Zhang, J.Q. Cao, G.Z. Zhang, S. Wang, G.L. Ye,

W.J. Zhang, H.T. Zhao, S. Cong, H.R. Li, L.L. Ling, Z. Zhang, W.W. Shang*, J.

Jiang*, Y. Luo*, Automated synthesis of oxygen-producing catalysts from

Martian meteorites by a robotic AI chemist, Nature Synthesis (2023) DOI :

10.1038/s44160-023-00424-1.

[2] Q. Zhu, F. Zhang, Y. Huang, H.Y. Xiao, L.Y. Zhao, X.C. Zhang, T. Song,

X.S. Tang, X. Li, G. He, B.C. Chong, J.Y. Zhou, Y.H. Zhang, B.C. Zhang, J.Q.

Cao, M. Luo, S. Wang, G.L. Ye, W.J. Zhang, X. Chen, S. Cong, D.L. Zhou, H.R.

Li, J.L. Li, G. Zou, W.W. Shang*, J. Jiang*, Y. Luo*, An all-round AI-Chemist

with scientific mind, Natl. Sci. Rev. 9 (2022) nwac190.
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Active Learning for Surface Adsorption Chemistry 
Milica Todorović 

Department of Mechanical and Materials Engineering, 
University of Turku, Finland 

milica.todorovic@utu.fi 

Organic adsorbates at inorganic substrates play a key role in 
technologies ranging from catalysis to sensing. Their functionality is 
critically determined by the native adsorption configurations, which can 
be determined by simulations but often at prohibitive computational 
cost.  Adsorbate search can be accelerated with active machine learning 
algorithms, where configurations are sampled on-the-fly in the search 
for optimal structures.  

We encoded such a probabilistic algorithm into the Bayesian 
Optimization Structure Search (BOSS) Python tool [1]. BOSS relies on 
a statistical surrogate model of chemical properties to make smart 
decisions on sampling relevant adsorption configurations. We applied 
it to learn global energy landscapes and perform atomistic structure 
search [1] for surface adsorbates, ligand-protected clusters and thin film 
growth with modest dataset sizes. With recent multi-objective and 
multi-fidelity implementations, we can make use of different 
information sources to learn adsorption structures and properties at 
much reduced computational costs. 

Figure 1. Active learning atomistic structure search for a) surface 
adsorbates, b) thin film growth and c) ligand-protected clusters.

[1] M. Todorović, M. U. Gutmann, J. Corander, P. Rinke, npj Comput. Mater., 5,
35 (2019) [www.utu.fi/boss]
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Green's function methods for quantum chemistry 

Pierre-Francois LOOS 

Laboratoire de Chimie et Physique Quantiques, IRSAMC, UPS/CNRS, 

Toulouse, France. 

loos@irsamc.ups-tlse.fr 

In this talk, I will discuss our recent developments in computational 

chemistry methods employing the one- and two-body Green's functions 

(or propagators) [1,2]. In particular, new developments around the GW 

approximation of the one-body propagator will be presented [3-6]. 

Anomalous propagators and the particle-particle channel of the Bethe-

Salpeter equation formalism will also be introduced and discussed [7,8]. 

[1] R. Quintero-Monsebaiz, E. Monino, A. Marie, and P. F. Loos. J. Chem. Phys.

157, 231102 (2022).

[2] P. F. Loos and X. Blase. J. Chem. Phys. 153, 114120 (2020).

[3] E. Monino and P. F. Loos. J. Chem. Phys. 156, 231101 (2022).

[4] A. Marie and P. F. Loos. J. Chem. Theory Comput. 19, 3943 (2023).

[5] R. Orlando, P. Romaniello, and P. F. Loos. J. Chem. Phys. 159, 184113 (2023).

[6] P. F. Loos and P. Romaniello. J. Chem. Phys. 156, 164101 (2022).

[7] A. Marie, P. Romaniello, and P. F. Loos. Phys. Rev. B (submitted)

arXiv:2406.07062.

[8] A. Marie, N. Mandin, P. Romaniello, X. Blase and P. F. Loos. (in preparation).
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Resolving shortcomings of CCSD(T) theory for metals and 

large molecules 

A. Grüneis, A. Irmler, T. Schäfer, N. Masios and A. Gallo

Institute for Theoretical Physics, TU Wien, 1040 Vienna, Austria 

andreas.grueneis@tuwien.ac.at 

Coupled-cluster theories can be used to compute electronic correlation 

energies of real materials with systematically improvable accuracy. 

However, the widely used coupled cluster singles and doubles plus 

perturbative triples [CCSD(T)] method is only applicable to insulating 

materials. For zero-gap materials the truncation of the underlying 

many-body perturbation expansion leads to diverging correlation 

energies, also known as infrared catastrophe. We present a novel 

perturbative triples formalism denoted as (cT) that yields convergent 

correlation energies in metallic systems [1]. Furthermore, we show that 

this approach resolves previously reported discrepancies for interaction 

energies of large molecules between CCSD(T) and quantum Monte 

Carlo calculations [2]. 

[1] N. Masios, A. Irmler, T. Schäfer and A. Grüneis. “Averting the Infrared

Catastrophe in the Gold Standard of Quantum Chemistry”. Physical Review Letters

131 (2023), 186401. DOI: 10.1103/PhysRevLett.131.186401.

[2] T. Schäfer, A. Irmler, A. Gallo and A. Grüneis. “Understanding Discrepancies of

Wavefunction Theories for Large Molecules”. arxiv:2407.01442 (2024). DOI:

10.48550/arXiv.2407.01442.
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Diabatic electronic-structure theory: method development 
and its applications in analyzing chemical reactivity 

Zhenhua Chen 

Fujian Provincial Key Laboratory of Theoretical and Computational 
Chemistry, and College of Chemistry and Chemical Engineering, Xiamen 

University, Xiamen, Fujian 361005, China 

Email: zhhchen@xmu.edu.cn 

Abstract 

In recent years, we developed several ab initio quantum chemistry methods to construct 

diabatic states with specific charge distribution characters and bonding patterns. These 

methods can be applied to study the chemical reactivity of several typical reactions in 

the diabatic representation with the evaluated diabatic properties, including electronic 

coupling, dipole moment etc.  

References 

[1] Lin, X.; Liu, X.; Ying F.; Chen Z.; Wu W., J. Chem. Phys. 2018, 149, 044112.

[2] Ren, M.; Ma, B.; Chen, Z.; Wu, W., J. Phys. Chem. Lett. 2019, 10, 5868.

[3] Chen Z.; Wu W., J. Chem. Phys. 2020, 153, 090902.

[4] Chen, Z.; Song, J.; Chen, X.; Zhou, C.; Wu, W., Acc. Chem. Res. 2021, 54, 3895.

[5] Ren, M.; Liu, X.; Zhang, L.; Lin, X.; Wu W.; Chen, Z., J. Chem. Phys. 2022, 157,

084106.

[6] Zeng, C.; Li, Y.; Zheng, H.; Ren, M.; Wu, W.; Chen, Z., Phys. Chem. Chem. Phys.

2024, 26, 6524.
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Towards efficient calculations of strongly correlated systems 
with Natural Orbital Functional Theory

Juan Felipe Huan Lew-Yee  1  , Mario Piris1,2,3

1Donostia International Physics Center, Basque Country, Spain
2Kimika Fakultatea, Euskal Herriko Unibertsitatea, Donostia, Spain

3IKERBASQUE, Basque Foundation for Science, 48013 Bilbao, Spain

felipe.lew.yee@dipc.org, mario.piris@ehu.eus

In this work, we present the recent advances in Piris natural orbital 
functionals (PNOF) as implemented in the DoNOF software,[1] which 
enables  affordable  calculations  of  strongly  correlated  systems  at 
fourth-order scaling. The energy is an exact and known functional of 
the  second-order  reduced  density  matrix.  PNOF  harnesses  this 
functional by providing an approximate reconstruction in terms of the 
natural orbitals and the occupation numbers. Furthermore, the most 
recent global NOF has shown good results in systems with static and 
dynamic correlation [2], and a recently revamped convergence scheme 
has  allowed  us  to  reach  practical  systems  such  as  polyacenes  and 
fullerenes. Finally, we will explore the extension of PNOF to excited-
state calculations [3] and to molecular dynamics simulations [4].

Figure 1. HONO of the 12-acene computed with PNOF in DoNOF.

[1] M. Piris, and I. Mitxelena, Comput. Phys. Commun. 259, 107651 (2021).
DOI:10.1016/j.cpc.2020.107651

[2] Piris, Phys. Rev. Lett. 127(23), 233001 (2021).
DOI:10.1103/PhysRevLett.127.233001

[3] J.F.H. Lew-Yee, I.A. Bonfil-Rivera, M. Piris, and J. M. del Campo, J. Chem. Theory
Comput. 20(5), 2140–2151 (2024). DOI: 10.1021/acs.jctc.3c01194

[4] A. Rivero Santamaría, and M. Piris, J. Chem. Phys. 160(7), (2024).
DOI:10.1063/5.0188491
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TDDFT/TDHF Methods Based on Non-Orthogonal Localized 

Molecular Orbitals and It’s Applications 

Feng Long Gu 

Key Laboratory of Theoretical Chemistry of Environment, Ministry of Education; School of 

Environment, South China Normal University, Guangzhou, 510006, China; E-mail: 

gu@scnu.edu.cn 

Abstract 

Progress on the computational methods based on non-orthogonal localized molecular 

orbitals (NOLMO) is presented[1-4]. Time-dependent coupled perturbed Hartree-Fock 

and time-dependent DFT approaches based on non-orthogonal localized molecular 

orbitals (NOLMO) have been presented and used for calculating 

(hyper)polarizabilities of large molecules. In the presence of an external electric field, 

the wave function and SCF operator of an unperturbed NOLMO SCF 

wavefunction/orbitals are expanded to different orders of perturbations. The 

corresponding NOLMO-TDHF equations till the third order have been derived, which 

are different from those of a conventional TDHF equations because of the release of 

the orthogonal restrictions on molecular orbitals. The ways how to solve TDHF 

equations on NOLMOs are given. The program has been implemented with several 

chemical systems used to verify our method. This work represents the first step 

towards efficient calculations of molecular response and furthermore the excitation 

properties with NOLMOs. 

[1] L. Peng, F. L. Gu, and W. Yang, “Effective Preconditioning for Ab Initio Ground

State Energy Minimization with Non-Orthogonal Localized Molecular Orbitals”, Phys.

Chem. Chem. Phys. 2013, 15, 15518.

[2] Sh. Li, L. Hu, L. Peng, W. Yang, F. L. Gu, “Coupled-Perturbed SCF Approach for

Calculating Static Polarizabilities and Hyperpolarizabilities with Nonorthogonal

Localized Molecular Orbitals”, J. Chem. Theory Compt., 2015, 11, 923.

[3] D. Peng, Sh. Li, L. Peng, F. L. Gu, and W. Yang, “Time-Dependent Coupled
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Perturbed Hartree−Fock and Density-Functional-Theory Approach for Calculating 

Frequency-Dependent (Hyper)Polarizabilities with Nonorthogonal Localized 

Molecular Orbitals”, J. Chem. Theor. Comput. 2017, 13, 4101.  

[4] L. Peng, D. Peng, F. L. Gu, and W. Yang, “Regularized Localized Molecular

Orbitals in a Divide-and-Conquer Approach for Linear Scaling Calculations”, J. Chem.

Theor. Comput. 2022, 18, 2975.
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Minimally empirical double hybrids: A status update 

GOLOKESH SANTRA1,2 NISHA MEHTA,1,3 EMMANOUIL SEMIDALAS,1 and JAN M.L. MARTIN1 

1Weizmann Institute of Science, 234 Herzl Street, Reḥovot, Israel 
2 Present address: Max-Planckinstitut für Kohlenforschung, Kaiser-Wilhelmstrasse 1, 

Mülheim a/d Ruhr, Germany 
2Weizmann Institute of Science, 234 Herzl Street, Reḥovot, Israel 

3University of Melbourne, Victoria, Australia 
gershom@weizmann.ac.il 

ABSTRACT 

Minimally empirical double hybrid DFT (see [1] for a review) has emerged as an 

middle road between WFT and hybrid DFT that achieves accuracy near WFT at a 

computational cost not much greater than conventional hybrid DFT (for small and 

medium molecules). “Minimal empiricism” eschews the extremes of both radically 

empirical “quasi-machine learning” on the one hand, and nonempirical purism on 

the other: adjustable parameters are used sparingly and only when statistically 

significant beyond any doubt. The first and most widely used such functional, revDSD-

PBEP86 [2], was competitive with the best double hybrid thus far, ωB97M(2) [3], but 

with one-third the number of adjustable parameters. Various avenues for further 

improvement have been explored, culminating in Refs.[4,5]. The RI-MP2 step 

dominates computational cost for large systems (≿100 nonhydrogen atoms), but 

here PNO-MP2-F12 approaches [6] offer succor. 
 

References 

[1] Martin, J.M.L.; Santra, G. Empirical Double-Hybrid Density Functional Theory: A 

‘Third Way’ in Between WFT and DFT. Isr. J. Chem. 2020, 60, 787-804. 

[2] Santra, G.; Sylvetsky, N.; Martin, J.M.L. Minimally Empirical Double Hybrid 

Functionals Trained Against the GMTKN55 Database: revDSD-PBEP86-D4, 

revDOD-PBE-D4, and DOD-SCAN-D4, J. Phys. Chem. A 2019, 123, 5129-5143 

[3] Mardirossian, N.; Head-Gordon, M. Survival of the most transferable at the top 

of Jacob’s ladder: Defining and testing the ωB97M(2) double hybrid density 

functional.  J. Chem. Phys. 2018, 148, 241736. 

[4] Santra, G.; Semidalas, E.; Martin, J.M.L. Surprisingly Good Performance of XYG3 

Family Functionals Using Scaled KS-MP3 Correlation. J. Phys. Chem. Lett. 2021, 12, 

9368-9376. 
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on good local physics with outstanding performance on the GMTKN55 database.

J. Chem. Phys. 2023, 158, 151103.

[6] Mehta, N.; Martin, J.M.L. Reduced-scaling double hybrid DFT with rapid basis set

convergence through localized pair natural orbital F12, J. Phys. Chem. Lett. 2022,
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 AIDD and drug candidates by super-computing: Anti-Aging, Cancer and Covid-19 

 Dong-Qing Wei 

State Key Lab. Of Microbial Metabolism and College of Life Science and Biotechnology, 

Shanghai Jiaotong University, Shanghai 200240, China 

dqwei@sjtu.edu.cn 

Identifying drug-target interactions (DTIs) is an important step for drug discovery and drug 

repositioning(BIB 2019,2020,2021,2022). To reduce the experimental cost, many computational 

approaches have been developed by our team, for example, deep forest, multi-label learning and graph 

deep neural networks.   Moreover, we updated the gold standard data set by adding 15,000 more 

positive DTI samples in comparison to the data set, which has widely been used by most of previously 

published DTI prediction methods since 2008. The proposed methods/models are applied to both data 

sets, demonstrating its superiority over other machine learning methods and several existing methods. 

Another parallel development in designing and screening bioactive peptides against various gene 

targets for different diseases（Nature MI 2022）. Human leukocyte antigen (HLA) can recognize 

and bind foreign peptides to present them to specialized immune cells, then initiate an immune 

response. Computational prediction of the peptide and HLA (pHLA) binding can speed up 

immunogenic peptide screening and facilitate vaccine design. However, there is a lack of an 

automatic program to optimize mutated peptides with higher affinity to the target HLA allele. Here, 

to fill this gap, we develop the TransMut framework—composed of TransPHLA for pHLA binding 

prediction and an automatically optimized mutated peptides (AOMP) program—which can be 

generalized to any binding and mutation task of biomolecules. First, TransPHLA is developed by 

constructing a transformer-based model to predict pHLA binding, which is superior to 14 previous 

methods on pHLA binding prediction and neoantigen and human papilloma virus vaccine 

identification. For vaccine design, the AOMP program is then developed by exploiting the attention 

scores generated by TransPHLA to automatically optimize mutated peptides with higher affinity to 

the target HLA allele and with high homology to the source peptide. The proposed framework may 

automatically generate potential peptide vaccines for experimentalists.     

In searching for drug candidates against COVID-19, we propose a new nonlinear end-to-end model 

called LUNAR(BIB 2022). It uses graph convolutional neural networks to automatically learn the 

neighborhood information of complex heterogeneous relational networks and combines the attention 

mechanism to reflect the importance of the sum of different types of neighbourhood information to 

obtain the representation characteristics of each node.  These AIDD tools are used to screening drug 

candidates of various kinds combing structural based atomic simulations. Some promising molecules 

have been found.   An active compound kaempferol from the Traditional Chinese Medicine (TCM) 

was found to be an inhibitor of the main protease.  It was found that kaempferol (62.50–125.00 μg/ml, 

IC50 31.25 μg/ml) significantly abridged the CPE instigated by an infection in Vero E6 cells, which 

indicates it could be a promising SARS-CoV-2 antiviral drug.  
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   Intestinal epithelium encounters trillions of microorganisms, including various viruses. To cope 

with the microbial threat, intestinal cells have evolved to produce antimicrobial peptides, including 

HD5(Gastroenterology 2020), which is a lectin-like peptide able to bind lipids and glycosylated 

proteins. In this study, we found by large scale simulations a structure-dependent interaction between 

HD5 and ACE2.The binding of HD5 to ACE2 cloaked several sites in the ligand-binding domain, 

among which Asp30and Lys31 are crucial for SARS-CoV spike to bind ACE2. Accordingly, SARS-

CoV-2 S1 binding and S pseudovirions entry to enterocytes were inhibited by HD5. To our 

knowledge, this is the first study demonstrating the innate defense function of human intestine against 

SARS-CoV-2. Our finding is a reasonable explanation to the clinical phenomenon that few intestinal 

symptoms are observed inpatients with COVID-19.  HD5 also inhibited SARS-CoV-2S 

pseudovirions entry to human renal proximal tubularepithelial cells, demonstrating an extensive 

protection of HD5. For the shortage of effective drugs to prevent and treat COVID-19, we think that 

it may be a useful strategy to increase the content of HD5 in vivoby oral administration. This work 

was recommended by Prof. Jens-Michael Schröder in Faculty Opinions: “They identified the lectin-

like antimicrobial and antiviral enteric alpha-defensin HD5 as the effector molecule of the gut’s innate 

defense system towards SARS-CoV-2 infection. These findings may suggest a new option to prevent 

or treat COVID-19 either by using HD5 as a therapeutic or by stimulating endogenous HD5 

synthesis”(Gastroenterology 2020). 

    The rare event dynamics simulations can be also be used to understand, for example antivirus drug 

by calculating the kinetic and thermodynamic free energy profiles on the drug binding sites in the M2 

proton channel. Our results give a theoretical framework to interpret and reconcile existing and often 

conflicting results regarding these two binding sites, thus helping to expand our understanding of M2 

drug binding, and may help guide the design and screening of novel drugs to combat the virus (JACS, 

2011). 

 Although my research is related to AI and computation, I was able to get involved in translation 

medicine due to our discovery of wgx-50, a new agonist of a membrane protein, α7nAChR, which is 

extracted from the Sichuan pepper, a result from extensive so called network pharmacology based in 

AIDD. Extensive experimental studies show  it could combine with α7nAChR on nerve cells, induce 

depolymerization of Aβ, inhibit Aβ-induced neurocyte apoptosis, and suppress the release of TNF-

αand IL-1β from microglia. In vivo experiments showed that it could improve the cognition ability 

in APP-Transgenic Mice. These results suggest that wgx50 is a promising drug candidate for AD 

treatment.  Anti-aging potential was explored with C. elegans and mouse model, the life span are 

significant increased, about 30% and 100% respectively.   Mouse models were also used to evaluated 

the potential cardio-protective effect of wgx-50. It is found that it effectively reduces iron 

accumulation, preserves mitochondrial function, regulates lipid metabolism, and maintains cell redox 

status, thereby protecting cardiomyocytes from DOX-induced ferroptosis.   

Brief Biograph 
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Dr. Dong-Qing Wei, FRSC,  is a distinguished Professor of Bioinformatics at College of Life 

Science, Shanghai Jiaotong University and editor-in-chief of “Interdisciplinary Sciences- 

Computational Life Sciences”. Over the past forty decades he has made many grand breaking 

contributions to the development of bioinformatics/AI drug design techniques and their 

interdisciplinary applications to systems of ever-increasing complexity. He is best known for 

contributions to the development of molecular simulation and AI tools with applications to a wide 

range of chemical, physical and biological systems, from electrolytes, to polar liquids, to 

ferroelectric liquid crystals, to combined Quantum Mechanical/Molecular Mechanical (QM/MM) 

systems, to membrane proteins, protein-ligand and protein-protein complexes applied to computer 

aided drug design. His most important contributions in sciences are exemplified by the discovery of 

ferroelectric nematic liquids crystals, the first complete ab initio MD simulation of explosion 

(nitromethane), and anti-aging and anti-AD drug candidate WGX-50. Prof. Wei published more 

than 600 papers, 11 monographs with more than 16000 SCI citations, a h-index of 69 and i10-index 

330. He was invited to give invited and plenary talks in more than 100 conferences, he also

organized more than 20 national/international conferences, for example, Theory and Computational 

Chemistry(ACC2008), 2021 National Bioinformatics Conference, AI and Precision Medicine(2017-

2018)， and International Conference on Computational and System Biology(ICCSB)(2009-2015), 

among others. 
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Ab initio molecular dynamics simulation of fullerene-like and 
graphene-like uranyl materials 

Han-Shi Hu 

Department of Chemistry and Engineering Research Center of 
Advanced RareEarth Materials of Ministry of Education, Tsinghua 

University, Beijing 100084, China. 

hshu@mail.tsinghua.edu.cn 

Uranium is a common f-block actinide element in nature, playing an 
indispensable role in the nuclear industry, energy, military and other 
fields. Uranium oxide UO22+ is the most common compound composed 
of uranium. This work takes the topological structural similarity 
between U60 and fullerene carbon cluster C60 as the starting point. 
Through analogy analysis, it is found that the sp2 hybrid orbital form of 
carbon atoms in fullerene C60 is similar to the coordination environment 
of uranyl equatorial plane in U60, which further illustrates the similarity 
in electronic structure between uranyl and sp2 hybridized carbon atoms. 
By using the latest developed actinide pseudopotential and basis set, it 
is theoretically predicted that the graphene-like two-dimensional uranyl 
material has dynamic and thermodynamic stability, and is expected to 
be further synthesized in the laboratory. In addition, theoretical studies 
have shown that there is a one-dimensional antiferromagnetic 
Heisenberg chain composed of superoxide (O2-) 2p orbitals in 
graphene-like two-dimensional uranyl materials. The stability 
mechanism of the one-dimensional antiferromagnetic Heisenberg chain 
can be explained by the 2pp*–5fd–2pp* superexchange interaction model. 
This article expands the design of graphene-like two-dimensional 
materials from s-block and d-block elements to f-block actinides, 
enriching the research field of two-dimensional materials and 
promoting the potential application of 2p orbital antiferromagnetic 
electronic device materials. 

[1] X.-C. Xu, J.-J. Song,* H.-S. Hu,* “Enhanced Hydrogen Bonds of the (H2O)n (n
= 4–8) Clusters Confined in Uranyl Peroxide Cluster Na20(UO2)20(O2)30” Inorg.
Chem. 2023, 62, 12308-12316.

[2] X.-K. Zhao, C.-S. Cao, J.-C. Liu, J.-B. Lu, J. Li, H.-S. Hu,* “Theoretical
prediction of a graphene-like 2D uranyl material with p-orbital
antiferromagnetism” Chem. Sci. 2022, 13, 8518-8525.

[3] H. S. Hu, N. Kaltsoyannis,* “High Spin Ground States in Matryoshka Actinide
Nanoclusters: A Computational Study”, Chem. Eur. J. 2018, 24, 347-350.
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Long Short-Term Memory Networks for Surface Hopping 
Dynamics Simulations of Photochemical Reactions 

Lin Shen, Diandong Tang, Zhenxing Zhu, Shuai Li, Wei-Hai Fang 

Key Laboratory of Theoretical and Computational Photochemistry of 
Ministry of Education, College of Chemistry, Beijing Normal 

University, Beijing, 100875 

lshen@bnu.edu.cn 

 

Deep learning has been proved as a powerful computational tool for 
nonadiabatic molecular dynamics simulations. Recently, we built long 
short-term memory (LSTM) networks as a machine learning-based 
propagator to evolve the electronic subsystem during surface hopping 
dynamics. Expensive calculation of nonadiabatic coupling vectors is 
no longer necessary. The LSTM model can be further extended from 
Tully’s model systems to polyatomic molecules. The construction on 
adiabatic potential energy surfaces with machine learning significantly 
accelerates dynamics simulations of photochemical reactions.  

 

 

[1] D. Tang, L. Jia, L. Shen, W.-H. Fang, J. Phys. Chem. Lett., 13 (2022), 10377. 

[2] S. Li, B.-B. Xie, B.-W. Yin, L. Liu, L. Shen, W.-H. Fang, J. Phys. Chem. A, 
128 (2024), 5516. 
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LASSIS: a general model space recipe for two-step
diagonalization of multimetallic molecular wave functions

Matthew R. Hermesa*, Bhavnesh Jangida, Valay Agarawala, Laura
Gagliardia,b

aDepartment of Chemistry, Chicago Center for Theoretical Chemistry,
University of Chicago.

bDepartment of Chemistry, Pritzker School of Molecular Engineering,
James Franck Institute, Chicago Center for Theoretical Chemistry,

University of Chicago.

*mrhermes@uchicago.edu

Spin-state  energy  spectra  and  potential  energy  surfaces  of
multimetallic complexes which are characterized by subtle magnetic
interactions  can  be  approached  by  the  strategy  of  two-step
diagonalization, in which the molecular Hamiltonian is diagonalized
in a model space basis of tensor-product wave functions, which in turn
are  prototypically  constructed  by  diagonalizing  the  molecular
Hamiltonian projected into multiple localized fragment subspaces and
retaining only a  selection of  low-energy fragment  eigenstates.  This
procedure naturally raises the question of how the fragment bases are
to  be  truncated,  and  what  tensor  product  model  states  are  to  be
constructed from them – in essence, a generalization of the infamous
“active  space  selection  problem.”  Here,  we  introduce  a  general
automatic  model-space  selection  formula  for  a  two-step
diagonalization  based  on  a  single  product  state  reference  wave
function:  localized  active  space  state  interaction  singles  (LASSIS).
LASSIS  is  designed  to  qualitatively  recover  strong  inter-fragment
correlation  omitted  by  the  reference  wave  function  efficiently  and
size-consistently, without requiring any user-supplied parameters. Test
calculations  on  several  multimetallic  molecules  show that  LASSIS
followed  by  MC-PDFT  energy  recalculations  qualitatively  recover
DMRG-PDFT results, indicating that the electron correlation omitted
by the approximate model space of LASSIS is primarily dynamical.
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Approximating the bi-functional of the nonadditive kinetic 
potential for Frozen-Density Embedding Theory based multi-
level simulations  

Tomasz. A. Wesolowski  

University of Geneva, Geneva, Switzerland  

Tomasz.wesolowski@unige.ch  

 

The bi-functional of the nonadditive kinetic potential is defined by 
means of the functional 𝑇![𝜌] (the kinetic energy in the non-interacting 
reference system): 
 

𝑣"#$%[𝜌&, 𝜌'] =
𝛿𝑇![𝜌]	
𝛿𝜌(𝑟)	

.
()(!*("

−
𝛿𝑇![𝜌]	
𝛿𝜌(𝑟)	

.
()(!

 

 
It is used in multi-scale simulations of the electronic structure of species 
in condensed phase based on Frozen-Density Embedding Theory [1]. 
In this paper, we overview our work on exact relations involving 
𝑣"#$%[𝜌&, 𝜌']	 and the corresponding bi-functional for energy 
𝑇!#$%[𝜌&, 𝜌'] as well as on approximating these functionals by means 
of an explicit analytic expression [3-6]. We will focus on emerging 
issues relating to the bottom-up strategy to approximate 𝑣"#$%[𝜌&, 𝜌'] 
directly [4-6], i.e. without constructing the approximation for the parent 
functional 𝑇![𝜌].  
[1] The basic exact relations of FDET are given in [T.A. Wesolowski, Phys. Rev. 
A 77, 012504 (2008)].  The papers on extensions of the FDET can be found in 
https://www.unige.ch/sciences/chifi/wesolowski. The overview of examples of 
various FDET based simulation methods can be found in [2]. 

[2] Wesolowski et al., Chem. Rev. 115, 5891 (2015)]. 

[3] Wesolowski et al., J. Chem. Phys. 105 9182 (1996); Bernard et al., J. Phys. A.: 
Math. Theor. 41, 055302 (2008); Krzeminska and Wesolowski, to be published,  
(for more, see https://www.unige.ch/sciences/chifi/wesolowski). 

[4] Garcia-Lastra et al. J. Chem. Phys. 129 074197 (2008) 

[5] Polak et al, J. Chem. Phys.  156, 044103 (2022); Polak et al, J. Chem. 
Phys.  158, 174107 (2023) 

[6] Wesolowski et al., to be published 
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Relativistic Equation-of-Motion Coupled-Cluster for Single 
and Double Ionization 
A. Eugene DePrince III

Florida State University 

adeprince@fsu.edu 

Equation-of-motion coupled-cluster theory provides a systematically 
improvable framework for the reliable representation of electronic 
excited states in complex many-electron systems. A relativistic 
formulation of EOM-CC theory based on the exact two-component 
framework can provide a high-accuracy description of spin-free and 
spin-orbit relativistic effects. In this talk, I will discuss the ionization 
potential (IP) and double ionization potential (DIP) forms of EOM-CC 
and present resent results for molecular systems for which a reliable 
description of spin-orbit coupling is necessary.   

. 
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Pseudopotential Studies on the Complexation of Uranyl with 

Fluoride 

Xiaoyan Cao, Yating Yang, Youshi Lan, Michael Dolg 

Beijing Normal University, University of Cologne 

x.cao@uni-koeln.de

Relativistic ab initio pseudopotentials(PPs) were used combined with 

DFT  and ab initio methods to study the  complexation of uranyl with 

fluoride, i.e., a complete set of [UO2(H2O)mFn]
2-n complexes (n=0-5), 

both for gas phase as well as for aqueous solution modelling bulk water 

with the conductor-like screening model. Electronic structure 

calculations at the Møller-Plesset second-order perturbation theory 

level provide accurate geometrical parameters and in particular reveal 

that k water molecules in the second coordination sphere coordinating 

to the F- ligands in the resulting [UO2(H2O)mFn]
2-n(H2O)k complexes 

need to be treated explicitly in order to obtain vibrational frequencies 

in very good agreement with experimental data. Moreover, the 

calculated results together with the experimental observations proved 

the existence of UO2F5 for the first time[1]. The results obtained from 

the large core PPs and small core PPs will be compared and discussed 

[2]. 

[1] Y. Yang, Q. Liu,  Y. Lan,  Q. Zhang, L. Zhu, S. Yang,  G. Tian,  X. Cao  and

M. Dolg   “Systematic Raman spectroscopic study of the complexation of uranyl

with fluoride”. Phys. Chem. Chem. Phys. (2024) pp. 18584–18591. DOI:

https://doi.org/10.1039/D4CP01569J

[2] unpublised results
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Over-destabilization vs. over-stabilization in theoretical analysis of f-orbital covalency 

Xiaosong Li 

Department of Chemistry, University of Washington, Seattle, WA 98195 

The complex nature of the f-orbital electronic structures and their interaction with the 
chemical environment pose significant computational challenges. Advanced 
computational techniques that variationally include scalar relativities and spin-orbit 
coupling directly at the molecular orbital level have been developed to address this 
complexity. Among these, variational relativistic multiconfigurational multireference 
methods stand out for their high accuracy and systematic improvement for studies of f-block 
complexes [1]. Additionally, these advanced methods oMer the potential for calibrating low-
scaling electronic structure methods such as density functional theory. However, studies on 
the Cl K-edge x-ray absorption spectra of the Ce(III)Cl63-  and Ce(IV)Cl62- complexes show that 
time-dependent density functional theory with approximate exchange-correlation kernels 
can lead to inaccuracies, resulting in an over-stabilization of 4f orbitals and incorrect 
assessments of covalency [2]. In contrast, approaches utilizing small active space wave 
function methods may understate the stability of these orbitals. The results herein 
demonstrate the need for large active space, multireference, variational relativistic methods 
in studying f-block complexes. 

References: 

[1] C. E. Hoyer, L. Lu, H. Hu, K. D. Shumilov, S. Sun, S. Knecht, X. Li, “Correlated Dirac–
Coulomb–Breit Multiconfigurational Self-Consistent-Field Methods”, J. Chem. Phys., 2023,
158, 044101.

[2] K. D. Shumilov, A. J. Jenkins, H. S. La Pierre, B. Vlaisavljevich, X. Li, “Overdestabilization
vs Overstabilization in the Theoretical Analysis of f-Orbital Covalency”, J. Am. Chem. Soc.,
2024, 146, 12030-12039
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Remembering Bogumi l Jeziorski and his breakthrough insights in

theory of intermolecular forces

Krzysztof Szalewicz

University of Delaware

Bogumi l Jeziorski passed away on 15th of September 2023. He was a giant figure in theory

of intermolecular forces. This lecture will highlight his key novel insights in this field as well

as in broader field of theoretical chemistry.
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Remembering Professor Josef Paldus: 
Pioneer of Modern Electronic Structure Theory and Caring 

Mentor, Educator, and Friend 

Piotr Piecuch1,2 
1 Department of Chemistry, Michigan State University, East Lansing, MI 48824, 

USA 
2 Department of Physics and Astronomy, Michigan State University, East Lansing, 

MI 48824, USA 

On January 15th, 2023, our community lost an extraordinary person, a legendary 
scientist, and a cherished friend to many: Professor Josef Paldus. A towering figure 
in the history of theoretical chemistry and chemical physics, Professor Paldus is 
widely acclaimed for his groundbreaking contributions to the quantum theory of 
many-electron systems. Especially important are his seminal work on the 
exploitation of dynamical symmetries and Lie-group algebraic techniques in 
examining the many-electron correlation problem, which resulted in the 
development of the unitary group approach, revolutionizing configuration 
interaction computations, and his introduction, with his friend and collaborator of 
many years, Professor Jiří Čížek, of the quantum-field-theory-inspired 
diagrammatic methods and coupled-cluster theory, which is nowadays regarded as 
a gold standard of quantum chemistry, to the forefront molecular science. Similarly 
influential is his work, also with Professor Čížek, on the stability conditions of 
Hartree–Fock equations and the significance of broken-symmetry independent-
particle models in studies of strongly correlated systems. His numerous 
contributions to areas ranging from the multireference, externally corrected, time-
dependent, linear-response, and spin-adapted coupled-cluster methods to the many-
body perturbation theory, approximate coupled-pair approaches, Green’s function 
techniques, valence-bond theory, geminals, and rovibrational and electronic 
spectroscopies, which he discussed in about 330 publications and countless invited 
lectures and conference presentations worldwide, stand as a hall of fame in 
molecular quantum mechanics. 

In this lecture, we will embark on a journey to honor the life and work of Professor 
Paldus. Many of us, including the presenter, have lost a cherished friend, 
collaborator, and mentor. This lecture is the presenter‘s humble tribute to Professor 
Paldusʼs exceptional life, contributions, and enduring impact on molecular science. 
Professor Paldus, whom many of us affectionately called “Joe”, will always be 
remembered for his pioneering role in modern electronic structure theory, his 
passionate dedication to scientific inquiry, and, above all, his humanity. In his 
passing, we lost not only a great visionary whose work has inspired and will 
continue to inspire generations, but also a kind and modest human being, a 
wonderful mentor and educator, a caring family man, and friend to all. 
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Remembering Professor Auchin Tang: Pioneer and Founder 

of Modern Theoretical Chemistry in China and Outstanding 

Educator 

Hui Li 

Institute of Theoretical Chemistry, College of Chemistry, Jilin University,2519 

Jiefang Road, Changchun 130023, China 

Email: Prof_huili@jlu.edu.cn 

Auchin Tang (1915-2008) was a renowned theoretical chemist and an 

outstanding educator from China. Tang was the president of Jilin 

University, and the first director of the National Natural Science 

Foundation of China. In 1955, he was elected a member of the 

Chinese Academy of Sciences. Tang received the National Natural 

Science Award five times, including twice receiving the First Prize.  

In the 1950s, Tang studied the theory of chemical bonding functions 

and intramolecular rotation. He proposed a potential energy function 

formula that could be used to calculate the energy change of complex 

intramolecular rotations, and used molecular mechanics to calculate 

molecular conformations. In the 1960s, Tang established a set of 

incommensurable tensor methods from continuous groups to point 

groups, thus unifying various schemes of collocation field theory. In 

the 1970s, Tang focused on the study of molecular orbital graph 

theory and proposed three graph theorems that simplified quantum 

chemical calculations for homologs, molecules, and compounds with 

repeating units. In the 1980s, Tang proposed structural rules for 

atomic clusters that are more widely applicable than Wade's rules. In 

the 1990s, Tang conducted theoretical research on high-carbon atomic 

clusters and predicted the existence of a highly symmetrical and stable 

fullerene compound.  

Tang has successively hosted twelve famous theoretical chemistry 

seminars, and has trained a number of Chinese theoretical chemistry 

research teams of international standard. Among them, Tang's ‘eight 

disciples’ are the most famous, and these ‘eight disciples’ have all 

become well-known chemists. Tang has practiced the scientific 

research spirit of ‘dedication, truth-seeking, innovation and 

collaboration’ throughout his life. His motivation for his work stems 
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from his deep love for pursuing truth in natural sciences, as well as his 

strong sense of responsibility for nurturing scientific and technological 

talents.  

Professor Tang is a true master. Remember him forever! 
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Highly Coarse-grained Patchy Ellipsoid Particle Model of 

Glucose  

Bin Li, You-Liang Zhu*, Zhong-Yuan Lu*, Jia-Li Gao* 

Institute of Theoretical Chemistry, State Key Laboratory of Supramolecular Structure and 

Materials, Jilin University, Changchun, 130021, China 

Institute of Systems and Physical Biology, Shenzhen Bay Laboratory, Shenzhen, 518000, China 

Email:  youliangzhu@jlu.edu.cn, luzhy@jlu.edu.cn, jiali@jialigao.org     

Glycan chains are widely present in living organisms, with specific glycan structures encoding 

vital biological functions. However, the structural diversity and conformational variability of 

glycans present significant challenges in linking molecular properties to functional outcomes 

[1]. To address these challenges and enable larger-scale simulations, coarse-graining of 

molecules is a widely adopted strategy. The Martini force field, through extensive parameter 

optimization for carbohydrates, accurately captures their conformational properties and some 

functional characteristics. However, simulations for high-concentration monosaccharide 

solutions at large spatial scales still require higher coarse-graining level model [2]. This study 

proposes a novel coarse-graining scheme for glucose molecules, simplifying them into patchy 

ellipsoid particles and fitting non-bonded interactions using the Gay-Berne (GB) potential [3]. 

By constructing glucose dimer models with various glycosidic linkages and performing flexible 

scans of bond lengths, bond angles, and dihedral angles using the M062X/6-31g(d,p) method, 

harmonic functions were fitted to determine the corresponding spring constants, equilibrium 

bond lengths, and bond angles. Additionally, dihedral potential terms were obtained through 

decoupling and averaging systematic calculations. This scheme holds promise for high-quality 

simulations of larger-scale glycolipid or glycoprotein systems. 

Figure 1. Coarse-grained mapping of glucose oligosaccharides to patchy ellipsoid particles. Each glucose 

molecule is simplified into a patchy ellipsoid, with the ellipsoid and patch sizes based on the molecule's 

dimensions and local features. In this model, the C1 and C2 atoms with their hydroxyl groups, the C3 

and C4 atoms, and the C5 and C6 atoms are grouped into distinct patches (light green and orange-red). 

In this model, point m (red) represents the ellipsoid's center of mass, point a (blue) indicates the reactive 

site linked to the C1 atom, and point b (purple) marks the polymerization site for glycosidic bond 

formation. The cartoon also specifies the locations and angles of bonds, bond angles, and dihedral angles. 

[1] Lutsyk V., Wolski P., Plazinski W. Extending the Martini 3 coarse-grained force field to

carbohydrates. J. Chem. Theory Comput., 2022, 18, 5089-5107. DOI: 10.1021/acs.jctc.2c00553.

[2] Grünewald F., Punt M. H., Marrink S. J., et al., Martini 3 coarse-grained force field for carbohydrates.

J. Chem. Theory Comput., 2022, 18, 7555–7569. DOI: 10.1021/acs.jctc.2c00757.

[3] Li Z. W., Zhu Y. L., Lu Z. Y., Sun Z. Y. General patchy ellipsoidal particle model for the aggregation

behaviors of shape- and/or surface-anisotropic building blocks. Soft Matter, 2018, 14, 7625-7633.

DOI: 10.1039/C8SM01631C.
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Atomistic Insights on Recognition of Transcription Factor Binding 

Motif in DNA through bZIP Domain 

Piya Patra1 and Yi Qin Gao1,2,3* 

1Institute of Systems and Physical Biology, Shenzhen Bay Laboratory, Shenzhen 518107, China 
2Beijing National Laboratory for Molecular Sciences, College of Chemistry and Molecular 

Engineering, Biomedical Pioneering Innovation Center, Peking University, Beijing 100871, 

China 
3Changping Laboratory, Beijing, China 

*Email: gaoyq@pku.edu.cn

Sequence-specific recognition of transcription factor (TF) binding motifs in the target 

site of DNA over the vast amount of non-target DNA is vital for the transcriptional 

regulations of gene expression. It is primary important to characterize the preferred 

binding motifs of TFs belonging to diverse TF families and their mode of interactions. 

Our previous findings on sequence dependent structural features of biologically 

relevant short TF binding DNA motifs indicate the potential role of DNA shape features 

in motif recognition and TF binding. It was reported that pioneer TFs often interact with 

other TFs through DNA co-binding and migrant TFs only bind to a subset of their target 

sites, even in accessible DNA. However, settler TFs always bind to sites matching their 

DNA-binding motif not in inaccessible DNA sites. Thus, TF-DNA interaction may rely 

on the unique motif environment, specific to each TF. Little is known about how DNA 

motif environment and DNA shape features can influence the target search mechanism 

and sequence specific binding of different TFs to control their gene regulatory functions. 

Our atomistic molecular simulation studies on DNA binding motif of TFs AP-1, binding 

mode and interaction of human AP-1 FosB/JunD bZIP domain with DNA illustrate the 

role of DNA shape features, selective base specific interactions, ion binding and 

solvation properties of the DNA grooves to form motif sequence specific AP-1-DNA 

complex. We addressed the role of intrinsic motion of bZIP domain of AP-1 factors in 

terms of opening and closing gripper motions of DNA binding helices, in target site 

recognition and binding with DNA. Systematic closing gripper motion of bZIP domain 

is found to associate with the adjustment of helical twist of DNA, which can be 

important for the regulation of DNA supercoiling transitions and, by extension, 

transcriptional control. Our observations also suggest that binding to the cognate motif 

in DNA is mainly accompanied with the structural deformation of DNA to form base 

specific interactions, and precise adjustment of closing gripper motion of DNA binding 

helices of bZIP domain. As bZIP domain of AP-1 possesses unique DNA binding 

feature among all the species, the mode of the protein–DNA recognition can be 

universal for bZIP factors. Overall, this study expected to provide more insight about 

the target search and structure-based mechanisms of AP-1 TFs-DNA interaction.   

References 

[1] Structural and Dynamical Aspect of DNA Motif Sequence Specific Binding of AP-1

Transcription Factor; Piya Patra and Yi Qin Gao*; J. Chem. Phys. 160, 115103 (2024).

DOI: 10.1063/5.0196508
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Structure and Catalytic Properties of Cu-Au Nanoparticles 

under High CO and O Coverage 

Anastasiia A. Mikhailova,1* Alexey P. Maltsev,1 Paulo C. D. Mendes,2 

Fernando B. Zamudio,2 Sergey. M. Kozlov,2 Artem R. Oganov1   

1 Skolkovo Institute of Science and Technology, Bolshoy Boulevard 

30, bld. 1, 121205 Moscow, Russian Federation  

2 Department of Chemical and Biomolecular Engineering, Faculty of 

Engineering, National University of Singapore, 119260, Singapore 
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Copper-gold nanoparticles have attracted interest as catalysts for CO2 

reduction and CO oxidation due to their corrosion resistance, lower 

cost, and the ability to control catalytic properties. These reactions may 

involve substantial amounts of CO and O adsorbed on the catalyst 

surface, which affects both the structural properties of the catalyst and 

the reaction kinetics. In this study, we used density functional theory 

(DFT) calculations combined with machine learning methods (MLIP) 

to examine the changes in adsorption energy at high COn and On 

coverage (1 ≤ n ≤ 75) and the effect of metal ratios on the catalytic 

properties of 1.1 nm CuAu nanoparticles. Copper-rich compositions 

were found to be more favorable for adsorption, while gold-rich 

configurations showed lower efficiency. The adsorption patterns of CO 

and O in different Cu-Au compositions demonstrate  similarities. It was 

established that a high CO content in the reaction environment increases 

the mobility of transition metal atoms, leading to cluster deformation. 

In contrast, the adsorption of O atoms results in a reconstruction of the 

Cu-Au coordination and encapsulation into the inner cavity. 

Configurations with a moderate copper content on the surface can 

mediate the competitive adsorption of CO and O, making such 

compositions promising catalysts for both oxidation and minimizing 

CO poisoning.  

This work was supported by the Russian Science Foundation (Grant 

No. 19-72-30043). 
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Computational screening of doped-V3C2O2 for propane 

dehydrogenation using DFT-based microkinetic simulations 

Aqsa Abid, Prof. Bo Li* 

Institute of Metal Research, Shenyang Normal University 

boli@synu.edu.cn 

Propylene plays a crucial role in petrochemical industry, serving as a 

feedstock for various chemical compounds [1]. Abundant and cost-

effective shale gas has influenced propane dehydrogenation (PDH) for 

obtaining propylene [2]. Herein, the impact of dopants (Ti, Cr, Mn, 

Fe, Co, Ni, Cu, Zn) in V3C2O2 is investigated by DFT based 

microkinetic simulations for PDH reaction. The d-band center of the 

dopant approaching Fermi level exhibits greater propane adsorption 

tendency, and their associated electronegativity directly impacts first 

C-H bond activation, serving as the activity descriptor. Overall, Cr 

doped V3C2O2 offers ~2.5 fold higher catalytic activity than pristine 

V3C2O2. Downshifting of apparent activation energy with increasing 

temperature facilitates C3H8 conversion (~7.3 site-1sec-1) and C3H6 

TOF (~1.4 sec-1) at 800 K. Primary-to-secondary hydrogen abstraction 

is the main reaction pathway as revealed by reactant flux analysis.  

 

Figure 1. Correlation between (a) C-H bond activation and dopant’s 

electronegativity, (b) TOF, iso-propyl & H and propylene adsorption 

[1] Y. Gu, H. Liu, M. Yang, Z. Ma, L. Zhao, W. Xing, P. Wu, X. Liu, S. Mintova, 

P. Bai, and Z. Yan. “Highly stable phosphine modified VOx/Al2O3 catalyst in 

propane dehydrogenation”. Applied Catalysis B, 274, (2020), pp. 119089. 

[2] P.C.A. Bruijnincx, and B.M. Weckhuysen. “Shale gas revolution: an 

opportunity for the production of biobased chemicals?”. Angewandte Chemie 

International Edition, 52(46), (2013), pp. 11980-11987. 
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Modeling Realistic Structures of Trimetallic Nanoalloy 

Catalysts Using Chemically Meaningful Descriptors 
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Sergey M. Kozlov a 
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The computational design of alloy catalysts is hindered by the uncertainty 

in their structure and arrangement of constituent elements within the lattice of 

catalyst particles, i.e., their chemical ordering. [1] Moreover, chemical ordering in 

alloy nanoparticles (nanoalloys) can be affected by the reaction temperature due to 

thermal disorder. In this study, we develop a method for realistic simulations of 

trimetallic alloy nanocrystallites with the lowest energy chemical ordering or 

chemical ordering taking into account thermal disorder in the nanoalloy. This 

method is based on Monte Carlo simulations using topological lattice Hamiltonian, 

whose parameters are fitted to the results of density functional (DFT) simulations 

of thoughtfully designed archetypal nanoalloy structures. The implementation of 

this method in Python code is freely available online. [2] Using this method, we 

characterized chemical orderings in nanoparticles composed of 79 and 338 atoms 

of metals with known catalytic activity in CO2 hydrogenation, namely, Pd-Pt-Cu, 

Ni-Pd-Cu, and Co-Rh-Cu (Figure 1). Our simulations show that the thermal 

disorder in these alloys significantly affects the composition of surface sites. Such 

structural changes are demonstrated to affect the average binding energies of 

reaction intermediates to the catalyst surface by up to 1.1 eV, implying their critical 

effect on the alloy’s catalytic properties. Moreover, we demonstrate how the 

developed code can be used for brute-force evaluation of entropic contributions to 

mixing free energies in alloy nanoparticles. The demonstrated abilities of the 
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proposed method to generate realistic models of trimetallic nanoalloys in a 

computationally efficient manner enable reliable simulations of catalytic properties 

of trimetallic catalysts for their in-depth understanding and computational design. 

 

 

Figure 1 – Lowest energy structures of 79-atom truncated octahedral Ni-Pd-Cu, 

Pd-Pt-Cu and Co-Rh-Cu trimetallic nanoparticles. 

 

[1] Kozlov, S. M.; Kovács, G.; Ferrando, R.; Neyman, K. M. How to Determine 

Accurate Chemical Ordering in Several Nanometer Large Bimetallic 

Crystallites from Electronic Structure Calculations. Chem Sci 2015, 6 (7), 

3868–3880. https://doi.org/10.1039/C4SC03321C. 

[2] Computational-Nanocatalysis-Group/Trimetallic-Monte-Carlo: This repository 

contains a simple python code for performing Monte-Carlo simulation of 

Trimetallic nanoparticles. https://github.com/Computational-Nanocatalysis-

Group/Trimetallic-Monte-Carlo (accessed 2024-04-30). 
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Using Many-Body Methods with Quantum 

Embedding 

Changsu Cao1, *，Hung Pham2, †，Dingshun Lv1, ‡ 
1

 
ByteDance Research, Beijing, 100098, China 

  2

 
ByteDance Research, San Jose, CA 95110, US 

* caochangsu@bytedance.com † hung.pham@bytedance.com  ‡ lvdingshun@bytedance.com 

 

Adsorption energy plays is the pivot in surface chemistry and heterogeneous catalysis. While 

density functional theory (DFT) with the generalized gradient approximation (GGA) has been widely 

used for surface adsorption studies, it often falls short in quantitatively predicting adsorption energies 

and can even lead to qualitative errors, such as the well-known CO puzzle on transition metal surfaces 

like Cu(111), Pt(111) and others, where GGA-DFT and even hybrid DFT will misidentify the most 

stable adsorption site [1-2]. Conversely, wavefunction theories offer a reliable and systematically 

improvable alternative to DFT. But the high computational cost of wavefunction methods hinders 

their extensive application in accurately evaluating adsorption energy. In this work, we employ a 

quantum embedding approach [3-5] that partitions the surface into an active space and an 

environment centered around the adsorption site. High-level wavefunction methods are employed to 

handle the active space, which is more relevant to adsorption, while mean-field methods are used for 

the remaining parts to achieve a balance between accuracy and efficiency. We anticipate that this 

approach will offer new insights into heterogeneous catalysis and other complex interfacial problems. 

 

Keywords：Adsorptions on Surface, Many-body Method, Quantum Embedding 
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Illuminating tandem reactions characterized by temporal 

separation of catalytic activities via DFT calculations: a case 

study of Ni-catalyzed alkyne semihydrogenation 

Dongju Zhang, Yiying Yang  
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The concept of “temporal separation of catalytic activities” outlines a 

scenario where multiple transformations within a catalytic tandem 

reaction proceed sequentially over time without mutual interference.[1] 

After presenting several examples of such reactions,[2-3] we specifically 

focus on an example of the Ni-catalyzed alkyne semihydrogenation as 

a significant case study.[4] By performing DFT calculations, we 

illuminate the unique dynamic character of the reaction that the 

intermediate remains dormant until the reactant exhausted. The insights 

gained from the present calculations have led us to propose a 

comprehensive energy landscape model for the catalytic tandem 

reactions with temporal separation of catalytic activities, which offers 

a logical explanation for the temporal dormancy of the intermediate. 

This class of reactions is expected to be highly valuable as it presents 

the opportunity to fine-tune individual reaction steps, thereby 

introducing fresh concepts for precise control of reactions in one-pot 

chemistry. 

 

Figure 1. Conventional (a) vs. catalytic-activity temporally separated 
(b) two-stage catalytic tandem reaction 

 

[1] L. Li and S. B. Herzon, Nat. Chem., 2014, 6, 22−27. 

[2] S. Abou-Shehada and J. M. Williams, Nat. Chem., 2014, 6, 12−13. 

[3] Y. Tokimizu, S. Oishi, N. Fujii and H. Ohno, Angew. Chem. Int. Ed., 2015, 54,  

      7862−7866. 

[4] B. L. Ramirez, C. C. Lu, J. Am. Chem. Soc., 2020, 142, 5396−5407. 

251

Posters Sessions



 

Effect of ZnO Support and Nanostructuring on Catalytic 

Activity of Noble Metals: Insights from Sabatier Principle 
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The hydrogen economy is positioned to play a significant role in 

mitigating carbon dioxide emissions in the coming years. One prevalent 

method utilized for hydrogen production involves the dehydrogenation 

of methane, which generates the lowest CO2 emissions per H2 

molecule.1 Nickel remains the commonly employed catalyst for 

methane reforming despite relatively low yield, which is offset by its 

lower cost compared to metals such as ruthenium, rhodium, or iridium.2 

The nanostructuring and the introduction of a substrate to support these 

metal particles are two factors that can enhance the catalytic activity of 

the metals. With this idea in mind, utilizing ZnO to support metal 

nanoparticles (NPs) has been proposed for steam reforming processes 

involving methanol and methane. This study investigates the effect of 

ZnO (101̅0) on metal nanoparticles of Ag, Cu, Au, Pd, Pt, and Ir and 

their activity in the methane reforming reaction. To achieve a realistic 

model, a metal NP of ~1.5 nm is suggested due to the presence of metal 

atoms with coordination environments like those observed in larger 

NPs in experimentally prepared catalysts. Then, the potential energy 

surface of transition metal nanoparticles on ZnO surface is studied 

using modern empirical potentials and density functional theory (DFT) 

calculations. We analyzed adsorption of relevant adsorbates in methane 

reforming reaction on all the non-equivalent positions of the supported 

NPs. Even with the presence of ZnO the scaling linear relations between 

adsorption energies of C vs CHx and O vs OH are maintained. 

According to Sabatier principle, O and C adsorption energies determine 

the turnover frequency in the methane steam reforming.3 The NP-ZnO 

interface exhibits the most significant increase in the adsorption energy 

of O and OH compared to M(111) slab. Based on the Sabatier volcano 
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plot for the methane steam reforming reaction, such changes in the 

adsorption energy of O and OH suggest a significant increase in the 

catalytic activity of metals like Au, Cu and Ag in the reaction (Figure 

1). 

 

Figure 1. Volcano plot with the TOF of methane steam reforming as a 

function of O and C binding energies. The temperature for the 

microkinetic simulation is 1000 K, the pressure is 5 bar, and 

the conversion rate is 1%. 

 

(1) Yousef, S. Hydrogen as a Clean and Sustainable Energy for Green Future. 

Sustain. tech, green econ. 2021, 1 (1), 8–13. 

https://doi.org/10.21595/stge.2021.21985. 

(2) Nieva, M. A.; Villaverde, M. M.; Monzón, A.; Garetto, T. F.; Marchi, A. J. 

Steam-Methane Reforming at Low Temperature on Nickel-Based Catalysts. 

Chemical Engineering Journal 2014, 235, 158–166. 

https://doi.org/10.1016/j.cej.2013.09.030. 

(3) Nwaokorie, C. F.; Montemore, M. M. Alloy Catalyst Design beyond the 

Volcano Plot by Breaking Scaling Relations. J. Phys. Chem. C 2022, 126 (8), 

3993–3999. https://doi.org/10.1021/acs.jpcc.1c10484. 
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structural evolution of Pt clusters in mordenite 
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Metal/zeolite is an outstanding heterogeneous catalyst[1] in which 

the structure and size of metal species determines the reaction pathways. 

The reaction atmospheres have critical effects on the structural 

evolution of active metal in zeolites,[2] but its mechanism remains 

elusive.[3] In this work, we investigated the structure evolution of Ptn 

clusters in mordenite zeolitic models to unravel the mechanism of H2 

and NH3 atmospheres in shaping the cluster structures. 

Using periodic density functional theory calculations and ab initio 

thermodynamics, the stable configurations of Ptn(H)x and Ptn(NH3)m 

clusters are systematically compared both in gas phase and zeolite 

channel. Our work investigated the structure evolution of Ptn clusters in 

mordenite to unravel the mechanism of H2 and NH3 atmospheres in 

shaping the Pt cluster structures. Our finding indicates that H acts as a 

double-edged sword, it penetrates the Pt-Pt bonds and weakens the Pt-

Pt bond, but serves as a bridge that tightly links the dispersed Pt atoms. 

As a result, large Pt clusters (up to Pt7(H)28), are stable in both gas phase 

and zeolite channels. In contrast, NH3 breaks the Pt-Pt bond and cannot 

link the dispersed units, resulting in clusters with smaller sizes, 

particularly the special stability of Pt(NH3)2 species. Furthermore, NH3 

binding to Ptn significantly increases the steric size of Ptn(NH3)m and 

the formation of larger clusters are prohibited by the confinement effect. 

We also precisely gauge the Lewis acidity of Ptn clusters within zeolite 

by considering the stepwise desorption of multiple NH3 molecules and 

observe a strong relationship between the Lewis acidity, capacity and 

size, location of Ptn in zeolite. These atomistic insights enhance 

understanding of the metal/zeolite system and establish a solid 

theoretical foundation for catalyst design.  

254

Posters Sessions



 

Figure 1. The process for investigating the impact of NH3 and H2 on 

the structural evolution of Ptn clusters in mordenite. 

[1] Wang, Y. et al. “Zeolite fixed metal nanoparticles: New perspective in catalysis”. 

Acc. Chem. Res. 54 (2021), 2579-2590. DOI: 10.1021/acs.accounts.1c00074. 

[2] Moliner, M. et al. “Reversible transformation of Pt nanoparticles into single 

atoms inside high-silica chabazite zeolite”. J. Am. Chem. Soc. 138 (2016), 15743-

15750. DOI: 10.1021/jacs.6b10169. 

[3] Qu, Y. et al. “Thermal emitting strategy to synthesize atomically dispersed Pt 

metal sites from bulk Pt metal”. J. Am. Chem. Soc. 141 (2019), 4505-4509. DOI: 

10.1021/jacs.8b09834. 
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Mean-field QM/MM simulations for electrochemical 
interfaces 

Hyungjun Kim 

Department of Chemistry, KAIST 

linus16@kaist.ac.kr 

 

Electrochemistry, the fundamental basis of sustainable energy 
conversion technologies, investigates the electric-chemical energy 
interconversion process at the electrode-electrolyte interface, where a 
characteristic liquid structure, namely an electric double layer (EDL) is 
known to be formed. Since the early 1900s, unremitting efforts have 
been made to identify potential-dependent EDL structural changes, but 
only a few molecular details have been disclosed to date. To accurately 
model the electrified interface, we develop a first-principles-based 
multiscale method called a density functional theory in classical explicit 
solvents (DFT-CES), which mean-field couples the DFT and the 
molecular dynamics for respective description of electrode and 
electrolyte [1]. Using DFT-CES, we find unprecedented liquid 
structural changes and phase transitions of the EDL [2]. Atom-level 
investigation on the EDL region, enabled by our DFT-CES simulations, 
further unravels a new mechanistic role of the cations in the EDL during 
CO2 electroreduction [3]. Our studies envisage a new perspective for 
developing better electrocatalysts by tailoring the electrochemical 
interface. 

[1] H.-K. Lim, H. Lee, H. Kim. “A Seamless Grid-based Interface for Mean-field 
QM/MM Coupled with Efficient Solvation Free Energy Calculations”. Journal of 
Chemical Theory and Computation, 12. (2016), pp. 5088–5099. 

[2] S.-J. Shin, D. H. Kim, G. Bae, S. Ringe, H. Choi, H.-K. Lim, C. H. Choi, H. 
Kim. “On the Importance of the Electric Double Layer Structure in Aqueous 
Electrocatalysis”. Nature Communications, 13. (2022), pp. 174. 

[3] S.-J. Shin, H. Choi, S. Ringe, D. H. Won, H. S. Oh, D. H. Kim, T. Lee, D.-H. 
Nam, H. Kim, C. H. Choi. “A Unifying Mechanism for Cation Effect Modulating 
C1 and C2 Productions from CO2 Electroreduction”. Nature Communications, 13. 
(2022), pp. 5488. 
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Structure-driven tuning of adsorption properties of core-shell 

nanoparticles: a density functional theory study 

Chepkasov I.V., Kvashnin A.G.  

Skolkovo Institute of Science and Technology, Moscow 121205, 

Russian Federation  

e-mail: I.Chepkasov@skoltech.ru  

Nanoparticles are fascinating nanoobjects that are actively studied and 

widely employed in various fields, such as heterogeneous catalysis and 

advanced electrode materials. Their local atomic structure and 

composition can significantly impact their properties. We employed the 

state-of-the-art first-principles calculations to investigate the effects of 

AuCu, AuPd, IrPd, IrPt nanoparticles structure and composition on the 

electronic properties, charge distribution, and CO and O adsorption 

energies. Two types of nanoparticles were examined in this study; 

specifically, core-shell nanoparticles and bimetallic alloy particles.  

Adjusting the core-to-shell ratio allows one to precisely tune the O and 

CO adsorption energies on the nanoparticle surface. This results in a 

narrower range of adsorption energies, specifically for CO adsorption, 

which cannot be achieved in bimetallic alloys. Our study shows the 

significance of this approach for fine-tuning adsorption energies on a 

nanoparticle surface. These results were published in Nanoscale 2024, 

PRB 2023, PCCP 2023, Aggregate 2022. 

 

Figure 1. Scheme of tuning nanoparticle properties. 
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Controlling active phase and interface interactions in 

bimetallic Ru-Pd catalyst via CO oxidation 

Janobiddinkhuja Bahodurov, Yizhen Song, Sergey M. Kozlov 

Department of Chemical and Biomolecular Engineering, National 

University of Singapore, Singapore 117575, Singapore 

chebj@nus.edu.sg 

Abstract: The structural and compositional changes between various active phases 

in heterogeneous catalysts during ambient-pressure and high-pressure reactions are 

notoriously challenging to investigate, which complicates the understanding and 

development of new catalysts. Herein, we show how the transitions between various 

active phases of RuPd catalysts during CO oxidation reaction affect the catalytic 

activity and Ru-Pd interactions using operando transmission electron microscopy 

(TEM) and density functional (DFT) calculations. Namely, we observed 

transformations from Ru nanoparticles (NPs) supported on Pd and Ru-Pd solid 

solutions alloys into RuOx NPs supported on Pd at the onset of CO oxidation under 

O2-rich environment and the formation of Pd@Ru core-shell NPs under CO-rich 

environment. Furthermore, we find that metal-oxide interactions in RuO2/Pd NPs 

make this catalyst highly active at low temperatures with a prolonged lifetime; 

contrarily, the interactions between Pd and metallic Ru stabilize Ru against 

oxidation but make it more prone to CO poisoning. Thus, our results reveal how the 

interactions between catalyst components can be affected by the reaction conditions 

and may lead to puzzling changes in the catalytic activity. 

 

Figure 1. The structure of various morphology of Pd-Ru catalyst and energy 

landscape of the CO oxidation reaction.  
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Delayed Fluorescence from Inverted Singlet and Triplet 

Excited States in Heptazine 

Analogues HzT-FEX2 Studied by Mixed-Reference Spin-Flip 

Time-Dependent Density 

Functional Theory (MRSF-TDDFT) 

 

Alireza Lashkaripour,† and Cheol Ho Choi∗,† 

 

†Department of Chemistry, Kyungpook National University, Daegu 41566, South Korea  

 

This study explores the photophysical properties of heptazine analogues, with a focus on HzT-
FEX2, utilizing Mixed-Reference Spin-Flip Time-Dependent Density Functional Theory (MRSF-
TDDFT). Heptazine derivatives are highly regarded for their exceptional stability and electronic 
properties, making them promising candidates for optoelectronic and photovoltaic applications. A 
deep understanding of the mechanisms behind their delayed fluorescence is essential for enhancing 
their performance in these fields. Our investigation into the singlet-triplet energy gap in heptazine 
analogues revealed that traditional methods using TDDFT like BHHLYP and B3LYP tend to 
overestimate this gap. In contrast, MRSF-TDDFT has proven to be a more efficient and accurate 
approach for studying these systems. To achieve optimal results, we also attempted to optimize 
the VAEE functional using MRSF-TDDFT. 
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Advances in Q-Chem 6.2 
Andrew Gilbert, Kuan-Yu Liu 

Q-Chem Inc. Pleasanton CA 

agilbert@q-chem.com 

The Q-Chem software package continues to provide a comprehensive 
library of cutting-edge methods for electronic structure modeling, 
allowing fast, accurate simulations of structures, reactivities, and 
properties. Our “open teamware” approach, alongside our modular 
developer environment, provides researchers with a well-tested 
foundation of code on which to develop new methods, fostering 
scientific collaboration and innovation while also ensuring long-term 
sustainability and maintenance of the developed code. This poster will 
discuss several recent developments from Q-Chem developer groups 
across the globe, including new methods for modeling X-ray 
spectroscopy[1], energy and force decomposition analysis, real-time 
nuclear-electronic orbital (NEO) methods[2], and many other new 
improvements. 

[1] A. Mandal, E. J. Berquist and J. M. Herbert.  “A new parameterization of the 
DFT/CIS method with applications to core-level spectroscopy”, Journal of 
Chemical Physics, 161, (2024), 044114, DOI: h"ps://doi.org/10.1063/5.0220535 

 [2] L. Zhao, Z. Tao, F. Pavošević, A. Wildman, S. Hammes-Schiffer and X. Li. 
“Real-Time Time-Dependent Nuclear−Electronic Orbital Approach: Dynamics 
beyond the Born–Oppenheimer Approximation”. Journal of Physical Chemistry 
Letters, 11, 10, pp. 4052–4058, DOI: h"ps://doi.org/10.1021/acs.jpcle".0c00701 
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Extension of the charge stabilization method beyond energies 

Charlotte Titeca1,2, Garrette P. Paran1, Frank De Proft2, Thomas-C. Jagau1 

1Division of Quantum Chemistry and Physical Chemistry, 

KU Leuven, Leuven, Belgium 
2Research Group of General Chemistry (ALGC), 

Vrije Universiteit Brussel, Brussel, Belgium 

charlotte.titeca@kuleuven.be 

The charge stabilization and extrapolation method [1] has been used before 

to obtain energies of metastable anionic states. We present an extension of 

this method for obtaining spatial functions for these states. The usefulness 

of this development is illustrated by applications to chlorinated ethene 

derivatives and perfluorinated cage molecules. The considered ethene 

derivatives form unbound anions and are subject to dissociative electron 

attachment (DEA). Applying charge stabilization enables detection and 

description of multiple unbound anionic states, and the novel use of 

extrapolated electron localization functions (ELFs) [2] together with 

Berlin’s binding function [3] allows for prediction of when and where DEA 

will occur.[4] The studied cage molecules are hypothesized to catch an 

electron in the cage interior, resulting in correlation-bound anions.[5] We 

assessed Hartree-Fock theory and three density functionals for the 

characterization of the anionic states, by means of electronic Fukui 

functions and ELFs. Whenever the used level of theory described the anion 

as unbound, charge stabilization had to be employed to obtain extrapolated 

functions. Evidence for an electron inside the cage was found for only 

perfluoroadamantane, and only at optimized neutral geometry with 

methods that describe the anion as bound.[6] 

[1] B Nestmann and S D Peyerimhoff. Journal of Physics B: Atomic and Molecular 

Physics (1985), pp. 615-626. DOI: 10.1088/0022-3700/18/4/009 

[2] A D Becke and K E Edgecombe. The Journal of Chemical Physics (1990), pp. 

5397-5403. DOI: 10.1063/1.458517 

[3] (a) T Berlin. The Journal of Chemical Physics (1951), pp. 208-213. DOI: 

10.1063/1.1748161 (b) X Wang and Z Peng. International Journal of Quantum 

Chemistry (1993) pp. 393-404. DOI: 10.1002/qua.560470505 

[4] (a) C Titeca, F De Proft and T-C Jagau.  The Journal of Chemical Physics (2022), 

p. 214106 DOI: 10.1063/5.0128503 (b) C Titeca, T-C Jagau and F De Proft. The 

Journal of Chemical Physics (2024), p. 064115. DOI: 10.1063/5.0180011 

[5] K K Irikura. The Journal of Physical Chemistry A (2008), pp. 983-988. DOI: 

10.1021/jp710372p 

[6] C Titeca, G P Paran, F De Proft and T-C Jagau. In preparation. 
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Noncollinear functionals for Real-time TDDFT and
Gradients of Spin-flip TDDFT

Hao Li, Yunlong Xiao*

College of Chemistry and Molecular Engineering, Peking University,
Beijing 100871, the People's Republic of China

E-mail: xiaoyl@pku.edu.cn

Recently, we proposed the multicollinear approach that
generalizes collinear functionals to noncollinear ones. It has been
applied in DFT (density functional theory)[1] and linear-response
TDDFT (time-dependent density functional theory)[2] calculations. In
this poster, we applied it on real-time TDDFT and linear-response
spin-flip TDDFT gradients. The former is used to simulate electronic
absorption spectra, Rabi resonance, and the precession of a two-
magnetic center system. Thanks to the non-zero exchange-correlation
torque provided by multicollinear functionals, the contributions of the
local torque to spin dynamics are allowed to explore. The latter is
implemented by solving a Z-vector equation with its formula being re-
derived, and serves for performing optimization of spin-flip excited
states.

[1] Zhichen Pu, Hao Li and et. al.. “Noncollinear density functional theory”.
Physical Review Research. 5 (2023), pp. 013036–. DOI:
10.1103/PhysRevResearch.5.013036.

[2] Hao Li, Zhichen Pu, and et. al.. “Noncollinear and spin-flip TDDFT in
multicollinear approach”. Journal of Chemical Theory and Computation. 19
(2023), pp. 2270–2281. DOI:10.1021/acs.jctc.3c00059.

262

Posters Sessions



Unraveling the mechanism of a switchable acid catalyzed 

COT oxide contraction towards homoallylic alcohols 

Manuel Pedrón, Pedro Merino, Tomás Tejero, José L. Vicario 

CNRS, Paris, 11 rue Pierre et Marie Curie, 75231, France. 

Manolo.pedron@chimieparistech.psl.eu 

The synthesis of 7-membered rings poses a challenge due to the limited 

number of reactions available. [1-3] In this context, Brønsted acid 

organocatalysis can be used to promote the ring contraction of 

cyclooctatetraene oxide towards the synthesis of 7 and 6-membered 

ring aldehydes that could further be activated by the same catalyst 

towards the enantioselective formation of homoallylic alcohols. (see 

Fig. 1). In this work, the 7 to 6 switchable character of this mechanism 

will be explored in detail, and the crucial factor of the organocatalyst’s 

acidity on the mechanism will be revealed. 

 

Figure 1. Single and double ring contraction coupled with the 

enantioselective allylation 

[1] Blaszczyk, S. A.; Glazier, D. A. ; Tang, W. “Rhodium-Catalyzed (5+2) and 

(5+1) Cycloadditions Using 1,4-Enynes as Five-Carbon Building Blocks”. Acc. 

Chem. Res. (2020), 53, pp. 231-243. DOI: 10.1021/acs.accounts.9b00477. 

[2] Lohse, A. G.; Hsung, R. P.  “(4+3) Cycloaddition Reactions of Nitrogen-

Stabilized Oxyallyl Cations”. Chem. Eur. J. (2011), 17, pp. 3812-3822. DOI: 

10.1002/chem.201100260. 

[3] Butenschön, H. “Seven-Membered Rings by Cyclization at Transition Metals: 

[4+3], [3+2+2], [5+2]”. Angew. Chem. Int. Ed. (2008), 47, pp. 5287-5290. DOI: 

10.1002/anie.200801738. 
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Some Restrictive Open-Shell Excited-State ΔSCF Methods 

Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, 
China 

Peng Bao 

baopeng@iccas.ac.cn 

 

Accurate calculation of excited states is crucial in the field of 
chemistry, but the current mainstream method for computing excited 
states, TDDFT, still lacks accuracy in certain aspects. To improve 
precision while keeping computational demands comparable to 
TDDFT, the projection △SCF method and associated programs have 
been developed, including: unrestricted Hartree-Fock (UHF); 
constrained unrestricted Hartree-Fock (CUHF); spin-flip restricted 
open-shell (SFRO), which uses triplet excited states with Ms=1 for 
spin-flip to achieve mixed states; and restricted open-shell Hartree-
Fock (ROHF). These advancements address the convergence issues of 
traditional △SCF methods and eliminate spin contamination present 
in unrestricted open-shell △SCF (U△SCF). Through a series of 
benchmarks, it has been found that for primarily single excitations of 
orbitals: for singlet excitations in the valence shell, these restricted 
open-shell methods achieve accuracy comparable to TDDFT; for 
triplet states, Rydberg states, singlet−triplet gaps, charge transfer 
states, core excited states and double excited states, these restricted 
open-shell methods are significantly more accurate than TDDFT. 

 

[1] Bao, P.; Hettich, C. P.; Shi, Q.; Gao, J. “Block-Localized Excitation for 
Excimer Complex and Diabatic Coupling”. J. Chem. Theory Comput. 17(2021), 
pp. 240−254. DOI: 10.1021/acs.jctc.0c01015 
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Electronic structure of periodic systems containing strongly 

correlated transition metals 

Ilya Popov1, Andrei Tchougréeff2, Elena Besley1 

1School of Chemistry, University of Nottingham, University Park, Nottingham, 

NG7 2RD 

2Frumkin Institute of Physical Chemistry and Electrochemistry RAS, Moscow 

119071, Russia 

ilya.popov@nottingham.ac.uk 

We present the Effective Hamiltonian of Crystal Field (EHCF) method, a hybrid 

embedding quantum chemical method developed for an accurate treatment of 

strongly correlated d-shells of transition metal (TM) atoms embedded into periodic 

systems [1]. EHCF is based on dividing a space of one-electronic states in two 

subspaces separately spanned by d- and s, p- atomic orbitals. The many-electron 

wave-function of the correlated d-system is expressed in the configuration 

interaction form, while the s, p- subsystem is described by the Hartree-Fock single-

reference wave-function. Resonance interactions between subsystems are 

considered by the Löwdin partitioning technique combined with the Green’s 

function formalism [1]. 

Our results for a series of TM oxides and TM dopants in oxide materials 

demonstrate the ability of the EHCF method to accurately reproduce the spin 

multiplicity and spatial symmetry of the ground state as well as energies and 

multiplicities of the excited d-states. For the studied materials, the calculated d-d 

transitions agree with the lines observed in optical spectra [1]. For iron-containing 

compounds our calculations allow to reproduce values and temperature dependence 

of 57Fe Mössbauer quadrupole splitting observed in experiment. 

We apply EHCF to investigate carbodiimides and hydrocyanamides of transition 

metals [2], spin-crossover in metal organic frameworks, transition metal dopants 

suitable for quantum computing applications. We also discuss future perspectives 

of the EHCF method and its place in the context of modern solid state quantum 

chemistry and physics. 

 

[1] I. Popov, E. Plekhanov, A.L. Tchougréeff, and E. Besley. “Effective 

Hamiltonian of crystal field method for periodic systems containing transition 

metals”. Mol.  Phys. (2022), 121, e2106905. DOI: 

10.1080/00268976.2022.2106905 

[2] I. Popov, D. Raenko, A. Tchougréeff, and E. Besley. “Electronic Structure and 

d–d Spectrum of Metal–Organic Frameworks with Transition-Metal Ions”. J. 

Phys. Chem. C. (2023), 127, 21749–21757. DOI: 10.1021/acs.jpcc.3c05025 
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Density-Based Many-Body Expansion as a Case Study on 
Interoperability

Kevin Focke, Christoph R. Jacob

Kevin Focke, TU Braunschweig, Institute of Physical and Theoretical

Chemistry, Gaußstraße 17, 38106 Braunschweig, Germany,

k.focke@tu-braunschweig.de

Quantum-chemical  subsystem  and  embedding  methods  depend 
heavily on interoperable software and standards [1]. They are at the 
focal point of our scripting framework PyADF. To ensure efficiency 
and therefore sustainability in the development of subsystem methods, 
one must  avoid implementing the employed methods from scratch, 
especially when combining different levels of theory. This and other 
general  best  practices  in  software  development  need  to  be  kept  in 
mind, which illustrates a challenge that is faced throughout the field.

The  density-based  many-body  expansion  is  a  subsystem  and 
embedding method designed to describe large and complex molecular 
clusters  accurately  and  efficiently  [2].  Its  basic  idea  is  highly 
adaptable  and  was  abstractly  implemented  in  PyADF.  Here,  we 
present  its  further  development  based  on  well-established, 
interoperable, and actively supported standards and tools, like pyscf, 
libxc, and the molden format. With its recent application to CCSD(T) 
calculations [3], we have demonstrated the method’s adaptability and 
potential.  The modular approach curbs the cost of development for 
upcoming features, such as gradients and structural optimization.

[1] K. Focke, M. De Santis, M. Wolter, J. A. Martinez B, V. Vallet, A. S. Pereira 
Gomes, M. Olejniczak, and C. R. Jacob. J. Chem. Phys. 160.16 (2024), p. 162503.

[2] D. Schmitt-Monreal and C. R. Jacob.  Int. J. of Quantum Chem. 120.21 
(2020), e26228.

[3] K. Focke and C. R. Jacob. J. Phys. Chem. A 127.43 (2023), pp. 9139–9148.

266

Posters Sessions



 

Developments of approaches for structural relaxation of 

excited states of materials based on embedded cluster model 

TengZhang, Hong Jiang* 

College of Chemistry and Molecular Engineering, Peking University 

zhangtchem@stu.pku.edu.cn 

 

Broadband photo-luminescence phenomena of metal halides is usually 

related to the forming of self-trapped excitons (STE). In order to 

understand the STE emission mechanism, relaxation of excited states 

geometry of materials becomes important. Widely used method 

nowadays for this topic is occupancy-constrained-DFT (OC-DFT) 

which has shortcomings such as lack of rigorous theoretical foundation, 

convergence issues and disability to obtain the complete potential 

surfaces for excited states. On the other hand, usage of rigorous 

theoretical methods with higher accuracy are limited due to their high 

computational cost in solids. Embedded cluster methods separate the 

total system into active cluster as well as environments and include the 

effects on cluster from environments in specific ways. These methods 

make it possible to apply accurate methods with highly demanding 

computational cost to structural relaxation of localized excited states of 

materials. 

 

In this work, an embedded cluster model (ECM) based on ab initio 

model potential (AIMP) and a grid of point charges is built. The validity 

of this approach is tested using NaF:Cu+ as an example. In this model, 

[CuF6]
5-, which determines the spectral properties of NaF:Cu+, is set to 

be cluster. Ions around this cluster within 10 Å are represented as 

environments to generate AIMPs, which take into consideration the 

Coulomb and exchange effects on cluster from environments as well as 

the repulsion from Pauli principle. Farther ions are treated as point 

charges and a layer of ions as surface charges are generated through 

fitting the electrostatic potential to make the system neutral and 

eliminate dipole moment of the whole model. Combined with time-
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dependent density-functional theory (TDDFT), equilibrium geometry 

of 3Eg state of [CuF6]
5- cluster is obtained. Absorption and emission 

energies of NaF:Cu+ are calculated as well. We also calculate the 

excitation energies considering spin-orbit coupling effect by using 

noncollinear TDDFT. 
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Nonadiabatic Field on Quantum Phase Space  

Baihua Wu, Xin He, Jian Liu* 

Beijing National Laboratory for Molecular Sciences, Institute of 

Theoretical and Computational Chemistry, College of Chemistry and 

Molecular Engineering, Peking University, Beijing, China; 

* Email address: jianliupku@pku.edu.cn 

 

Nonadiabatic dynamics plays a crucial role in the investigation of 

various significant photochemical processes in chemistry, biology and 

material science. We present two recent advances in the development 

of trajectory-based nonadiabatic dynamics methods. One significant 

development is the establishment of the generalized coordinate-

momentum phase space representation for molecular systems [1-7]. 

This formalism describes both nuclear and electronic degrees of 

freedom (DOFs) using continuous coordinates and momenta. The 

normalization of electronic phase space results in a smooth manifold, 

which is diffeomorphic to a submanifold of the U(F) group. The other 

advancement is the development of nonadiabatic field (NaF) [8,9]. This 

approach decomposes the force acting on nuclei into two components: 

the adiabatic force originating from a single electronic state, and the 

nonadiabatic force arising from the nonadiabatic coupling field. NaF 

integrates the benefits of both Born-Oppenheimer dynamics and mean-

field dynamics. By implementing NaF in the generalized coordinate-

momentum phase space representation, the resulting novel method 

demonstrates superior performance compared to conventional methods 

in numerical simulations of various model systems, including 

condensed phase dissipative systems, cavity quantum electrodynamics 

models, gas-phase scattering models, and molecular conical 

intersection models. 
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[1] Jian Liu, “A unified theoretical framework for mapping models for the multi-

state Hamiltonian”, Journal of Chemical Physics 145 (2016), 204105. DOI: 

10.1063/1.4967815 

[2] Xin He, Jian Liu, “A new perspective for nonadiabatic dynamics with phase 

space mapping models”, Journal of Chemical Physics 151 (2019), 024105. DOI: 

10.1063/1.5108736 

[3] Xin He, Zhihao Gong, Baihua Wu, Jian Liu, “Negative zero-point-energy 

parameter in the Meyer–Miller mapping model for nonadiabatic dynamics”, 
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[6] Baihua Wu, Xin He, Jian Liu, “Phase space mapping theory for nonadiabatic 

quantum molecular dynamics”, Volume on Time-Dependent Density Functional 

Theory: Nonadiabatic Molecular Dynamics (2022) Jenny Stanford Publishing. 
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“New phase space formulations and quantum dynamics approaches”, Wiley 

Interdisciplinary Reviews-Computational Molecular Science 12 (2022), e1619. 
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[8] Baihua Wu, Xin He, Jian Liu, “Nonadiabatic field on quantum phase space: A 

century after Ehrenfest”, Journal of Physical Chemistry Letters 15 (2024), 644-

658. DOI: 10.1021/acs.jpclett.3c03385 

[9] Xin He, Xiangsong Cheng, Baihua Wu, Jian Liu, “Nonadiabatic field with 

triangle window functions on quantum phase space”, Journal of Physical 

Chemistry Letters 15 (2024), 5452-5466. DOI: 10.1021/acs.jpclett.4c00793 
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Mechanistic Insights into Twisted Intramolecular Charge Transfer in CBP 
and its derivatives 

 
Donghwan Im1,2, Jeongkweon Choi2, Alekos Segalina2 and Hyotcherl Ihee1,2 

1Department of Chemistry, Korea Advanced Institute of Science and Technology (KAIST), 
Daejeon 305-701, Republic of Korea 

 2Center for Advanced Reaction Dynamics (CARD), Institute for Basic Science (IBS), 
Daejeon, 34141, Republic of Korea 

E-mail: dhim1031@gmail.com 

Organic light-emitting diodes (OLEDs) are crucial components in modern electronic 
displays, where effective charge transfer plays a pivotal role in their performance. 
Carbazole-based host materials, such as 4,4′-bis(N-carbazolyl)-2,2′-biphenyl (CBP), are 
commonly used for their strong charge transfer capabilities, though their lower triplet 
energy levels can limit their effectiveness [1]. To address this, higher triplet energy 
materials like 4,4′-bis(9-carbazolyl)-2,2′-dimethyl-biphenyl (CDBP) and 3,3′-bis(9H-
carbazol-9-yl)biphenyl (mCBP) have been developed [2]. However, the detailed 
mechanisms underlying charge transfer and structural changes in these materials remain 
insufficiently explored, emphasizing the need for fundamental studies. Using time-
dependent density functional theory (TD-DFT) and nonadiabatic molecular dynamics 
(NAMD) simulations, our research reveals that in CBP, charge transfer occurs in the S1 
state following a rapid internal conversion from the Sn state, leading to the planarization of 
the biphenyl group on a picosecond timescale. Additionally, we observed that the emission 
spectra of CBP broaden and red-shifted with increasing solvent polarity, indicating that 
charge transfer and structural changes are more pronounced in polar solvents. In contrast, 
in CDBP and mCBP, where π-conjugation is disrupted, charge transfer is significantly 
limited. Consequently, the absorption and emission spectra of these materials retain their 
vibronic structure, regardless of solvent polarity, suggesting structural distortion is minimal. 
This study provides deeper insights into the ultrafast charge transfer processes and 
associated structural changes in CBP, advancing our understanding of the photophysical 
properties of these critical OLED host materials. 

   

Figure 1, molecular structure of CBP, CDBP and mCBP. 

 

[1] S. T. Hoffmann et al., Triplet Excimer Emission in a Series of 4,4′-Bis(N-carbazolyl)-2,2′-
biphenyl Derivatives, J. Phys. Chem. B 2011, 115, 3, 414–421 

[2] P. Schrögel et al., A series of CBP-derivatives as host materials for blue phosphorescent organic 
light-emitting diodes, J. Mater. Chem., 2011, 21, 2266-2273. 
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 Building Accurate Molecular Simulation Models for 

Studying Warm Cloud Seeding 

Guangzhi HE, Ying-Lung Steve TSE 
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Climate change has intensified extreme weather events including both 

droughts and floods, prompting efforts to develop effective mitigation 

strategies. Recently, different parts of the world including China have 

been experimenting with cloud seeding to induce precipitation. While 

cold cloud seeding with agents like silver iodide (AgI)[1] has been 

extensively studied, the molecular mechanisms underlying warm cloud 

seeding, which involves the coalescence of water droplets without ice 

formation, remain poorly understood. 

This project seeks to bridge this knowledge gap by developing 

simulation models to study warm cloud seeding. Our methodology 

integrates expensive quantum mechanical (QM) calculations to 

generate reference data on small scales and use the data for 

parametrizing classical force fields that will be used for larger length 

and time scales. By investigating the effects of inorganic salts and 

charged organic matter on water droplet behavior, including water 

uptake and coalescence dynamics, we aim to enhance our 

understanding of droplet interactions in the atmosphere and the 

properties at the air-water interface, thereby providing deeper insights 

into warm cloud seeding and its potential applications. 

This research was supported by a General Research Fund from The 

Research Grants Council of Hong Kong (14300823). 

 

[1] Vonnegut, B. “The Nucleation of Ice Formation by Silver Iodide”. Journal of 

Applied Physics 1947, 18 (7), 593–595. 
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Correlation Functions From Tensor Network Influence 
Functionals: The Case of the Spin-Boson Model 

Haimi Nguyen, Nathan Ng, Lachlan P. Lindoy, Gunhee Park, Andrew 
J. Millis, Garnet Kin-Lic Chan, and David R. Reichman 

Department of Chemistry, Columbia University, NY 10027, USA 

hn2375@columbia.edu 

 

We present an investigation into the use of matrix product state (MPS) 
representations of influence functionals (IF) for calculating real-time 
equilibrium correlation functions in open quantum systems. Our study 
centers on the unbiased spin-boson model and explores the application 
of IF-MPS for complex time propagation and the construction of 
correlation functions in the steady state. We analyze three distinct IF 
approaches: the process tensor method, which uses the Kadanoff-
Baym contour to target correlation functions at all times; a method 
utilizing a complex contour for evaluating the correlation function at a 
specific time; and a steady-state formulation that bypasses imaginary 
or complex times while enabling access to correlation functions at all 
times. Our results demonstrate that within the IF framework, the 
steady-state formulation offers a robust technique for evaluating 
equilibrium correlation functions. This presentation is based on a 
paper available on arXiv. [1] 

 

Figure 1. A schematic diagram of the process tensor method. 

 

R
ea

l

Imag.Mixed

s�1

s�2

s±1

s±2

s±3

b0

b0

b0

b1

b1b2

c2,2

c1,1c2,1

d3,2

d3,1

d2,2

d2,1

d1,2

d1,1

(a) (b)

dkk0 ik0i0k0

jk

j0k

273

Posters Sessions



 

Figure 2. A schematic diagram of the steady state method. 

 

[1] Haimi Nguyen, Nathan Ng, Lachlan P. Lindoy, Gunhee Park, Andrew J. 
Millis, Garnet Kin-Lic Chan, and David R. Reichman. “Correlation Functions 
From Tensor Network Influence Functionals: The Case of the Spin-Boson 
Model”. (2024). DOI: https://doi.org/10.48550/arXiv.2406.15737 
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Time-Dependent Density Matrix Renormalization Group 

Method for Quantum Transport with Phonon Coupling in 

Molecular Junction 

Hengrui Yang, Weitang Li, Jiajun Ren, Zhigang Shuai* 

Department of Chemistry, Tsinghua University, Beijing 100084 

yhr19@mails.tsinghua.edu.cn 

 

Quantum transport in molecular junctions has attracted great 

attention. The charge motion in molecular junction can cause 

geometric deformation, leading to strong electron phonon coupling, 

which was often overlooked. We developed a nearly exact method to 

calculate the time-dependent current and occupation number for 

molecular junction modeled by electron-phonon coupled bridge state 

using time-dependent density matrix renormalization group (TD-

DMRG) method within grand canonical ensemble. The oscillation 

period and amplitude of the current are found to be dependent on the 

electron phonon coupling strength and the energy level alignment with 

the electrodes.  

We came up with a new approximation to give a thorough 

explanation of all these phenomena and use it to predict the bistability 

phenomenon and the behavior of steady currents in the strong electron 

phonon coupling regime. The results, compared with results from non-

equilibrium Green’s Function (NEGF) and polaron transformation, 

proved its superiority. 

At finite temperature, we utilized the special model of molecular 

junction systems and thermal field dynamics, as well as the thermal 

Bogoliubov transformation of Fermi and bosons at the same time, to 

improve computational efficiency at finite temperatures.  
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Figure 1. Quantum Transport with Phonon Coupling in Molecular 

Junction and its mapping into MPS.  

 

 

[1] H. Yang, H, W. Li, J. Ren and Z. Shuai. “Time-Dependent Density Matrix 

Renormalization Group Method for Quantum Transport with Phonon Coupling in 

Molecular Junction.”. J. Chem. Theory Comput. 19, 18 (2023), 6070-6081. DOI: 

10.1021/acs.jctc.3c00340. 

[2] W. Li, J. Ren J, H. Yang, H. Wang, and Z. Shuai, “Linear-Scaling Tensor 

Network Simulation of Open Quantum Systems with Optimal Tree Tensor 

Network Operators.” J. Chem. Phys. 161, 054116 (2024). DOI: 

10.1063/5.0218773.  
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Solvated Electron from First Principles and Machine 
Learning  

Jinggang Lan1, Vladimir Rybkin2, Majed Chergui3, Alfredo 
Pasqurello3 

1.New York University, USA; 2.HQS Quantum Simulations GmbH, 
Germany; 3.Ecole Polytechnique Fédérale de Lausanne, Switherland 

Jinggang.lan@nyu.edu 

The nature of the hydrated electron has been a challenge for both 
experiment and theory due to its short lifetime, high reactivity, and the 
need for a high level of electronic structure theory to achieve 
predictive accuracy. The lack of a classical atomistic structural 
formula makes it exceedingly difficult to model the solvated electron 
using conventional empirical force fields, which describe the system 
in terms of interactions between point particles associated with atomic 
nuclei. Here, we overcome this problem using a machine-learning 
model that is sufficiently flexible to describe the effect of the excess 
electron on the structure of the surrounding water, without including 
the electron explicitly in the model. The model is not only able to 
reproduce the stable cavity structure but also recovers the correct 
localization, vibrational, and charge-transfer-to-solvent dynamics at 
the accuracy of the correlated wave function or hybrid functional 
method. It is sufficiently inexpensive to afford a full quantum 
statistical and dynamical description and allows us to achieve accurate 
determination of the structure, dynamics, and temperature-dependent 
properties of the solvated electron.  

[1] Jinggang Lan, Majed Chergui, and Alfredo Pasquarello. 
"Dynamics of the charge transfer to solvent process in aqueous 
iodide." Nature Communications 15, no. 1 (2024): 2544.  

[2] Jinggang Lan,  Venkat Kapil, Piero Gasparotto, Michele Ceriotti, 
Marcella Iannuzzi, and Vladimir V. Rybkin. "Simulating the ghost: 
quantum dynamics of the solvated electron." Nature 
communications 12, no. 1 (2021): 766. 

[3] Jinggang Lan,  Vladimir V. Rybkin, and Alfredo Pasquarello. 
"Temperature dependent properties of the aqueous 
electron." Angewandte Chemie 134, no. 38 (2022): e202209398. 
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Real-time time-dependent density functional theory for x-ray absorptions 

Linfeng Ye, Hao Wang*, Yong Zhang, Wenjian Liu* 

Qingdao Institute for Theoretical and Computational Sciences, Institute of Frontier and 
Interdisciplinary Science,Shandong University, Qingdao, Shandong 266237 

 
* Email: wanghaosd@sdu.edu.cn; liuwj@sdu.edu.cn 

 
 Real-time time-dependent density functional theory (RT-TDDFT) can, in principle, 
access the whole absorption spectrum of a many-electron system exposed to a narrow pulse. 
However, this requires an accurate and efficient propagator for the numerical integration of the 
time-dependent Kohn–Sham equation. While a low-order time propagator is already sufficient 
for the low-lying valence absorption spectra, it is no longer the case for the x-ray absorption 
spectroscopy (XAS) of systems composed even only of light elements, for which the use of a 
high-order propagator is indispensable. It is then crucial to choose a largest possible time step 
and a shortest possible simulation time so as to minimize the computational cost. To this end, 
we propose here a robust AutoPST approach to determine automatically (Auto) the propagator 
(P), step (S), and time (T) for relativistic RT-TDDFT simulations of XAS. 
 
References 

[1] P. Norman and A. Dreuw, Chem. Rev. 2018, 118: 7208. 

[2] K. Lopata, B. E. Van Kuiken, M. Khalil, and N. Govind, J. Chem. Theory Comput. 2012, 
8: 3284. 

[3] L. Ye, H. Wang, Y. Zhang and W. Liu, J. Chem. Phys. 2022, 157: 074106. 
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A stochastic Schrödinger equation and matrix product state 
approach to carrier transport in organic semiconductors with 

nonlocal electron-phonon interaction 
Liqi Zhou1, Xing Gao2*, Zhigang Shuai1,3** 

1Department of Chemistry, Tsinghua University, Beijing 100084 
2School of Materials, Sun Yat-sen University, Shenzhen, Guangdong 518107 
3School of Science and Engineering, The Chinese University of Hong Kong, 

Shenzhen, Guangdong 518172 

*gxing@mail.sysu.edu.cn 

**shuaizhigang@cuhk.edu.cn 

We present a numerically nearly exact approach to investigate carrier 
transport dynamics in organic semiconductors by extending the non-
Markovian stochastic Schrödinger equation with complex frequency 
modes (cNMSSE) to a forward-backward scheme, and solving it using 
the matrix product state (MPS) approach. By utilizing the forward-
backward formalism for noise generation, the bath correlation function 
can be effectively treated as a temperature-independent imaginary part, 
enabling a more accurate decomposition with fewer complex frequency 
modes. Using this approach, we study the carrier transport and mobility 
in the one-dimensional Peierls model, where the nonlocal electron-
phonon interaction is taken into account.  
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Non-unique Hamiltonians for discrete symplectic dynamics 

Liyan Ni, Yihao Zhao and Zhonghan Hu* 

Qingdao Institute for Theoretical and Computational Sciences 
(QiTCS) Shandong University, Qingdao 266237 

*zhonghanhu@sdu.edu.cn 

An outstanding property of any Hamiltonian system is the symplecticity 
of its flow, namely, the continuous trajectory preserves volume in phase 
space. Given a symplectic but discrete trajectory generated by a 
transition matrix applied at a fixed time-increment (τ > 0), it was 
generally believed that there exists a unique Hamiltonian producing a 
continuous trajectory that coincides at all discrete times (t = nτ with n 
integers) as long as τ is small enough. However, it is now exactly 
demonstrated that, for any given discrete symplectic dynamics of a 
harmonic oscillator, there exist an infinite number of real-valued 
Hamiltonians for any small value of τ and an infinite number of 
complex-valued Hamiltonians for any large value of τ. In addition, 
when the transition matrix is similar to a Jordan normal form with the 
supradiagonal element of 1 and the two identical diagonal elements of 
either 1 or −1, only one solution to the Hamiltonian is found for the case 
with the diagonal elements of 1, but no solution can be found for the 
other case. [1]. 
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Figure 1. Typical continuous trajectories from [q(0) = 1,p(0) = 0] to 
[q(1.05τ),p(1.05τ)] in the qp phase space (top) and as functions of time 
[bottom, solid lines for q(t) and dashed p(t)] generated by the 
Hamiltonians of Eq. (5) at m = 0 (left), 1 (middle, red), and −1 (right, 
blue). In the phase space, the trajectory of the phase points rotates 
clockwise (m ⩾ 0) and counterclockwise (m<0). 

 

 

 

 

 

[1] Liyan Ni, Yihao Zhao and Zhonghan Hu. “Non-unique Hamiltonians for 
discrete symplectic dynamics”. J. Chem. Phys. 161.5 (2024), pp. 054102.  
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An Electronic Spin on Geometric Phase Effects in Molecular 
Systems 

Martin van Horn, Nanna Holmgaard List 

KTH Stockholm 

martinvh@kth.se 
Molecules are inherently geometric in nature, as their properties are not only determined 
by their atomic composition but also their three-dimensional arrangement in space.  
However, the geometry arising from the atomic configuration alone is rather mundane, 
essentially being given by a tuple of Cartesian coordinates. A more exotic type of 
geometry emerges from the interplay between the nuclear coordinates and the electronic 
wave function. It is known, for instance, that the electronic wave function may not return 
to its initial state when transported around a closed contour in nuclear coordinate space, 
with the difference given by a phase factor.[1] This phase factor is geometric in nature 
only depending on the path taken in nuclear coordinate space and bearing some 
resemblances to the notion of curvature in Riemannian manifolds. When the nuclear 
motion is treated quantum mechanically according to the Born-Oppenheimer 
approximation, the geometric phase translates to an effective vector potential describing 
a pseudo-magnetic interaction with the nuclei. It can be argued that interactions of this 
type are most relevant if the electronic wave function is complex-valued, which, for 
instance, occurs if there is a conical intersection or if spin-orbit coupling is included.[2] 
Using a simple triatomic toy-model that exhibits a conical intersection at equilateral 
configuration, I will illustrate why geometric phase effects necessarily occur under these 
conditions. In addition, the results presented in this poster will be formulated using fibre 
bundles, providing a mathematical yet approachable perspective to the geometric phase 
effect. 

 
Figure 1. The effect of spin-orbit coupling on the triatomic model 

system 

[1] M. V. Berry, Proc. R. Soc. Lond. A 1984, 392, 45-57. 

[2] A. C. Mead, Chem. Phys. 1980, 49 (1), 33-38. 
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Excursions in Polaritonic Chemistry: From Relaxation in 

Liquids to Chemical Kinetics  

Muhammad Risyad Hasyim, Norah M Hoffmann, Arkajit Mandal, 

David R Reichman 

The Simons Center for Computational Physical Chemistry, New York 

University, USA 
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Recent years have shown how chemical kinetics can be modified using optical 

microcavities— devices capable of confining light at different resonant 

frequencies. By matching the frequency of light to a molecular vibration, strong 

coupling at resonance leads to the formation of hybrid light-matter states known 

as polaritons, often coinciding with either the suppression or enhancement of 

reaction rates. This presentation presents two works [1,2] that examine this 

emerging phenomenon of “polaritonic chemistry.” In the first work, we examine 

how the properties of supercooled liquids—the state of a liquid when cooled 

below freezing—can be modified in such cavities [1]. Here, we use cavity 

molecular dynamics (CavMD) [3], which provides a classical treatment of the 

light-matter system. Our findings suggest a critical coupling strength in which 

liquids can relax faster at equilibrium. The second work explores further the 

quantum nature of the light-matter interactions, applying mixed quantum-classical 

(MQC) methods to study a toy model for chemical reactions in microcavities [2]. 

Our findings suggest that treating the photon quantum mechanically as well as 

employing a multi-state version of the mapping approach to surface hopping 

(MASH) [4] are vital to obtaining rates much closer to the full quantum 

mechanical treatment of the problem. 

 

[1] In collaboration with Prof. Norah Hoffmann at NYU 

[2] In collaboration with Profs. Arkajit Mandal and David Reichman, at Texas 

A&M and Columbia University, respectively. 

[3] T. E. Li, J. E. Subotnik, and A. Nitzan. Proc. Natl. Acad. Sci. U.S.A. 117, no. 

31 (2020): 18324-18331 

[4] J. E. Runeson and D. E. Manolopoulos. J. Chem. Phys. 159, no. 9 (2023). 
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Early Stages of Battery Electrolytes Degradation: 

Theory and Experiment  

Alia Tadjer1.2, Georgi Vassilev,1,2 Rositsa Kukeva,1 Hristo Rasheev,1,2 

Ivo Lozanov,2 Mariya Kalapsazova,1 Radostina Stoyanova1  

1Institute of General and Inorganic Chemistry, Bulgarian Academy of 

Sciences, 1113 Sofia, Bulgaria; 

2Faculty of Chemistry and Pharmacy, Sofia University, 1164 Sofia, Bulgaria; 

tadjer@chem.uni-sofia.bg 

The electrochemical stability window (ESW) is an important 

characteristic of electrolytes in general and particularly of battery 

electrolytes. It is believed that within this voltage window no redox 

processes involving the electrolyte components occur. However, the 

literature data available for the ESWs of standard electrolytes are very 

ambiguous as the measurements depend on a number of factors and 

there is no established protocol for the experimental assessment of this 

property.  

Recently, tailored EPR experiments registered the presence of radicals 

in lithium- and sodium-ion batteries electrolytes even in the voltage 

ranges considered to be their respective ESWs [1]. Apparently, these 

radicals are products of the partial degradation of the solvents but the 

salts employed also play a role, because dissimilar radicals were 

identified upon the utilization of different salts. Knowledge about these 

redox reactions is very important for the battery safety and durability. 

Combining experimental techniques (EPR, LSV, CV) and molecular 

modelling (DFT), this study aims at clarifying the type and mechanism 

of the redox processes taking place within the ESWs of the most typical 

electrolytes used in lithium- and sodium-ion batteries.  

The study is carried out with the financial support of the Bulgarian 

National Science Fund, contract CARiM (NSP VIHREN, ΚΠ-06-DB-6). 

[1] R. Kukeva, M. Kalapsazova, H. Rasheev, G. Vassilev, A. Tadjer and R. 

Stoyanova. “In Situ Electron Paramagnetic Resonance Monitoring of 

Predegradation Radical Generation in a Lithium Electrolyte”. J. Phys. Chem. Lett. 

14 (2023) 9633-9639, DOI:10.1021/acs.jpclett.3c02374. 
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Stability and ion conductivity of novel Li6PIO5: A DFT 

study  

 

Areg Hunanyan, Hayk Zakaryan, Nane Petrosyan, Misha Aghamalyan, Olgert Dallakyan, 

Mikayel Chobanyan, Mikayel Sahakyan 

Computational Materials Science Lab, Yerevan State University, Alex Manoougian 1, Yerevan, 

Armenia  

areg.hunanyan@ysu.am 

In this study, we employ a computational search utilizing Density Functional Theory 

(DFT) to uncover promising solid-state electrolytes for advanced energy storage 

devices. Focusing on oxide materials, we investigate the potential of Li6PIO5 as a 

stable and high-conductivity electrolyte. Motivated by recent findings highlighting 

the superior ion conductivity of Li₆PbrO5 [1], we propose the substitution of bromine 

with iodine in Li₆PIO5, anticipating similar favorable properties. Through thorough 

computational simulations, including substitution and structural relaxation within the 

framework of density functional theory, we demonstrate the stability of Li₆PIO5 by 

placing it on the stability convex hull diagram. Furthermore, phonon dispersion 

calculations validate the stability of the material by confirming all positive 

frequencies. Expanding our exploration, we explore other compositions within the Li-

P-I-O system, unveiling novel metastable structures such as Li₇PO₆. To further 

investigate the ion conductivity, we introduced lithium vacancies into each structure, 

which reveals that these vacancies slightly increase the conductivities. Additionally, 

the conductivity was found to be temperature-dependent, increasing proportionally 

with temperature. Distortion studies were achieved through controlled alteration of 

one iodine atom position, from 4a to 4c Wyckoff position [2]. An assessment of the 

electrochemical stability window reveals a high value of approximately 4 eV, further 

establishing the viability of Li₆PIO5 as a prospective solid-state electrolyte. In 

summary, our findings substantiate the candidacy of Li₆PIO5 as a promising 

electrolyte material, offering potential advancements in energy storage technology. 

 

[1]   Xiao, Y., Jun, K., Wang, Y., Miara, L.J., Tu, Q., and Ceder, G. (2021) Lithium Oxide 

Superionic Conductors Inspired by Garnet and NASICON Structures. Advanced 

Energy Materials. 2101437.  

[2]   De Klerk, N.J.J., Rosłoń, I., and Wagemaker, M. (2016) Diffusion Mechanism of Li 

Argyrodite Solid Electrolytes for Li-Ion Batteries and Prediction of Optimized Halogen 

Doping: The Effect of Li Vacancies, Halogens, and Halogen Disorder. Chemistry of 

Materials. 28 (21), 7955–7963.  
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Disordered structure reduces the bandgap of double 

perovskite Cs2AgBiBr6 through wavefunction localization 

Bayan Amer Abzakh, Dongyu Liu, Andrey S. Vasenko 

HSE University, 101000 Moscow, Russia 

babzakh@edu.hse.ru 

 

Cs2AgBiBr6 is the most extensively studied halide double perovskite, 

notable for its microsecond carrier lifetime and excellent environmental 

stability. Nevertheless, Cs2AgBiBr6 suffers from a relatively large 

bandgap (about 2.0 eV), resulting in low light absorption and limiting 

its photovoltaic and optoelectronic performance. It has been reported 

that the bandgap of Cs2AgBiBr6 can be dramatically reduced through 

lattice reconfiguration under pressure or thermal treatment. These 

observations are attributed to the creation of disordered structure by 

randomly switching the Ag and Bi atoms in the lattice, while 

experimental characterizations can hardly identify such sophisticated 

changes. We employ density functional theory (DFT) calculations to 

theoretically investigate the impacts of disordered structure on 

Cs2AgBiBr6. We demonstrate the Ag and Bi atoms exhibit quite 

different interactions with the adjacent Br atoms, and the random 

structure leads to significant lattice distortion. Such structural changes 

break the lattice symmetry and split the degenerate energy levels. 

Moreover, the segregated Ag and Bi atoms form some cluster 

configurations and produce localized electronic states. These states 

serve as new band edges and reduce the bandgap, rationalizing the 

experimental observations. Our results shed light on understanding and 

manipulating the electronic properties of disordered materials. 

 

 

[1] Bayan Amer Abzakh, Dongyu Liu, Andrey S. Vasenko. 

“Disordered structure reduces the bandgap of double perovskite 

Cs2AgBiBr6 through wavefunction localization”. Preparing. 
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A Theoretical Study on Proton Transfer Reactions in
Anthracene-Urea Derivatives

Changbang Long , Yoshinobu Nishimura, and Toru Matsui

University of Tsukuba, Graduate School of Pure and Applied
Sciences.

s2320254@u.tsukuba.ac.jp

An excited-state proton transfer (ESPT) reaction, which occurs in
the excited states of molecules, is of significant interest in both
chemistry and biology, particularly in the context of light-driven
reaction control. An intermolecular ESPT reaction has been identified
from the dual fluorescence peaks observed using fluorescence lifetime
measurement. In our previous studies, we simulated the ESPT reaction
of 1-anthracen-n-yl-3-phenylurea (nPUA; n = 1, 2, 9) [1, 2] and an
acetate ion by calculating the acid dissociation constant in the lowest
excited state (pKa*) [3]. The proton-transferred structure was found to
be less stable than the initial structure, which did not agree with the
experimental data. We attributed this discrepancy to the lack of
solvent effects in our model. To investigate this hypothesis, we carried
out molecular dynamics (MD) simulations to obtain a better
understanding of the solvation structure of the nPUA-acetate ion
complex. We performed MD simulations on nPUA and an acetate ion
to obtain intermolecular distances and determine whether the
intermolecular hydrogen bond is influenced by the solvent molecules.
Detailed results from these simulations will be presented in the poster
session.

Reference:

[1] Ikedu, S.; Nishimura, Y.; Arai, T. J. Phys. Chem. A 2011, 115, 8227.

[2] Togasaki, K.; Arai, T.; Nishimura, Y. J. Phys. Chem. A. 2020, 124, 6617.

[3] Onozawa, S.; Nishimura, Y.; Matsui, T. Bull. Chem. Soc. Jpn. 2023, 96, 215.
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Theoretical study on the effect of ring modification in 

cuprous halide complexes on the TADF mechanism 

Guangyu Wang 

School of Chemistry and Chemical Engineering, Hubei University, 

Wuhan 430062, China 

2220655436@qq.com 

 

In recent years, researchers have paid much attention on obtaining 

highly efficient OLEDs fabricated with TADF Cu(I) halide complexes. 

Although the TADF properties of Cu(I) halide complexes can be 

enhanced by changing substituents on the ligands, how to achieve high 

quantum efficiency and short decay lifetime remains a challenge. Here, 

we focused on investigating the influence of ring modifications in Cu(I) 

chloride complexes containing bidentate phosphorus (P^P) ligands on 

the TADF mechanism with the use of electronic structure calculations. 

The results indicate that enhancing the electron-withdrawing effect of 

ring in the complexes can effectively suppress structural deformation 

between the S1 and T1 states and strengthen the charge-transfer 

characteristics of the complexes, leading to a reduction in ΔEST. 

Additionally, the electron-withdrawing effect effectively suppress the 

in-plane bending vibrations of the P3(PH)3 ligand, leading to a gradual 

decrease in structural deformation and reorganization energy as the 

electron-withdrawing effects increase. Ultimately, the complexes 

achieve faster intersystem crossing and reverse intersystem crossing 

rates. Our study reveals that enhancing electron-withdrawing effects of 

ring in the complex can effectively improve the TADF properties of 

Cu(I) chloride complexes, which provides valuable theoretical 

guidance for the design and synthesis of Cu(I) halide complexes with 

efficient TADF properties. 
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Review on Improving the Performance of SiOx Anodes for a 

Lithium-Ion Battery through Insertion of Heteroatoms: State 

of the Art and Outlook 

Hai Li†, Taeyeob Kim†, Rafael Gervasone, Ji Man Kim*, Jin Yong 

Lee* 

Department of Chemistry, Sungkyunkwan University 

lihainew1@gmail.com 

Lithium-ion batteries (LIBs) are essential for devices ranging from 

mobiles to electric vehicles. However, traditional graphite anodes, 

capped at 372 mAh/g, are inadequate for higher capacity demands. 

Silicon-based anodes could theoretically provide over 4200 mAh/g but 

suffer from 400% volume expansion and mechanical stress and 

unstable SEI layer formation. Silicon-oxide (SiOx) anodes, featuring a 

multiphase structure of amorphous Si and SiO2, help curb volume 

expansion and boost cyclability via lithium silicates formation. Despite 

benefits, challenges like low initial coulombic efficiency and the need 

for pre-lithiation call for advanced solutions. Recent advances in both 

experimental and theoretical research have significantly enhanced the 

microstructure and chemical properties of SiOx anodes, leading to 

improved electrochemical performance and durability. This review 

highlights these advancements, focusing on their potential to 

revolutionize LIBs technology by enhancing understanding of 

lithiation/delithiation processes and SiOx structure behavior. [1]. 

Figure 1. Overview of SiOx anode heteroatom doping strateges. 

[1]Kim, Taeyeob, Hai Li, Rafael Gervasone, Ji Man Kim, and Jin Yong Lee. 

“Review on Improving the Performance of SiO x Anodes for a Lithium-Ion Battery 

through Insertion of Heteroatoms: State of the Art and Outlook.” Energy & 

Fuels 37, no. 18 (2023): 13563-13578. DOI: 10.1021/acs.energyfuels.3c00785 
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Theoretical study on singlet fission dynamics in finite-size 
molecular aggregates with various intermolecular interaction 

strengths and structures 
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Singlet fission (SF) is a photophysical process where one singlet 
exciton (S1) splits into two triplet excitons (2T1) via correlated triplet 
pair (TT) states. Numerous studies have focused on the mechanism of 
SF dynamics [1]. In this study, we theoretically investigated SF 
dynamics in finite-size molecular aggregates. Based on the quantum 
master equation (QME) simulation, we examined how the 
intermolecular interaction strengths and structures affect the energies 
and wavefunctions of exciton states and the time evolution of the TT 
population. We considered linear and circular molecular aggregates 
[2,3] where symmetry reduction or site-dependent electronic coupling 
was introduced. We also discussed the spatial distributions of TT states 
for these aggregates.  

[1] M. B. Smith, J. Michl Chem. Rev. 110, 6891 (2010) 
[2] H. Miyamoto, M. Nakano, ChemPhotoChem. 4, 5249 (2020). 
[3] H. Miyamoto et al., J. Phys. Chem. A 125, 25, 5585 (2021).  

Fig. 1 Molecular aggregate models examined in this study. 
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A Molecular Dynamics Simulation on the Stress Corrosion Cracking 

Mechanism of BCC-FCC type Dual-phase High-Entropy Alloys 

Haoyu ZHAO1, Yixin SU2,1, Shogo FUKUSHIMA1, Yusuke OOTANI1,  

Nobuki OZAWA2, Momoji KUBO1,2 

1 Institute for Materials Research, Tohoku University 

2 New Industry Creation Hatchery Center, Tohoku University 

Email: zhao.haoyu.t6@dc.tohoku.ac.jp 

BCC-FCC type dual-phase high entropy alloys, such as AlCrFeNi, exhibit 
excellent high-temperature strength, making them potential for structural materials 
under extreme conditions. However, under combined stress and corrosive 
environments, the damage of structural materials which is called stress corrosion 
cracking (SCC) may lead to catastrophic failure. Understanding SCC mechanisms 
is vital to prevent failure, yet is challenging to achieve the atomic scale by 
experiments. Therefore, this study employs molecular dynamics to investigate the 
SCC mechanism of BCC-FCC type dual-phase high entropy alloys under high-
temperature and high-pressure water environment. 

A dual-phase model combined with Al2CrFeNi2 BCC crystal and AlCr2Fe2Ni FCC 
crystal was built (Fig. 1) imitating the structure observed in experimental study [1]. 
Here the BCC crystals majorly comprise Al and Ni, and the FCC crystals are 
predominantly composed of the Fe and Cr. Pre-crack was introduced along the grain 
boundary. The alloy models are placed in both vacuum and water environments, 
where the density of water is 0.334g/cm3. Tensile simulations were then conducted 
on both models at 650 K, 25 MPa along y direction.  

 Fig. 2 shows the crystal structures at 7.0% strain. Both models exhibit a phase 
transition from BCC to FCC and HCP (left parts of Fig. 2(a) and (b)). However, the 
FCC crystal on the right behaves differently in vacuum and water. In vacuum (Fig. 
2(a)), HCP stacking faults are generated along (111) FCC; in contrast, in water (Fig. 
2(b)), HCP stacking faults only appear internally, and a phase transition to BCC 
occurs near the surface. This is because the oxidized layer inhibits Schottky 
dislocation formation, making it difficult to generate stacking faults so that another 
way has to be found to relax the tensile stress [2]. A comparison between the SCC 
mechanism of dual-phase and single-phase alloys will be reported at the meeting. 

 

[1] S. Uporov et al. “Effect of synthesis route on structure and properties of AlCoCrFeNi high-entropy alloy” . 
Intermetallics. 83 (2017), pp. 1-8. DOI: 10.1016/j.intermet.2016.12.003 

[2] Y. Wang, et al., “Mechanisms of chemical-reaction-induced tensile deformation of Fe/Ni/Cr alloy revealed by reactive 
atomistic simulations”. RSC Advances. 13 (2023), pp. 6630-6636. DOI: 10.1039/D2RA07039A 

Fig. 1 AlCrFeNi dual-phase alloy in water  Fig. 2 Crystal structures at 7.0% strain AlCrFeNi high-entropy 
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Modelling of sodium clusters in various conjugated 

carbonaceous structures 
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Sodium-ion batteries (SIBs) are emerging as a prospective alternative 

to lithium-ion batteries for many applications, including electric cars 

and stationary energy storage. Improving all components of SIBs is 

crucial for their future. Anode materials deserve special attention. A 

very promising candidate is the nongraphitizable carbon, also called 

hard carbon – a disordered form of carbon which does not turn into 

graphite even at very high temperatures. Important structural features 

of hard carbon are the presence of nano-sized graphitic domains, 

various defects, and multiple pores allowing the migration of ions larger 

than lithium. An important advantage of hard carbon, regarding its price 

and availability, is that it can be obtained by pyrolysis of organic wastes 

such as wood pulp, coffee grounds, walnut shells and others.  

A peculiar feature of the insertion of Na in hard carbon is the substantial 

plateau capacity below 0.1 V (vs Na+/Na) observed in the charge-

discharge curves. Some authors suggest that it is due to Na-intercalation 

into the graphitic domains; others ascribe it to Na-clusters formation in 

the micro-pores which we consider a more likely explanation and 

attempted to model and analyze. Fullerene fragments, nano-cones, and 

nanotubes were used as pore models. By means of DFT, the size-

dependent stability of carbon-caged Na-clusters and the energetics of 

cluster growth in different carbonaceous fragments is discussed.  

Acknowledgements: The study is supported by the Bulgarian Science 

Fund, project CARiM/VIHREN, КП-06-ДВ-6/2019 and project КП-

06-ПН-69/9, and by the Science fund of University of Sofia project 80-

10-2/29.03.2024. 
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Assessing short-range charge transfer character of potential 

MR-TADF emitters with wavefunction descriptors 

Mariana T. do Casal, Youssef Badawy, Daniel Escudero 
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Celestijnenlaan 200f, 3001 Leuven, Belgium 
 

mariana.tellesdocasal@kuleuven.be 
 

Multiresonance thermally-activated delayed fluorescence (MR-TADF) 

emitters have gained popularity given their potential of attaining 

negligible adiabatic  singlet-triplet energy gaps, i.e., Δ𝐸𝑆𝑇  – thus, 

increasing the reverse and direct intersystem crossing rates – without 

affecting fluorescence [1]. This is achieved due to the singlet and triplet 

states' short-range charge transfer character (SRCT). Thus, obtaining 

quantitative information about SRCT would help develop new MR-TADF 

emitters. This work studies three different MR-TADF emitters: DOBOA, 

DiKTa and OQAO. 
  

In this work, we compute their adiabatic Δ𝐸𝑆𝑇 with four different methods 

(TDA-CAM-B3LYP, STEOM-DLPNO-CCSD, ADC(2) and SCS-CC2) 

and we propose the use of two wavefunction descriptors – 𝑄𝑎
𝑡  and LOCa 

– based on the 1-particle transition density matrix [3], which assigns the 

amount of charge centered on the atoms. We compute these descriptors 

for three transitions: S0→S1, S0→T1, and S1→T1. For the studied cases, 

these descriptors are independent of the choice of electronic structure 

method and optimal geometry. We show that the adiabatic Δ𝐸𝑆𝑇  

decreases with the increase of S1→T1  𝑄𝑎
𝑡 , while Δ𝐸𝑆𝑇 increases with an 

increase of the S0 →T1 𝑄𝑎
𝑡 . These trends showcase how the 𝑄𝑎

𝑡  values can 

act as guiding descriptors to design new MR-TADF emitters with small 

Δ𝐸𝑆𝑇 values.  
 

Moreover, we compute fluorescence, direct, and reverse intersystem 

crossing rate constants assessing the effect of different approximations [2].  
 

[1] Di Maiolo, F., et al Shedding Light on Thermally-Activated Delayed Fluorescence. 

Chemical Science, 15 (2024), pp. 5434–5450. DOI:10.1039/D4SC00033A. 
 

[2] Do Casal, et al. First-Principles Calculations of Excited-State Decay Rate Constants 

in Organic Fluorophores. Journal of Physical Chemistry A, 127.48 (2023), pp. 10033–

10053. DOI: 10.1021/acs.jpca.3c06191. 
 

[3] Do Monte, S. A.,  et al.; Shepard, R.; Lischka, H.; Plasser, F. Quantification of the 

Ionic Character of Multiconfigurational Wave Functions: The 𝑄𝑎
𝑡Diagnostic. J. Phys. 

Chem. A, 127.46 (2023), pp. 9842-9852. DOI: 10.1021/acs.jpca.3c05559. 
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XEDA: an efficient and flexible energy decomposition
analysis (EDA) toolkit
Yueyang Zhang, Peifeng Su

State Key Laboratory of Physical Chemistry of Solid
Surfaces, Fujian Provincial Key Laboratory of Theoretical
and Computational Chemistry, and College of Chemistry
and Chemical Engineering, Xiamen University, Xiamen,

Fujian 361005, China

Email: 20240182202049@xmu.edu.cn

In recent years, our research group has developed a series of
energy decomposition analysis methods for the study of the
nature of various complex environmental molecular
interactions [1-3]. In our methods, only requires the energy
and density matrices of monomers and supramolecule, and
then can efficiently compute electrostatic, exchange,
repulsion, polarization, and correlation terms. These methods
are included in our program XEDA. This program can used for
doing DM-EDA, BLW-ED and their extensions. XEDA can be
used for bio-chemistry systems by using QM/MM and can do
real-space analysis to get qualitative pictures. This program
is written with C language and python API is given for more
flexible use.

[1] Su. P; Jiang. Z; Chen. H; Wu. W. J. Phys. Chem. A 2014, 118, 2531
[2] Tang. Z; Jiang. Z; Chen. H; Su. P; Wu, W. J. Chem. Phys. 2019, 151,
244106
[3] Tang. Z; Shao, B.; Wu. W; Su. P. Phys. Chem. Chem. Phys. 2023, 25,
18139
[4]Zhang, Y.; Yan, L.; Wu, W.; Su, P. J. Chem. Phys. 2024,160, 174101
[5] Zhang, Y.; Wu, W.; Su, P. J. Chem. Phys.2024, 161, 084102

294

Posters Sessions



 

Sub- and Supercritical Water Structure Calculated using the  
Self-Learning Path Integral Hybrid Monte Carlo Method 

Bo Thomsen, Motoyuki Shiga 

Center for Computational Science and e-Systems,  

Japan Atomic Energy Agency 
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The inclusion of nuclear quantum effects (NQEs) is necessary in modelling water 
and its isotopologues, due to the low mass of hydrogen and the significant mass 
difference with its isotopes, deuterium (D) and tritium (T). Previously, we 
demonstrated that the auto-ionization constant (pKw) for water changes several 
orders of magnitude with the inclusion of NQEs [1]. The equilibrium structure of 
water, and especially its hydrogens, have also been found to be influenced by 
NQEs [2] even under sub- and supercritical conditions [3]. However, performing 
the ab initio path integral molecular dynamics (AI-PIMD) simulations needed to 
model NQEs is computationally intensive. To address this the self-learning hybrid 
Monte Carlo using a mixed ab initio and machine learned potentials (SL-PIHMC-
MIX) method has been proposed. Here, we apply it to the simulation of sub- and 
supercritical water, where we are able to probe the accuracy of several DFT 
functionals in describing the structure of high temperature water, including NQEs. 
The SL-PIHMC-MIX method extends our previous self-learning hybrid Monte 
Carlo SL-HMC [4] to the path integral regime, and enables the study of larger 
systems through the potential mixing. Both methods converge the structure of 
water with (SL-PIHMC-MIX) and without (SL-HMC) NQEs using only a tenth of 
the ab initio calculations needed to converge from AI-PIMD or AI-MD studies, 
while exactly reproducing the results from AI-PIMD and AI-MD. 

[1] B. Thomsen, and M. Shiga. “Nuclear quantum effects on autoionization of 
water isotopologs studied by ab initio path integral molecular dynamics” J. Chem. 
Phys. 154 (2021), pp. 084117. DOI: 10.1063/5.0040791 

[2] B. Thomsen, and M. Shiga. “Ab initio study of nuclear quantum effects on 
sub- and supercritical water” J. Chem. Phys. 155 (2021), pp. 194107. DOI: 
10.1063/5.0071857  

[3] B. Thomsen, and M. Shiga. “Structures of liquid and aqueous water 
isotopologues at ambient temperature from ab initio path integral simulations” 
Phys. Chem. Chem. Phys. 22 (2022), pp. 10851. DOI: 10.1039/D2CP00499B 

[4] Y. Nagai, M. Okumura, K. Kobayashi, and M. Shiga. “Self-learning hybrid 
Monte Carlo: A first-principles approach” Phys. Rev. B (Rapid Commun.) 102 
(2020), pp. 041124. DOI: 10.1103/PhysRevB.102.041124 

295

Posters Sessions



 

Towards ML- and QML-accelerated discovery of catalytic 
materials and mechanisms 

Dennis Salahuba, Jiří Hostaša,b, Lizandra Barrios Herreraa, Mosayeb 
Naseria , Hatef Shahmohamadia, Sankha Ghosha, Andreas Kösterc, 
Patrizia Calaminicic, Alain Tchagangb, Colin Bellingerb, Sergey 

Gusarovb, Daya Gourd, Maicon Lourençoe 

aUniversity of Calgary, Calgary, Canada; bNational Research 
Council, Ottawa, Canada; cCinvestav, Mexico City, Mexico; dUniv. 

Lethbridge,  eUniv. Fed. Espírito Santo, Alegre, Brazil  

dsalahub@ucalgary.ca  

Our attempts to build somewhat realistic models of surface- and nano-
catalysis at finite temperature will be reviewed. We are bringing in 
machine learning (ML), most notably active learning (AL) to, 
ultimately, define the relevant reaction coordinates. We report progress 
made on a longer journey towards this goal, by using AL for the global 
optimization of nanocatalysts such as Ni-CeO2, including vacancies and 
interactions with water, on the one hand, and data-base searches for 
better materials for thermo-, electro-, photo-activated catalysis, on the 
other. Developed protocols and software, QMLMaterial, GAMaterial, 
MLChem4D and RLMaterial will be highlighted. Initial forays into ML 
on quantum computers (QAL) will be highlighted. Our efforts to date 
are reported in fifteen papers, among which: [1-4].  

References 
[1] M.P. Lourenço, H. Zadeh-Haghighi, J. Hostaš, M. Naseri, D. Gaur, C. Simon 

and D.R. Salahub, “Exploring Quantum Active Learning for Materials Design 
and Discovery”, submitted (2024). 

[2] M. Naseri, S. Gusarov and D.R. Salahub, “Quantum Machine Learning in 
Materials Prediction: A Case Study on ABO3 Perovskite Structures”, J. Phys. 
Chem. Lett., 14, 31, 6940–6947 (2023) DOI: 10.1021/acs.jpclett.3c01703. 

[3] L. Barrios Herrera, M.P. Lourenço, J. Hostaš, P. Calaminici, A. M. Köster, A. 
Tchagang and D.R. Salahub, “Active-Learning for Global Optimization of Ni-
Ceria Nanoparticles: The case of Ce4-xNixO8-x (x=1,2,3)”, J. Comp. Chem., 45, 
1643 – 1656 (2024). DOI: 10.1002/jcc.27346. 

[4] M. P. Lourenço, J. Hostaš, C. Bellinger, A. Tchagang and D. R. Salahub, 
“Reinforcement Learning for in Silico Determination of Adsorbate—
Substrate Structures”, J. Comp. Chem., Special issue in honour of Carlo 
Adamo, 45, 1289-1302,  (2024). https://doi.org/10.1002/jcc.27322 
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Breaking the Size Limitation of Non-Adiabatic Molecular 
Dynamics in Condensed Matter Systems with Local 

Descriptor Machine Learning 
Dongyu Liu, Bipeng Wang, Yifan Wu, Andrey S. Vasenko, Oleg V. 

Prezhdo 

HSE University, 101000 Moscow, Russia 
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Non-adiabatic molecular dynamics (MD-NA) application to condensed 
phase has drawn tremendous attention recently. Studies of condensed 
matter allow one to employ efficient computational tools, such as 
density functional theory (DFT) and classical path approximation 
(CPA). Still, system size and simulation timescale are strongly limited 
by costly ab initio calculations of electronic energies, forces, and NA 
couplings. We resolve the limitations by developing a fully machine 
learning (ML) approach in which all the above properties are obtained 
using neural networks based on local descriptors. Trained on small 
systems, the neural networks are applied to large systems and long 
timescales, extending NA-MD capabilities by orders of magnitude. We 
demonstrate the approach with dependence of charge trapping and 
recombination on defect concentration in MoS2. Charge trapping slows 
with decreasing defect concentration; however, recombination exhibits 
complex dependence, conditional on whether it occurs between free or 
trapped charges, and relative concentrations of carriers and defects. 
Completely ML based, the approach bridges the gap between 
theoretical models and realistic experimental conditions, and enables 
NA-MD on thousand atom systems and many nanoseconds. 

 

[1] Dongyu Liu, Bipeng Wang, Yifan Wu, Andrey S. Vasenko, Oleg V. Prezhdo. 
“Breaking the Size Limitation of Non-Adiabatic Molecular Dynamics in 
Condensed Matter Systems with Local Descriptor Machine Learning”. Proc. Natl. 
Acad. Sci. U.S.A. accepted. 
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Reciprocal Prediction of Multimodal Spectral and Structural 
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Proposing and utilizing machine learning descriptors for chemical 

property prediction and material screening has become a cutting-edge 

field of artificial intelligence-enabled chemical research. However, a 

single descriptor can only include partial features of a chemical research 

object, resulting in chemical information deficiency and limiting its 

generalizability. Meanwhile, incomplete data is a common scenario 

encountered in chemical research, whether the partially incompleteness 

of multiple descriptors due to sample contamination or the absence of a 

particular descriptor due to technological difficulties. Herein, we 

exploit the overlap and redundancy among chemical descriptors to 

construct an encoder-decoder machine learning training framework that 

enables reciprocal prediction of multimodal spectral and structural 

descriptors. After pre-training to endow the model with chemical 

insights, the multimodal data fusion is implemented in a descriptor-

encoded hidden layer. The model's capabilities are validated in the 

system of CO/NO adsorption on Au/Ag surfaces. The model can not 

only predict masked data using partially obscured descriptors, but also 

predict one target descriptor from others. This framework will 

significantly reduce the model’s dependence on complete 

physicochemical parameters and improve its multi-target prediction 

capabilities.  

 

298

Posters Sessions



 

Figure 1. Pipeline of End to End tasks compared with Pretrain Tasks in our 

work. 

 

 

[1] Wang, X.;  Ye, S. Luo, Y.; Jiang, J., et.al. J Am Chem Soc 2020, 142 (17), 7737-7743. 

[2] Wang, X.;  Jiang, S.; Jiang, J.; Luo, Y., et. al. J Am Chem Soc 2022, 144 (35), 

16069-16076. 
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Spectra-Based Clustering of High-Entropy Alloy Catalysts: Improved
Insight Over Use of Atomic Structure

Huirong Li, Song Wang, Yan Huang, Jun Jiang

University of Science and Technology of China, Hefei, Anhui, 230026, China
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The investigation of material properties based on atomic structure is a
commonly used approach. However, in the study of complex systems
such as high-entropy alloys, atomic structure not only covers an
excessively vast chemical space, but also has an imprecise
correspondence to chemical properties. Herein, we present a label-free
machine learning (ML) model based on physics-based spectroscopic
descriptors to study the catalytic properties of AgAuCuPdPt high-
entropy alloy catalysts. Even if the atomic structures of two such
alloys are different, these alloys may have similar catalytic properties
if their spectral characteristics match closely. One cluster with the
strongest CO adsorption exhibited high selectivity and activity for C2+

product generation, indicating that the spectra-based ML model can
provide deeper chemical insight than one based on atomic structure.
Moreover, such a model can be extended to other systems with
consistent results, thus demonstrating its transferability and versatility.
This not only underscores the potential of spectral analysis in
identifying high-performance alloy catalysts, but facilitates the
formation of a new spectra-based modeling approach and research
theory in materials science.
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Figure 1. Protocol for using clustering analysis to estimate the
catalytic performance of AgAuCuPdPt HEAs using spectroscopic
descriptors. Initially, construct various CO adsorption configurations
of AgAuCuPdPt HEAs with different compositions and spatial
arrangements; subsequently, perform CO infrared spectroscopic DFT
calculations for each configuration; next, utilize clustering model
analysis to analyze the infrared spectra and the catalytic characteristics
of each cluster; finally, transfer the clustering model to NO and O2

adsorption systems.

301

Posters Sessions



A simple approach to rotationally invariant machine learning
of a vector quantity

Jakub Martinka  1,2  , Marek Pederzoli1, Mario Barbatti3,4, Pavlo Dral5,6,
and Jiri Pittner1

1J. Heyrovský Institute of Physical Chemistry, Academy of Sciences of
the Czech Republic, Czech Republic

2Department of Physical and Macromolecular Chemistry,Faculty of
Sciences, Charles University

3Aix-Marseilles University, CNRS, ICR, Marseille, France
4Institut Universitaire de France, 75231 Paris, France
5State Key Laboratory of Physical Chemistry of Solid

Surfaces,College of Chemistry and Chemical Engineering,and Fujian
Provincial Key Laboratory of Theoretical and Computational
Chemistry,Xiamen University, Xiamen, Fujian 361005, China

6Institute of Physics, Faculty of Physics, Astronomy,and Informatics,
Nicolaus Copernicus University in Toruń, Poland

jakubm.martinka@jh-inst.cas.cz

Unlike with the energy, which is a scalar property, machine learning
(ML) predictions of vector or tensor properties poses the additional
challenge of achieving proper invariance (covariance) with respect to
molecular  rotation.  For  the  energy  gradients  needed  in  molecular
dynamics (MD), this symmetry is automatically fulfilled when taking
analytic derivative of the energy, which is a scalar  invariant (using
properly invariant molecular descriptors). However, if the properties
cannot  be  obtained  by  differentiation,  other  appropriate  methods
should be applied to retain the covariance. There have been several
approaches  suggested  to  properly  treat  this  issue.  For  nonadiabatic
couplings  and  polarizabilities,  for  example,  it  was  possible  to
construct virtual quantities from whichthe above tensorial properties
are  obtained  by  differentiation  and  thus  guarantee  the  covariance.
Another possible solution is to build the rotational equivariance into
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the  design  of  a  neural  network  employed  in  the  model.  Here  we
propose  a  simpler  alternative  technique,  which  does  not
requireconstruction  of  auxiliary  properties  or  application  of  special
equivariant ML techniques. We suggest a three-step approach, using
the molecular tensor of inertia. In the first step, the molecule is rotated
using the eigenvectors of this tensor to its principal axes. In the second
step, the ML procedure predicts the vector property relative to this
orientation, based on a training set where all vector properties were in
this same coordinate system. As third step, it remains to transformthe
ML estimate of the vector property back to the original orientation.

FIG.  1.  Proposed  RPR  approach:  1.  rotation  of  molecule  and
corresponding properties  by  Q,  2.prediction by a  model  trained on
molecules  rotated  into  their  canonical  orientation,  3.  backward
rotation into the initial orientation Q⊤.

 This  rotate-predict-rotate  (RPR)  procedure  should  thus  guarantee
proper covariance of a vector property and is trivially extensible also
to tensors such as polarizability. The PRP procedure has an advantage
that  the  accurate  models  can  be trained very  fast  for  thousands  of
molecular  configurations  which  might  be  beneficial  where  many
trainings are required (e.g., in active learning). We have implemented
the RPR technique, using the MLatom and Newton-X programs for
ML and MD and performed its assessment on the dipole moment and
polarizability along MD trajectories of 1,2-dichloroethane.

[1] Y. Zhang, J. Jiang, and B. Jiang, , https://arxiv.org/abs/2111.04306.
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radiative mechanisms in aggregation-induced emission 
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Aggregation-induced emission (AIE) is a photophysical phenomenon 
in which weakly luminescent organic chromophores become strongly 
luminescent in aggregate. The reduced non-radiative decay in 
aggregates is often cited as the explanation of AIE. However, the 
mechanism of competing non-radiative decay pathways is not resolved 
due to the lack of excited-state structural information in the time-
resolved experiments and prohibitively expensive quantum mechanical 
calculations for photodynamics simulations. We investigated the 
excited-state dynamics of classic AIE molecules in aggregate, 
hexaphenylsilole (HPS), tetraphenylsilole (TPS), and 
cyclooctatetrathiophene (COTh) with a multiscale machine learning 
accelerated photodynamics approach, integrating neural networks, 
semiempirical methods, and molecular mechanics. Our simulations 
predict 263, 5, and 12-fold fluorescence enhancement of HPS, TPS, 
and COTh in good agreement with the experiments (255, 3, and 12). 
We identified a shared non-radiative decay mechanism involving πCC 
torsions in these molecules. These torsions are blocked in aggregate due 
to intermolecular hindrance between substituents, promoting AIE. 

 
Figure 1. Machine learning photodynamics for aggregates. 
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Density functional theory and machine learning exploration 
of disorder in materials 

Jingrui Li  
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Disorder phenomena are ubiquitous in emergent functional materials 
and crucial to materials design. For related problems, conventional 
atomic-scale computational methods such as using density functional 
theory (DFT) run into the difficulties of dimensional and combinatorial 
explosion. My group developed machine learning (ML) methods to 
integrate DFT data to explore chemical and structural disorder of halide 
perovskites. For mixed halide alloys CsPb(I1-xBrx)3 and CsPb(Br1-xClx)3, 
we calculated thermodynamic state functions based on a traverse DFT 
exploration over four polymorphs of small model systems, and obtained 
phase diagrams that semi-quantitatively agree with experiments [1]. To 
minimize the size effects of computational models, large model systems 
were required [2] and to this end, our ML model offered accuracy at the 
DFT level with 106 and 104 faster for energy and force computations, 
respectively [3]. We have also studied the disordered structures of 
CsPbI3 and CsPbBr3 in terms of octahedral tilting, for which the three-
dimensional potential energy surfaces were rapidly converged by 
means of a Bayesian optimization ML scheme. Our results indicate that 
the high temperature β and α phases of all-inorganic halide perovskites 
are dynamical average of disordered low-symmetry tilted structures [4]. 

 

[1] F Pan et al., Chem. Mater. 36 (2024) 3957–3969. 

[2] F Pan et al., submitted. 

[3] J Laakso et al., Phys. Rev. Materials 6 (2022) 113801. 

[4] J Li et al., Small Strut. 5 (2024) 2400268. 
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Stochastic resolution of identity to CC2 for large systems 

Chongxiao Zhao, Wenjie Dou 
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We develop a stochastic variation of the approximate second-order 

coupled cluster singles and doubles model (sRI-CC2). Using the set of 

stochastic orbitals, we decouple the crucial 4-index electron repulsion 

integrals into stochastic resolution of identity. This technique allows a 

remarkable scaling reduction from O(N5) to O(N3), which enables us to 

calculate the ground state energy as well as the excited state properties 

for very large systems with nearly thousands of electrons on the coupled 

cluster level. Additionally, we benchmark the sRI-CC2 method to 

estimate the stochastic error, and perform calculations on a variety of 

molecular systems and extended systems. The implementation provides 

a practical alternative to describe electronic structure properties mainly 

for large-scaled systems. 

 

[1] Zhao, Q. Ou, J. Lee, and W. Dou. “Stochastic resolution of identity to CC2 for 

large systems: Excited states properties”. J. Chem. Theory Comput. Submitted for 

publication. https://doi.org/10.1021/acs.jctc.4c00629. 
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Quantum simulation with cluster embedding strategy for 

surface chemisty 

Dedong Wan, Xiongzhi Zeng*, Zhenyu Li* 

University of Science and Technology of China 

Wdd123@mail.ustc.edu.cn 

Quantum computing offers significant potential for enhancing 

chemical system simulations. Accurate prediction of absorption 

energy is crucial for heterogeneous catalysis and requires precise 

electron wave function simulations. This study introduces a novel 

hybrid workflow that combines cluster embedding techniques with an 

active orbital selection method, optimized for near-term quantum 

computers. Cluster approaches work by placing finite cluster within 

appropriate embedding environments has been approved high-quality 

accuracy in predicting absorption energy[1]. As for the selection 

strategy, starting from HOMO and LUMO, we can automatically pick 

out orbitals that are related to surface reactions accurately[2]. Applied 

to the calculation of CO absorption energy on MgO on Q2Chemistry, 

our approach demonstrates the effectiveness of quantum computing in 

predicting surface chemical reactions and underscores its practical 

utility. 

[1] XiongZhi Zenga, † Huili Zhanga, ‡ Xiaoxia Cai*, Jie Liu*, Zhenyu Li*,

Jinlong Yang. “Accurate Chemical Reaction Modeling on Noisy Intermediate-

Scale Quantum Computers Using a Noise-Resilient Wavefunction Ansatz”.

arXiv:2404.14038 [quant-ph]. DOI: 10.48550/arXiv.2404.14038

[2] Benjamin X. Shi, Angelos Michaelides*. “Many-Body Methods for Surface

Chemistry Come of Age: Achieving Consensus with Experiments”. J. Am. Chem.

Soc. 2023, 145, 46, 25372–25381. DOI: 10.1021/jacs.3c09616
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Development of a compact and dynamic ansatz for enhanced 
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Quantum chemistry, characterized by the exponential growth in 

Hilbert space dimensionality, is a promising area for near-term 

quantum computing applications. In recent decades, a variety of 

algorithms have been developed to tackle the complex quantum 

chemical calculations for many-electron systems. Among these, the 

Variational Quantum Eigensolver (VQE) has emerged as a leading 

candidate, attracting considerable attention for its potential to 

demonstrate quantum advantage with current state-of-the-art devices. 

However, the effectiveness of VQE can be significantly impacted by 

the complexity of the ansatz used to represent quantum states. 

Chemically motivated ansatz, tailored to capture the essential features 

of molecular systems often involve large and intricate parameter 

spaces that poses challenges for efficient optimization.  To address 

this, we have developed a chemically motivated dual unitary coupled 

cluster based ansatz,  UiCCSDn [1], which spans the N-electron 

Hilbert space via rank-one and rank-two parametrization, thus 

incorporating the high rank correlation effects via reasonably shallow 

depth quantum circuit. In an attempt to further compactify our ansatz, 

we developed a first-principle based strategy starting from many-body 

perturbation theory (MBPT) [2] that dynamically constructs an 

extremely compact yet highly expressive ansatz that requires zero pre-

circuit measurement overhead, thus, safeguarding it from structural 

alterations due to potential pitfall posed by NISQ architectures. 

[1] D. Halder, V.S. Prasannaa,and R. Maitra. “Dual expoennetial coupled cluster 

theory: Unitary adaptation, implementation in the variational quantum eigensolver 

framework and pilot applications”.  J. Chem. Phys. 157 (2022), 174117. 

[2] D. Halder, D. Mondal and R. Maitra. “Noise-independent route toward the 

genesis of a COMPACT ansatz for molecular energetics: A dynamic approach”. J. 

Chem. Phys. 160 (2024), 124104. 

308

Posters Sessions



Nuclear quantum effects enhance hydrogen evolution 
reaction on graphene-embedded transition metal atoms 

Erxun Han1, Wei Fang2, Ji Chen1 
1. School of Physics, Peking University, Beijing 100871, China 

2. Department of Chemistry, Fudan University, Shanghai 200438, 
P. R. China 

exhan@stu.pku.edu.cn 

A growing number of evidence has demonstrated the importance 
of the nuclear quantum effects (NQEs) in hydrogen evolution reactions, 
particularly the Tafel step where two hydrogen atoms combine. 
Meanwhile, recent studies have suggested the formation of two-
hydrogen intermediates on a single atomic site in graphene-embedded 
transition metal catalysts, extending the classic Norskov model for 
traditional Tafel reactions that assume separate adsorption of hydrogen 
atoms on active sites [1]. Using the ab initio path integral simulations 
[2], we reveal that NQEs substantially weaken the binding of two-
hydrogen intermediates, facilitating their desorption. In addition, 
nuclear quantum tunneling significantly increases the formation rates 
of two-hydrogen intermediates across a wide range of temperatures. 
These findings manifest that NQEs can enhance H2 production on 
graphene-embedded transition metal catalysts. 

 

Figure 1. The conventional and novel Tafel reaction. 

[1] G. Di Liberto, L.A. Cipriano, G. Pacchioni, Role of Dihydride and 
Dihydrogen Complexes in Hydrogen Evolution Reaction on Single-Atom 
Catalysts, J. Am. Chem. Soc. 143 (2021) 20431–20441. 
https://doi.org/10.1021/jacs.1c10470. 

[2] W. Fang, Y.-C. Zhu, Y. Cheng, Y.-P. Hao, J.O. Richardson, Robust Gaussian 
Process Regression Method for Efficient Tunneling Pathway Optimization: 
Application to Surface Processes, J. Chem. Theory Comput. 20 (2024) 3766–
3778. https://doi.org/10.1021/acs.jctc.4c00158. 
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Development of quantum embedding 
computing for quantum chemistry

Wafa Makhlouf, Bruno Senjean, and Emmanuel Fromager  
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Despite recent technological progress, solving the many-electron Schrödinger 
equation on a quantum computer is still a challenging task, especially if we aim at 
modeling systems of chemical interest or materials. On the other hand, solving the 
one-electron Kohn-Sham (KS) equations of density-functional theory (DFT) has 
been envisioned only very recently as a potential nearest-term application of 
quantum computers. In the already nontrivial case of quantum DFT for lattice 
models, which is a promising flavor of DFT for modeling strongly correlated 
electrons, the major limitation is the absence of a general strategy for designing 
density (orbital occupation in this case) functionals, which, in this context, are not 
universal as they depend on the chosen model Hamiltonian. This issue persists 
and becomes even more critical when turning to the true ab initio quantum 
chemical Hamiltonian since the latter can be written in any arbitrary (sometimes 
localized) orbital basis. To overcome these difficulties and to fully benefit from 
the quantum advantage brought about by quantum computers in the design of 
accurate energy functionals, we propose to combine expertise in quantum 
embedding theory (Strasbourg) and quantum algorithms for DFT (Montpellier) in 
order to provide a general (i.e., applicable to molecules and materials) quantum 
implementation of a functional-free DFT. To overcome these obstacles and fully 
leverage the quantum advantage in creating accurate energy functionals, we 
propose an approach that integrates quantum algorithms with embedding theory in 
DFT. This would enable a general, material- and molecule-specific quantum 
implementation of DFT without functional constraints. In this framework, 
quantum computers would solve both the KS equations for small electron systems 
and the Schrödinger equation for embedded clusters, capturing local properties as 
explicit functionals of the density. 
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Multi-state nonadiabatic dynamics combined with Mixed-Reference 

Spin-Flip Time-Dependent Density Functional Theory (MRSF-

TDDFT) were performed to investigate the chemoexcitation dynamics 

of firefly dioxetanone (FDO− in S0) to oxyluciferin (OxyLH− in S1) and 

its subsequent decay dynamics. The formation of oxyluciferin occurs 

within approximately 100 fs and is primarily controlled by oscillatory 

CO2 decarboxylation. Unexpected radiationless decay from 

oxyluciferin was also observed, facilitated by intramolecular rotation. 

Simulations under three thermal conditions reveal that higher initial 

thermal energy enhances the formation of oxyluciferin but also 

increases radiationless decay by surpassing barriers to the ground state. 

Conversely, lower thermal energy conditions reduce oxyluciferin 

formation but suppress radiationless decay. These findings suggest that 

optimal conditions for higher chemiluminescence quantum yield 

involve initial high thermal energy to accelerate CO2 decarboxylation 

and gradual thermal dissipation to prevent intramolecular rotation of 

oxyluciferin. This approach could enhance chemiluminescence 

efficiency beyond the current limit of 40%, offering significant 

potential for applications in biological imaging and analytical 

chemistry. 
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Theoretical study of lanthanide single-ion magnet: electronic
structure, magnetic anisotropy and relaxation

Bing Yin, Yu-Fei Wang, Qi-Qi Yang

Lab of Theoretical Molecular Magnetism, College of Chemistry and
Materials Science, Northwest University, Xi’an, 710127

rayinyin@nwu.edu.cn

The single-molecule magnet (SMM) performance of a given system is
determined by its magnetic relaxation. However, this process could be
quite complicated due to the co-existence of various pathways, e.g.,
Orbach, Raman, QTM. Via ab initio electronic structure calculation,
we have proposed a concise criterion for high-performance SMM and
related theoretical methods in recent years.[1] This criterion is the co-
existence of long QTM time QTM and high Ueff. The computational
cost of this criterion can be minimized to one ab initio electronic
structure calculation for one system.[1] Thus it is easy to apply this
criterion to a large number of systems to give a screening of
candidates of high-performance SMM[2]. This could largely reduce
the burden of subsequent study wherein more accurate but more
complicated and computationally expensive method is unavoidable.

Fig.1 Comparison between theory and experiment.
[1] (a) B. Yin, C.-C. Li, Phys Chem Chem Phys, 2020, 22, 9923. (b) B. Yin, L. Luo, Phys
Chem Chem Phys, 2021, 23, 3093. (c) H. Liu, J.-F. Li, B. Yin, Phys Chem Chem Phys, 2022, 24,
11729. (d) X. Wu, J.-F. Li, B. Yin, Dalton Trans, 2022, 51, 14793.
[2] (a) Q.-Q Yang, Y.-F. Wang, Y.-X. Wang, M.-J. Tang, B. Yin, Phys Chem Chem Phys, 2023,
25, 18387. (b) Y.-F. Wang, Y.-X. Wang, Q.-Q Yang, B. Yin, J Phys Chem A, 2024, in press
10.1021/acs.jpca.4c02003
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The Automated Design of Chemical Reactions Program
Guoao Li, Zhenxing Li, Manyi Yang* and Shuhua Li*

Key Laboratory of Mesoscopic Chemistry of Ministry of Education, New Cornerstone Science
Laboratory, School of Chemistry and Chemical Engineering, Nanjing University, Nanjing,

Jiangsu 210023, P. R. China

guoaoli@smail.nju.edu.cn; flyaway333f@163.com; manyi.yang@nju.edu.cn;
shuhua@nju.edu.cn

We have developed the Automated Design of Chemical Reaction
(ADCR) program (No. 2017SR286149) for automatically exploring
diverse reaction pathways. This program is based on the generalized
version of the combined molecular dynamics and coordinate driving
(MD/CD) method,[1-3] which is cost-effective by exploring low-barrier
reaction steps with MD simulations and high-barrier processes with
with the modified CD technique. The ADCR program has been
applied to multistep reaction pathways for relatively large systems
(over 100 atoms), transition-metal containing systems, radical
containing systems, single-electron-transfer processes and reactions in
condensed phase systems.

Figure 1. The ADCR program for automatically exploring diverse reaction pathways

[1] M. Yang, J. Zou, G. Wang and S. Li, “Automatic Reaction Pathway Search via Combined
Molecular Dynamics and Coordinate Driving Method”. J. Phys. Chem. A 121 (2017) 1351-
1361.

[2] M. Yang, L. Yang, G. Wang, Y. Zhou, D. Xie and S. Li, “Combined Molecular Dynamics
and Coordinate Driving Method for Automatic Reaction Pathway Search of Reactions in
Solution”. J. Chem. Theory Comput. 14 (2018) 5787-5796.

[3] G. Li, Z. Li, L. Gao, S. Chen, G. Wang and S. Li, “Combined molecular dynamics and
coordinate driving method for automatically searching complicated reaction pathways”. Phys.
Chem. Chem. Phys. 25 (2023) 23696-23707.
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Here we have developed a multi-layer data model for representing 

chemical structures, where each layer contains information about a 

meaningful and interchangeable component of the structure, such as 

catalyst, substrate, substituent or ligand (e.g. Figure 1). The stacking 

and swapping of layers allows automatic modelling and variable 

tracking of stable species in a series of reaction pathways. Using 

recently developed transition state (TS) search algorithms such as 

iEIP[1], the TS structures on the reaction path can also be automatically 

searched at lower cost, ultimately allowing the construction of reaction 

series datasets. 

 

Figure 1. Example of construction related structures in a multi-layer 

stack. 

 

[1] Liu, Y., Qi, H., and Lei, M. “Improved Elastic Image Pair Method for Finding 

Transition States.” Journal of Computational and Theory Chemistry (2023), 19 

(8), 2410–2417. DOI: acs.jctc.3c00151. 
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Mapping Hydrogen Positions along Proton Transfer Pathway
in Organic Crystals by Computational X-ray Spectra

Guoyan Ge, Weijie Hua

School of Chemistry and Chemical Engineering, Shandong University

gyge@njust.edu.cn

Understanding proton transfer dynamics is a fundamental issue in
chemistry, given its crucial role in numerous chemical and biological
processes. Structural information in chemical reactions can provide
insights into reaction trajectories, energetic pathways, and the
dynamic structural evolution. X-ray diffraction is a widely used
technique for structural characterization, while accurately determining
the positions of hydrogen poses a significant challenge. However, X-
ray spectroscopy, known for typical element- and site-sensitivities, is
often used to offer complementary information.

Recently, we have performed a systematic X-ray spectral
simulation of the proton transfer process for organic crystals by using
the quantum mechanics/molecular mechanics method. Our results
provide a continuous spectroscopic mapping, demonstrating the
sensitivity of transient XPS/XAS to hydrogen positions and proton
transfer. The direct quantum mechanical calculations can make
reliable assignments for the resolved peaks of experimental spectra.
Further, the exact positions of hydrogen in crystals can be determined
by comparison with experiments. Our works[1, 2] highlight the scaled
snapshot protocol as an effective theoretical approach for investigating
reaction dynamics.

[1] Guoyan Ge, Jun-Rong Zhang, Sheng-Yu Wang, Minrui Wei, and Weijie Hua*.
“A QM/MM study on the X-ray spectra of organic proton transfer crystals of
isonicotinamides”. J. Phys. Chem. C, 126 (2022), pp. 15849-15863. DOI:
10.1021/acs.jpcc.2c05405.

[2] Guoyan Ge, Jun-Rong Zhang, Sheng-Yu Wang, Minrui Wei, Yongfei Ji, Sai
Duan, Kiyoshi Ueda, and Weijie Hua*. “Mapping hydrogen positions along the
proton transfer pathway in an organic crystal by computational X-ray spectra”. J.
Phys. Chem. Lett., 15 (2024), pp. 6051-6061. DOI: 10.1021/acs.jpclett.4c01133.
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A Green’s-Function-Based Many-Body Perturbation Theory 
Approach to Electron-Vibration Coupling in Molecular 

Systems 
Haoyu Qi1, Honghui Shang2, Xinguo Ren3, Hong Jiang1,* 

1College of Chemistry and Molecular Engineering, Peking University  
2Hefei National Laboratory for Physical Sciences at Microscale 

3Key Laboratory of Condensed Matter Theory and Computation, 
Chinese Academy of Sciences 

*Email: jianghchem@pku.edu.cn 

Electron-vibration coupling influences the electronic structure. In 
molecular systems, it changes the HOMO-LUMO gap and results in 
vibrationally resolved structures in the spectral function. In the 1970s, 
the Allen-Heine-Cardona (AHC) theory was proposed and widely used 
in the periodic systems. However, this theory can’t provide the spectral 
function or the vibrationally resolved structures. In this work, we derive 
a many-body perturbation theory for electron-vibration coupling and 
implement it in the FHI-aims package. We show the form of the 
electron-vibration coupling matrix with the atomic orbital basis set and 
analyze the influences of the AHC approximations in molecular 
systems. We introduce the electron-vibration self-energy and there is 
more than one solution of the quasiparticle equation. The solutions 
correspond to the vibrationally resolved structures of the spectral 
function one-to-one. Therefore, the quasiparticle energy should be 
obtained from the spectral function. The spectral function and the 
photoemission spectroscopy (PES) fit well, which means our method is 
reasonable. Our work may provide the foundation for future electron-
phonon interaction theories in periodic systems. 
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The β-HMX is a widely used representative high-energy crystal, both 

experimental and theoretical studies have done a lot of on its energy 

transfer mechanism over the years in order to utilize its explosive 

properties and to store and transport it more safely. However, the 

coupling between the vibrational modes and the ultrafast energy 

transfer process make it challenge for experimental observation. 

Therefore, in this work, we determine the energy transfer between 

different vibrational modes and predict the pump-probe spectra. First, 

the combined distribution function (CDF) based on normal modals 

coordinates is analyzed to find the strongly coupled vibrational modes, 

and then the pump-probe spectra are calculated. The complex 

vibrational spectral regime can be divided into two parts, probe 

molecules (clusters) and the environment, so obtaining the correct time-

dependent transitions, including environmental perturbations, is an 

important challenge. The local quantum vibration embedding (LQVE) 

[1]method, which combines molecular quantum vibrations and 

molecular dynamics with perturbation theory to introduce dynamic 

environmental effects more comprehensively, has been successfully 

applied to the simulation of several systems, and has obvious 

advantages in terms of accuracy and transportability. Classical 

molecular dynamics is used to describe the dynamical effects in the β-

HMX crystal system, considering the quantum effects of atomic nuclei, 

while quantum mechanics is used to describe the vibrations of the probe 

molecules. PODVR saves the cost while accomplishing an efficient 

description of the vibrational state. The structures in each step of the 

dynamical trajectory are processed with degrees of freedom using our 

self-developed molecular substitution algorithm, which in turn 
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computes the instantaneous properties of the molecule (e.g., 

instantaneous vibrational frequency, transition polarization rate, etc.) 

using the quantum-mechanical approach. Calculating the pump-

detection spectra, the coupling of multiple vibrational modes and 

multiple quantum states can be handled to further accurately describe 

the energy transfer between important modes. 

[1] Yang Cong, Yu Zhai, Jitai Yang, Adam Grofe, Jiali Gao, and Hui Li, Phys. 

Chem. Chem. Phys. 2022, 24:1174. 
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Second-order Møller–Plesset perturbation theory with pair natural 
orbitals for periodic systems 
A. Zhu, A. Nejad, K. Sorathia and D. P. Tew  

Physical and Theoretical Chemistry Laboratory, University of Oxford, Oxford, UK  

E-mail: andrew.zhu@magd.ox.ac.uk  

To this day, the toolset for describing electron correlation in periodic systems remains 
DFT-centred. Despite its low cost and strengths, DFT lacks systematic improvability and 
is known to have difficulties with noncovalent interactions such as dispersion. Periodic 
methods are still largely missing the tremendous advancements that molecular quantum 
chemistry has experienced in the past two decades to reduce the steep polynomial 
scaling encountered in second-order Møller–Plesset perturbation theory (MP2) and 
coupled-cluster methods.  

The Turbomole package is uniquely placed to address this. A periodic LCAO Hartree-Fock 
method is already available within the riper module [1], providing the necessary 
infrastructure for computing crystal orbital coefficients in terms of Bloch atomic orbitals 
for a set of k-points. Efficient molecular pair natural orbital (PNO) methods for MP2 and 
CCSD(T) are available in the pnoccsd module [2] and can readily be extended to a 
periodic setting.  

This contribution will discuss recent developments to implement a periodic LCAO PNO-
MP2 method in the Turbomole environment. We outline the general framework of the 
PNO-MP2 approach, and highlight some key adaptions for the periodic scheme, such as 
the generation of localised occupied Wannier functions, the imposition of periodic 
boundary conditions on virtual orbitals, the use of translational invariance to reduce cost, 
and the treatment of the slow converging lattice sum of the Coulomb integrals. 
Preliminary results on non-conducting systems are presented. 

 

References 
[1] A. M. Burow, M. Sierka, F. Mohamed, J. Chem. Phys. 2009, 131, 214101 
[2] G. Schmitz, C. Hättig and D. P. Tew, Phys. Chem. Chem. Phys. 2014, 16, 22167 

321

Posters Sessions
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Method for Excited Electronic States of Strongly Correlated 

Systems 
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An equation-of-motion block-correlated coupled cluster method based 

on the generalized valence bond wave function (EOM-GVB-BCCC)[1] 

is proposed to describe low-lying excited states for strongly correlated 

systems. The EOM-GVB-BCCC2b method with up to two-pair 

correlation has been implemented and tested for a few strongly 

correlated systems. For a water hexamer with stretched O−H bonds, 

which is beyond the capability of the CASSCF method, EOM-GVB-

BCCC2b provides very close results as the density matrix 

renormalization group (DMRG). For four conjugated diradical species 

with triplet ground states, we found that their vertical S−T gaps from 

EOM-GVB-BCCC2b are also quite consistent with the DMRG results. 

This new method is expected to be a promising theoretical tool for 

describing the low-lying excited states of strongly correlated systems 

with large active spaces. 

[1] Zhang, H.; Zou, J.; Ren, X.; Li, S. Equation-of-Motion Block-Correlated

Coupled Cluster Method for Excited Electronic States of Strongly Correlated

Systems. J. Phys. Chem. Lett. 2023, 14 (30), 6792–6799.
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In the era of data-driven science, ab initio simulations using wave function methods for periodic 
solids continue to hold great promise due to their ability to provide highly accurate data, 
enhancing the predictive power of quantum chemistry across diverse research fields, such as 
heterogeneous catalysis, in silico materials design for batteries, and quantum materials. These 
methods are powerful because they systematically approach the exact solution for the electronic 
structure of materials. In practice, the main challenge lies in the steep computational cost, 
particularly when striving for accurate results that require convergence with respect to the 
complete basis set limit, the thermodynamic limit, and the exact electron correlation limit.  
 
In this work, we describe our efforts to develop a framework and software ecosystem aimed at 
achieving convergence in these three dimensions. To better address electron correlation beyond 
the density functional approximation, we use multi-level theories within embedding spirit that 
gradually approach the accuracy of high-level methods. Additionally, we develop algorithms that 
leverage graphical processing units (GPUs) to accelerate computationally intensive tasks. We 
apply this framework to the CO puzzle, which involves the CO adsorption on metallic surfaces, 
where conventional methods like density functional theory fail to provide even qualitative 
accuracy, and random phase approximation struggles with quantitative precision. 
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The unitary coupled-cluster (UCC) based polarization propagator 

theory (PPT) is a novel Hermitian quantum chemical method for 

calculating excited states. Since there are infinite terms of the expansion 

of UCC similarity transformed Hamiltonian, it is crucial for developing 

an accurate and efficient truncation scheme for practical application of 

UCC-based method. A third-order UCC-PPT (UCC3) approach [1] 

based on perturbation theory and a quadratic UCC-PPT (qUCCSD) 

approach [2] based on commutator truncation were developed and 

implemented. The computational performance of these two methods 

was assessed by carrying out benchmark calculations using QUEST 

database [3]. A systematical accuracy improvement of the commutator 

truncation approach (qUCCSD) relative to perturbation approach 

(UCC3) has been observed. Followed by previous commutator 

truncation approaches, the extend version of qUCCSD (eqUCCSD) is 

proposed. The details and numerical results of this method are discussed 

and analyzed in this work. 

[1] Junzi Liu, Ayush Asthana, Lan Cheng, and Debashis Mukherjee. “Unitary 

coupled-cluster based self-consistent polarization propagator theory: A third-order 

formulation and pilot applications”. Journal of Chemical Physics. 148(2018), 

244110. 

[2] Junzi Liu and Lan Cheng. “Unitary coupled-cluster based self-consistent 

polarization propagator theory: a quadratic unitary coupled-cluster singles and 

doubles scheme”. Journal of Chemical Physics. 155(2021), 174102. 

[3] Junzi Liu, Devin Matthews, and Lan Cheng. “Quadratic unitary coupled-

cluster singles and doubles scheme: efficient implementation, benchmark study, 

and formulation of an extended version”. Journal of Chemical Theory and 

Computation. 18 (2022), pp. 2281-2291.  
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A moiety-based charge-transfer decomposition for exploring 

the charge-transfer character and exciton binding energies in 

dye-sensitized solar cells 

Lena Szczuczko, Katharina Boguslawski 

Nicolaus Copernicus University in Toruń 

szczuczko.lena@gmail.com 

 

This study presents a dual-focused approach to advancing electronic 

structure calculations and their applications in photovoltaics. We 

developed a graphical user interface (GUI) for PyBEST [1], a modern 

electronic-structure software package, using Electron.js. This GUI 

enhances PyBEST's accessibility, enabling non-programmers to utilize 

its capabilities effectively. Furthermore, we employed PyBEST to 

investigate eight carbazole-based dyes for dye-sensitized solar cell 

(DSSC) applications. Using paired Coupled Cluster Doubles (pCCD) 

[2] and Equation-of-Motion (EOM) [3,4] methods, we analyzed the 

electronic properties crucial for DSSC performance. Our findings 

reveal significant bridge-to-acceptor charge transfer and dominant local 

bridge excitations across all dyes. We also calculated key electronic 

properties including ionization potentials, electron affinities, and 

exciton binding energies. This research demonstrates the potential of 

computational approaches in guiding the development of new materials 

for photovoltaic applications. By combining an accessible software 

interface with advanced quantum chemical methods, we provide a 

promising pathway for accelerating the design and optimization of 

organic dyes for DSSCs. 

 

[1] K. Boguslawski, A. Leszczyk, A. Nowak, F. Brzęk, P. S. Żuchowski, D. 

Kędziera and P. Tecmer, Comput. Phys. Commun., 2021, 264, 107933. 

[2] P. A. Limacher, P. W. Ayers, P. A. Johnson, S. De Baerdemacker, D. Van Neck 

and P. Bultinck, J. Chem. Theory Comput., 2013, 9, 1394–1401. 

[3] K. Boguslawski, J. Chem. Phys., 2016, 145, 234105. 

[4] K. Boguslawski, Chem. Commun., 2021, 57, 12277-12280. 
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DC-MP2-PBC: Fast and accurate quantum chemical 

calculation for large-scale periodic systems 

Gen Ogawa, Masatsugu Nishida, Tomoko Akama, Masato Kobayashi, 

Tetsuya Taketsugu 

Hokkaido Univ., Japan 

ogawa.gen.h2@elms.hokudai.ac.jp 

 

It remains a challenge to elucidate the functional manifestations of doped 

amorphous materials using electronic structure calculations. When employing ab 

initio quantum chemical methods, which can systematically improve accuracy and 

have typically been applied to isolated systems, it is necessary to construct large-

scale cluster models to mitigate "edge effect." Similarly, when using methods from 

condensed matter physics that treat periodic systems with DFT, constructing large-

scale periodic models capable of adequately describing the amorphous structure is 

essential. Since there are few DFT methods that offer the same level of systematic 

improvement as ab initio methods, the development of a large-scale periodic 

boundary condition (PBC) calculation method based on ab initio methods has been 

highly desired. 

We have developed the divide-and-conquer (DC) Hartree-Fock (HF) and post-

HF methods as accurate fragmentation-based calculation methods for large-scale 

isolated systems [1,2]. In this study, we extended the DC-HF and MP2 methods to 

periodic systems and developed the DC-HF/MP2-PBC program. This program 

leverages the features of the DC method to solve periodic systems using a real-

space Gaussian basis (Figure). This approach is similar to fragment molecular 

orbital (FMO) calculations with PBC [3]. We applied this program to amorphous 

materials to attempt to elucidate their functional manifestations from their 

electronic states. 

 

Figure. Subsystem construction for PBC and calculation time. 

[1] W. Yang and T.-S. Lee, J. Chem. Phys. 103, 5674 (1995). 

[2] H. Nakai, M. Kobayashi, T. Yoshikawa, J. Seino, Y. Ikabata, and Y. Nishimura, J. Phys. 

Chem. A. 127, 589 (2023). 

[3] T. Fujita, T. Nakano, and S. Tanaka, Chem. Phys. Lett. 506, 112 (2011). 
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Unveiling the Local Structure of Liquid Water via X-ray 

Spectroscopy Simulations Employing Multiconfigurational 

Wave Function Theory 

Alekos Segalina,1,2 Minho M. Kim,2 Taehwan Jang,2 Jae Woo Park,3 Hyotcherl 

Ihee,1,2 William A. Goddard III,4 and Hyungjun Kim2 

1Center for Advanced Reaction Dynamics, Institute for Basic Science, Daejeon, 34141, Korea.                             
2Department of Chemistry, Korea Advanced Institute of Science and Technology, Daejeon, 34141, Korea.           

3Department of Chemistry, Chungbuk National University, Cheongju 28644, Korea.                                                    
4Materials and Process Simulation Center, California Institute of Technology, Pasadena, CA 91125, USA 

alekos.segalina@gmail.com 

 

X-ray absorption spectroscopy (XAS) has emerged as a powerful tool for investigating the 

electronic and structural properties of molecules. By manipulating photon energy to excite 

core electrons, it offers element-specific insights into materials and finds broad applications 

in various fields of chemistry, such as catalysis, materials science, and biochemistry.1,2 

Within this framework, the XAS spectra of water have been widely investigated, serving 

as a paradigmatic example. The oxygen K-edge XAS spectrum of liquid water displays 

prominent peaks at specific energy values: the pre-edge (∼535 eV), main edge (∼538 eV), 

and post-edge (∼541 eV), corresponding to confined intramolecular excitons, excitons 

localized within the coordination shell, and the delocalization spanning distant water 

molecules, respectively.3 Furthermore, the hydrogen bonding network has been identified 

as a key player in shaping and modulating the energy levels present in the XAS spectrum 

of water, yielding valuable insights into its intricate fine structure.4,5 This relationship is 

still not fully understood although it is indispensable for obtaining structural information 

about water systems. In an effort to improve this description, we develop a computational 

protocol that combines molecular dynamics (MD) simulations and accurate multireference 

(MR) calculations to calculate the XAS spectra of water, with the goal of enhancing our 

understanding of the absorption spectrum-water structure relationship and improving the 

description of the XAS spectra of water.  

 

 

 

 

[1] Rehr, J. J. et al.; Rev. Mod. Phys. 2000, 72, 621–654. 

[2] Rehr, J. J.; Radiat. Phys. Chem. 2006, 75, 1547–1558. 

[3] Tang, F. et al.; Proc. Natl. Acad. Sci. 2022, 119, e2201258119. 

[4] Wernet, P. et al.; Science 2004, 304, 995–999. 

[5] Cavalleri, M. et al.; J. Chem. Phys. 2006, 124, 194508. 
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U≡C Triple Bonds in Fullerene Compounds 
Jing Zhao,1,2* Han-Shi Hu2, W. H. Eugen Schwarz2, and Jun Li1,2 

1Southern University of Science and Technology, China 
2Tsinghua University, China 

zhaojing@tsinghua.org.cn 

Despite decades of efforts, the actinide−carbon triple bond has 
remained an elusive target, defying synthesis in any isolable compound. 
Herein, we report the successful synthesis of uranium−carbon triple 
bonds in carbide-bridged bimetallic [U≡C−Ce] units encapsulated 
inside the fullerene cages of C72 and C78. The molecular structures of 
UCCe@C2n reveal very short uranium−carbon bonds of 1.921(6) and 
1.930(6) Å, with the metals existing in their highest oxidation states of 
+6 and +4 for uranium and cerium, respectively. Quantum-chemical 
studies further demonstrate that the C2n cages are crucial for stabilizing 
the [UVI≡C−CeIV] units through covalent and coordinative interactions. 
This work offers a new fundamental understanding of the elusive 
uranium−carbon triple bond and informs the design of complexes with 
similar bonding motifs, opening up new possibilities for creating 
distinctive molecular compounds and materials. 

 
Figure 1. Four NLMOs on the endohedral UCCe unit. 

[1]. Yao, Y.-R.; Zhao, J.; Meng, Q.; Hu, H.-S.; Guo, M.; Yan, Y.; Zhuang, J.; 
Yang, S.; Fortier, S.; Echegoyen, L.; Schwarz, W. H. E.; Li, J.; Chen, N. 
Synthesis and Characterization of U≡C Triple Bonds in Fullerene 
Compounds. J. Am. Chem. Soc. 2023, 145 (46), 25440. 
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Design Strategy of MR-TADF Materials with Tunable Stokes 

Shift and Narrow Spectra Band: Through-Space Conjugation 

Meihui Liu, Qian Peng 

School of Chemical Sciences, University of Chinese Academy of 

Sciences, Beijing, 100049, China. 

Email: liumeihui21@mails.ucas.ac.cn, qianpeng@ucas.ac.cn 

 

Organic fluorescent emitters with narrowband red (R)-green (G)-blue 

(B) emissions are highly desirable for high-resolution organic light-

emitting diode (OLED) display technology. However, according to 

Franck-Condon principle, simultaneously achieving narrow spectra 

band and large Stokes Shift is contradictory [1]. Noncovalent through-

space conjugation (TSC) is gradually proved as an important strategy 

for enhancing optoelectronic properties by modulating molecular 

conformations [2]. Herein, we reveal that its nature is two π-π orbital 

interactions, the strength depends on the molecular structure and the 

degree of orbital overlap between the conjugated groups. The descriptor 

A based on structural parameters is proposed to characterize the TSC 

strength and to establish the relationship between strength and spectra 

property. More importantly, we propose the TSC strategy to achieve the 

synergistic regulation of spectra bandwidth and Stokes shift, 

theoretically predict the multi-resonance thermally activated delayed 

fluorescence (MR-TADF) systems for narrow spectra band with larger 

Stokes shift, break through the traditional cognition that the narrow 

spectra band are bound to have small Stokes shift. This strategy solves 

the scientific problems of color purity and self-absorption, narrow 

spectra band, and the difficulty of the exciton particle number inversion. 

 

[1] Lee, S. Y. “Determination of Excited-State Potential Energy Surfaces In the 

Franck-Condon Region from Electronic Absorption Spectra”. J. Phys. Chem. 

1990, 94, 4420-4425. DOI: 10.1021/j100374a013. 

[2] Yang, S. Y., Qu, Y. K., Liao, L. S., et al. Research Progress of Intramolecular 

π-Stacked Small Molecules for Device Applications. Adv. Mater. 2022, 34, 

e2104125. DOI: 10.1002/adma.202104125. 
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Million-atom molecular dynamics simulations on the splitting 

mechanism of Ni particles within the anode of solid oxide 

fuel cells 

Yixin Su1,2, Takashi Ishikawa2, Shogo Fukushima2,1, Yusuke Ootani1, 

Nobuki Ozawa1,2, Momoji Kubo1,2 

1 New Industry Creation Hatchery Center, Tohoku University 

2 Institute for Materials Research, Tohoku University  

Email: su.yixin.c1@tohoku.ac.jp 

 

Solid oxide fuel cells (SOFCs) are promising for their high-power 

generation efficiency without the need for noble metal catalysts. 

However, Ni/YSZ anodes degrade in humidified hydrogen 

environments, primarily due to the splitting of Ni particles, which 

disrupts the electronic conductive path. It is therefore important to 

suppress the splitting in humidified hydrogen environment. 

Experiments are insufficient to reveal the precise dynamics and 

mechanisms of the splitting at atomic scale. Meanwhile, reactive 

molecular dynamics (MD) simulations allow intuitive observation of 

the behavior of Ni particles on the YSZ surfaces. This study aims to 

elucidate the splitting mechanism of Ni particles in a humidified 

hydrogen environment (50%H2-50%H2O) by reactive MD simulations, 

utilizing models at million-atom scale (Fig. 1). Our findings show that 

Ni particles predominantly split near their edges on the YSZ surface. 

The mechanism is as follows: OH terminations formed by water 

dissociation on the Ni surface reduce its surface tension, leading to a 

lower contact angle between Ni and YSZ. As the Ni flattens, its edges 

become thin and structurally unstable, which induces the splitting. The 

details will be discussed during the presentation.  

 

Fig. 1. Million-atom Ni/YSZ model in humidified hydrogen 

environment.  
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Relativistic effects in ultrafast light induced spectroscopy 
Torsha Moitra 

 
Faculty of Natural Sciences, Comenius University in Bratislava.  
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We present fundamental insights on pure electron dynamics captured 
by pump–probe attosecond transient spectroscopic techniques, within 
the realms of real–time time-dependent density functional theory [1-4]. 
We incorporate both scalar and spin-orbit relativistic effects 
variationally using modern atomic mean-field eXact two-component 
(amfX2C) Hamiltonian [4]. We address how this technique records the 
signature of the transient dynamics triggered by the pump pulse 
imprinted onto the molecular response to probe pulse, including effects 
of additional degrees of freedom (pump pulse features and pump–probe 
time delay) absent in conventional spectroscopy.  

1) M. Repisky, et al., J. Chem. Theory Comput. 2015, 11, 980. 
2) M. Kadek, et al., Phys. Chem. Chem. Phys., 2015, 17, 22566. [2]  
3) T. Moitra, et al., J. Phys. Chem. Lett., 2023, 14, 1714. 
4) S. Knecht, et al., J. Chem. Phys. 2022, 157, 114106. 
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Time evolving matrix product operator (TEMPO) method in 

a non-diagonal basis set based on derivative of the path 

integral expression  
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The time-evolving matrix product operator (TEMPO) method is a 

powerful tool for simulating open system quantum dynamics. 

Typically, it is used in problems with diagonal system-bath coupling, 

where analytical expressions for discretized influence functional are 

available. In this work, we aim to address issues related to off-

diagonal coupling by extending the TEMPO algorithm to 

accommodate arbitrary basis sets. The proposed approach is based on 

computing the derivative of the discretized path integral expression 

when increasing one time step, which yields an equation of motion 

valid for non-diagonal basis set. The generalized path integral is then 

obtained by integrating the resulting differential equation. 

Applicability of the new method is then tested by simulating one- and 

two- qubit systems coupled to both Z-type and X-type baths. We also 

compare the results with our 2DMPS method[1]. 

 

 

[1] Shuocang Zhang, Yinjia Chen, Qiang Shi; Simulating the 

operation of a quantum computer in a dissipative environment. J. 

Chem. Phys. 7 February 2024; 160 (5): 054101. 
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MC23: A New Meta-GGA On-Top Functional for Hybrid 

Multiconfiguration Pair-Density Functional Theory with Improved 

Accuracy 
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a Department of Chemistry, Chemical Theory Center, and Minnesota Supercomputing Institute, University of 

Minnesota, Minneapolis, Minnesota 55455-0431, United States. 

b Department of Chemistry, Pritzker School of Molecular Engineering, James Franck Institute, and Chicago Center 
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c College of Chemistry, Nankai University, Tianjin 300071, China 

 

The development of Kohn-Sham density functional theory (KS-DFT) using density functional 

approximations (DFAs) has transformed the field of quantum chemistry. However, because KS-

DFAs use spin densities (𝜌𝛼/𝛽) and other quantities, such as spin density gradients (𝑔𝛼/𝛽) and 

kinetic energy densities (𝜏𝛼/𝛽), that are computed from a single Slater determinant, the accuracy 

of modern KS-DFAs is usually lower on strongly correlated systems than their accuracy on 

weakly correlated systems, where strongly correlated systems are those whose wave function 

requires more than one Slater determinant  for a qualitatively correct description. 

A decade ago, multiconfiguration pair-density functional theory1 (MC-PDFT) was proposed to 

improve the treatment of strongly correlated systems. The functionals of MC-PDFT use the spin-

summed electronic density (𝜌) and the on-top pair density (𝛱) to obtain the nonclassical 

energies. Therefore, the density functionals in MC-PDFT are called on-top functionals. Current 

on-top functionals are translation of existing KS-DFAs. For example, tPBE in MC-PDFT is PBE2 

evaluated with effective spin densities (𝜌𝛼/𝛽
eff ) and effective spin density gradients (𝑔𝛼/𝛽

eff ) 

computed from 𝜌 and 𝛱. Until now, the on-top functionals have not been optimized for MC-

PDFT. The goal of the present work is to optimize an on-top functional, and as part of this work 

we propose a way to include kinetic energy density in an on-top functional. We optimized an on-

top functional based on the M06-L functional form together with a fraction of the wave-function 

energy. The new on-top functional, called MC23, is optimized against a diverse set of databases. 

Our results show that MC23 demonstrates good accuracy on both strongly and weakly correlated 

systems. In contrast, recently developed KS-DFAs have similar accuracies as MC23 on weakly 

correlated systems, but are less accurate on strongly correlated systems. Our work on MC23 

shows that MC-PDFT is a more robust framework than KS-DFT in treating both weakly and 

strongly correlated systems equally accurately, and we recommend MC23 for future MC-PDFT 

calculations.  

                                                 
1 G. Li Manni et al., Multiconfiguration pair-density functional theory. J. Chem. Theory Comput. 10, 3669−3680 

(2014). 
2 J. P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 

3865−3868 (1996). 
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Rare event kinetics in complex systems with Milestoning 

Ru Wang, Hao Wang*, Wenjian Liu*  

School of Chemistry and Chemical Engineering, Shandong University, 

Qingdao, Shandong, 266237 

Email: wangru@mail.sdu.edu.cn 

Many important physical and biochemical processes in 

biomacromolecular systems occur on time scales greater than 

milliseconds and hence are not easily captured through brute-force 

molecular dynamics (MD) simulations. As such, they are called rare 

events. However, their outcomes can significantly impact the 

functionalities of molecular systems. Therefore, we desire an accurate 

and efficient atomically MD method to simulate the rare event process 

of biomacromolecular systems. We latest proposed local passage time 

weighted Milestoning (LPT-M) is an accurate and efficient method for 

rare event kinetics calculations. Due to the high degree of freedom of 

biomacromolecular systems, not only are Milestoning networks derived 

from MD simulations growing in number, as also getting increasingly 

complex. The increased complexity of the networks makes more 

difficult to analyze the system qualitative and understand of the 

underlying mechanism. To address this challenge, simplifying the 

network structure while preserving the kinetic information becomes 

crucial. We propose a reduced analysis algorithm for the Milestoning 

network, which contains three steps. First, nodes (milestones) in the 

network are grouped into clusters based on metastability of the system. 

Here we introduce a composite matrix to make our clustering method 

is applicable not only to time-reversible networks but also to non-

reversible networks generated from practical simulations, owing to 

statistical fluctuations. Second, finding the core set of clusters by free 

energy calculation, a reduced and equivalent network consisting of only 

core sets of clusters as nodes is established. Finally, transition pathways 

are analyzed in the reduced network based on the Transition Path 

Theory to find important pathways and bottlenecks. We hope apply 

Milestoning more widely to the simulation and mechanism analysis of 

biomacromolecule systems. 
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[1] Wang, R.; Ji, X.; Wang, H.; Liu, W. J. Chem. Theory Comput. 2024, 20: 5439.  

[2] Wang, R.; Wang, H.; Liu, W.; Elber, R. J. Chem. Theory Comput. 2023, 19: 

6816. 

[3] Ji, X.; Wang, R.; Wang, H.; Liu, W. J. Chem. Phys. 2023, 159: 244115. 
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How Transcription Factor NF-κB RelA Recognize a Central 
Base Pair: Computational Insights into Transient Interactions 
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Nuclear factor kappa B (NF-κB) transcription factors (TFs) are crucial 
for gene regulation by binding to κB DNA elements with conserved 
flanking sequences surrounding a degenerate central region. The RelA 
homodimer, a wide-expressed NF-κB TF, exhibits varying affinities 
determined by the base pair at the central position of DNA, with A or T 
conferring tenfold higher affinity than G or C. However, crystal 
structures offer limited insights into the underlying mechanisms for 
these affinity differences. Through extensive molecular dynamics (MD) 
simulations and machine learning, we uncovered two key residues of 
RelA, R187 and R124, and their distinct dynamic behaviors. R187 
interacts with major groove-bound residues, critically influencing their 
base contacts through differential transient states; R124 enhances base 
interactions by favored transient insertion into the minor groove in A-
κB over G-κB. Both residues displayed selective transient interactions 
that orchestrated a complex interplay among DNA-interacting residues, 
which are subsequently validated by mutagenesis studies. These 
findings deepen our understanding of the intricate mechanisms 
governing the selective binding of NF-κB to κB DNA, highlighting the 
role of MD simulations in unraveling the dynamic details of TF-DNA 
interactions. 

 

[1] Tianjie Li, Shandy Shahabi, Tapan Biswas, Oleg V Tsodikov, Wenfei Pan, 
De-Bin Huang, Vivien Ya-Fan Wang, Yi Wang, and Gourisankar Ghosh. 
“Transient interactions modulate the affinity of NF-κB transcription factors for 
DNA”. Proceedings of the National Academy of Sciences. 121.23 (2024), pp. 
e2405555121. DOI: 10.1073/pnas.2405555121. 
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As the most abundant organic substances in nature, carbohydrates are 

essential for life. Understanding how carbohydrates regulate proteins in 

the physiological and pathological processes presents opportunities to 

address crucial biological problems and develop new therapeutics. 

However, the diversity and complexity of carbohydrates pose a 

challenge in experimentally identifying the sites where carbohydrates 

bind to and act on proteins. Here, we introduce a deep learning model, 

DeepGlycanSite, capable of accurately predicting carbohydrate-

binding sites on a given protein structure. Incorporating geometric and 

evolutionary features of proteins into a deep equivariant graph neural 

network with the transformer architecture, DeepGlycanSite remarkably 

outperforms previous state-of-the-art methods (Table 1) and effectively 

predicts binding sites for diverse carbohydrates [1]. Integrating with a 

mutagenesis study, DeepGlycanSite has been employed to reveal the 

nucleotide-sugar-recognition site of several important G-protein 

coupled receptors [1, 2]. It also provides insights for the design of 

carbohydrate-detection biological nanopore [3, 4]. These findings 

demonstrate DeepGlycanSite is invaluable for carbohydrate-binding 

site prediction and could provide insights into molecular mechanisms 

underlying carbohydrate-regulation of therapeutically important 

proteins.  
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Table 1. Comparing DeepGlycanSite with previous binding site 

predictors on the independent dataset. 

Method MCC Precision BA 

StackCBPred 0.018 0.052 0.525 

Fpocket 0.191 0.194 0.617 

SiteMap 0.227 0.201 0.717 

DeepPocket 0.288 0.292 0.760 

PeSTo 0.336 0.235 0.815 

DeepGlycanSite (ours) 0.625 0.631 0.829 

 

References:  

[1] X. He, et al. “Highly accurate carbohydrate-binding site prediction with 

DeepGlycanSite”, Nat Commun (2024), 15: 5164, DOI: 10.1038/s41467-024-

49516-2 

[2] L. Zhao, et al. “Identification of a carbohydrate-recognition motif of 

purinergic receptors”, eLife (2023), 12: e85449, DOI: 10.7554/eLife.85449 

[3] G. Yao, et al. “Direct identification of complex glycans via a highly sensitive 

engineered nanopore”, JACS (2024), 146: 13356, DOI: 10.1021/jacs.4c02081 

[4] B. Xia, et al. “Mapping the acetylamino and carboxyl groups on glycans by 

engineered α-hemolysin nanopores”, JACS (2023), 145: 18812, DOI: 

10.1021/jacs.3c03563 
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Probing the Orientation and Membrane Permeation of
Rhodamine Voltage Reporters through Molecular Dynamics

and Free Energy Calculations
Qi Yajing, Wang Yi

The Chinese University of Hong Kong

yjqi@link.cuhk.edu.hk

The transmembrane potential of plasma membranes and membrane-
bound organelles plays a crucial role in cellular functions such as
signal transduction, ATP synthesis, and homeostasis. Rhodamine
Voltage Reporters (RhoVRs), which operate based on photoinduced
electron transfer (PeT) mechanisms, are non-invasive, highly sensitive,
and can detect rapid voltage changes, with some specifically targeting
the inner mitochondrial membrane. We conducted extensive
molecular dynamics simulations and free energy calculations to
investigate the orientation of three RhoVRs, which significantly
influences their sensitivity and membrane permeation behavior. Our
results indicate that the relative positioning of the polarized tail is
crucial for enhancing alignment with the membrane normal, thereby
maximizing sensitivity. Additionally, free energy calculations across
different membrane systems identified an extra energy barrier for
RhoVR1 compared to SPIRIT RhoVR1, explaining their distinct
cellular localizations. The divide-and-conquer approach in the free
energy calculation elucidates the underlying physicochemical
properties. These insights guide the design of more sensitive voltage
dyes and enhance our understanding of their cellular localization
mechanisms.

[1] Chun Kei Lam and Lap Yan Fung. “Orientation and Membrane Partition Free
Energy of PeT-Based Voltage-Sensitive Dyes from Molecular Simulations”.
Journal of Physical Chemistry B 2024, 128, 2734−2744.
DOI:10.1021/acs.jpcb.3c08090.
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In heterogeneous catalysis, transition metal nanoparticles (NPs) are usually supported 

on oxides that effectively prevent NP agglomeration, modify NP shapes and electronic 

structures, ultimately bolstering catalyst stability and activity. However, the interaction 

between NPs and oxides is still not clear.1 ZnO, for instance, serves as a prevalent substrate for 

NP catalysts in various industrial processes such as methane steam reforming and methanol 

synthesis. A longstanding debate persists regarding the structure of active sites for CO2 

hydrogenation to methanol on Cu/ZnO catalysts. 2 

In our recent studies, we first developed reliable models for Cu NPs supported on the 

ZnO (101̅0) with realistic active site structures by systematic screening of different size and 

shapes of NPs using interatomic potentials (IP) and density functional theory (DFT) 

calculations. The electronic analysis of the interface between Cu NPs and ZnO (101̅0) revealed 

that Cu atoms donate electrons to ZnO, decreasing the charge on adjacent Zn cations and 

notably changing the d-bands of interface Cu atoms. Based on the most thermodynamically 

stable Cu/ZnO model obtained, we explained the reaction mechanism for CO2 hydrogenation 

to methanol through a combination of density functional theory (DFT) calculations and 

microkinetic simulations. Focusing on the HCOO pathway for methanol synthesis, we 

identified different key intermediate steps that govern the reaction mechanism for our chosen 

catalysts (Cu/ZnO, CuZn alloy and ZnO/Cu {111} models). Notably, our models revealed a 

substantial disparity in CO2 binding affinity among the three catalysts, with the 

Cu/ZnO displaying the highest binding energy, exceeding others by more than 0.6 eV, a pivotal 

factor in the free energy profile (Figure 1). The microkinetic analysis further indicated that the 
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product selectivity for CH3OH is notably elevated in the case of Cu/ZnO underscoring the 

significance of the interface model in methanol synthesis.  

In summary, our study provides valuable insights into the atomic-level understanding 

of the CO2 hydrogenation to methanol on Cu/Zn catalysts, offering a foundation for enhanced 

catalyst design. 

 

Figure 1. Lateral and top views of three different structural models: a) Cu-Zn alloy; b) ZnO/Cu; c) 

Cu/ZnO 

  

 

(1)  Hu, Sulei, and Wei-Xue Li. "Sabatier principle of metal-support interaction for design of 

ultrastable metal nanocatalysts." Science 374.6573 (2021): 1360-1365. 
(2) Liao, F.; Zeng, Z.; Eley, C.; Lu, Q.; Hong, X.; Tsang, S. C. E. Electronic Modulation of a 

Copper/Zinc Oxide Catalyst by a Heterojunction for Selective Hydrogenation of Carbon 

Dioxide to Methanol. Angew. Chem. Int. Ed. 2012, 24 (51), 5832–5836. 
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Tailoring active-site spacing of single-atom catalyst for CH4-

to-CH3OH conversion: Co1/UiO-66 MOF as an exemplary 

model 

Karim Harrath//, Zhen Yao†, Ya-Fei Jiang //, Yang-Gang Wang *†, and Jun Li*†,§,// 

// Fundamental Science Center of Rare Earths, Ganjiang Innovation Academy, 

Chinese Academy of Science, Ganzhou 341000, China 
† Department of Chemistry, Southern University of Science and Technology, 

Shenzhen 518055, China. 
§ Department of Chemistry and Engineering Research Center of Advanced Rare-

Earth Materials of Ministry of Education, Tsinghua University, Beijing 100084, 

China 

Karimharath2011@hotmail.fr, junli@tsinghua.edu.cn 

Developing catalysts for mild and selective oxidation of methane to methanol (CH4-

to-CH3OH) is a challenging yet crucial endeavor for the industry. In this study, we 

propose a strategy to enhance the selective methane oxidation reaction, focusing on 

the crucial step of metal-oxo active site formation. Our findings demonstrate that 

optimizing the spacing between active metal sites can facilitate efficient charge 

transfer from the metal sites to O2, thereby kinetically enhancing O2 activation and 

leading to the formation of highly reactive O (oxo) species capable of activating the 

methane C-H bond. Through the screening of different metals at varying metal site 

spacings, we find that the Co single atom exhibits favorable properties and 

performance, characterized by the duality of low O2 activation energy and the 

radical character of the formed metal-oxo species. Utilizing a Co single-atom 

catalyst dispersed on UiO-66 MOF as a probe catalyst, we have showcased the 

potential of tailoring the active site spacing to enhance their activity and selectivity 

towards methane oxidation to methanol. Notably, the newly designed catalyst 

surpasses the activity of a known catalyst, achieving a observable turnover 

frequency (TOF) (>1 s-1site-1) at 350K, while also enhancing its selectivity by 

inhibiting continuous methane dehydrogenation. This strategic approach could 

provide valuable insights for further exploration of MOF-supported single-atom 

catalysts or other support morphologies for the selective oxidation of CH4-to-

CH3OH with excellent activity in the gas phase. Moreover, it can be extended to 

other chemical reactions, including the reduction of nitrogen to ammonia. 
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Inverted Region in Electrochemical Reduction of CO2 
Induced by Potential-Dependent Pauli Repulsion 

Leyu Liu, Hai Xiao 

Department of Chemistry, Tsinghua University 

liu-ly19@tsinghua.org.cn 

Electrochemical CO2 reduction reaction (eCO2RR) is of great 
significance to energy and environmental engineering, while 
fundamental questions remain regarding its mechanisms. Herein, we 
formulate a fundamental understanding of the interplay between the 
applied potential (U) and kinetics of CO2 activation in eCO2RR on Cu 
surfaces. We find that the nature of the CO2 activation mechanism in 
eCO2RR varies with U, and it is the sequential electron–proton transfer 
(SEPT) mechanism dominant at the working U but switched to the 
concerted proton–electron transfer (CPET) mechanism at highly 
negative U. We then identify that the barrier of the electron-transfer step 
in the SEPT mechanism exhibits an inverted region as U decreases, 
which originates from the rapidly rising Pauli repulsion in the 
physisorption of CO2 with decreasing U. We further demonstrate 
catalyst designs that effectively suppress the adverse effect of Pauli 
repulsion. This fundamental understanding may be general for the 
electrochemical reduction reactions of closed-shell molecules. 

 
Figure 1. The origin of the inverted region in the CO2 activation in 

eCO2RR. 

[1] Leyu Liu and Hai Xiao. “Inverted Region in Electrochemical Reduction of 
CO2 Induced by Potential-Dependent Pauli Repulsion”. J. Am. Chem. Soc. 2023, 
145, 26, 14267–14275. DOI: https://doi.org/10.1021/jacs.3c02447 
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Effective Screening Descriptors of Metal−Organic 

Framework Supported Single-Atom Catalysts for 

Electrochemical CO2 Reduction Reactions 

Li-Hui Mou, Jiahui Du, Yanbo Li, Jun Jiang, and Linjiang Chen 

Hefei National Research Center for Physical Sciences at the 

Microscale, School of Chemistry and Materials Science, University of 

Science and Technology of China 

moulihui@ustc.edu.cn 

Metal−organic framework-supported single-atom catalysts 

(SACs@MOF) show considerable promise in CO2 reduction reactions 

(CO2RR). However, efficiently screening and designing optimal 

catalysts is hindered by the lack of effective descriptors for encoding 

the complex chemical microenvironments in SAC@MOF systems. 

Herein, through combining an intuition-guided dimensionality 

reduction strategy with machine learning (ML), we identified critical 

descriptors based on atomic features and the SAC’s constrained 

coordination geometry, which capture the effects of complex chemical 

microenvironments on electrochemical CO2RR activity and selectivity 

for UiO-66supported SACs. With these descriptors, accurate ML 

models were developed to predict the limiting potentials for producing 

HCOOH, CO, and CH4/CH3OH on 48 SACs@UiO-66-X (X = H, NH2, 

and Br). Moreover, the transferability of the developed descriptors and 

ML models was demonstrated on 48 additional systems with X = CH3, 

OH, and NO2. The accuracy of the predicted activity trends for specific 

SACs combined with different linker groups and the selectivity of the 

top-performing catalysts were validated through additional DFT 

calculations.  

 

Figure 1. Descriptors for electrochemical CO2RR on SACs@MOF. 
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Towards systematic initiations of minimum energy path
calculations

Maike Muecke,  a   Ricardo A. Mata a

a Institute of Physical Chemistry, Georg-August University Goettingen

maike.muecke@uni-goettingen.de

The exploration of reaction pathways lies at the heart of understanding chemical
processes, with applications ranging from catalysis to drug design. A reaction path
in its fundamental form describes the rearrangement of atoms between reactant
and product state along a connected set of structures, providing insight into the
kinetics of the reaction.  With the advancement of computational  hardware and
quantum chemical  methods in  the recent  years,  computational  and data-driven
reaction  network  discovery  has  become  accessible,  revolutionizing  the  way
chemical space is explored, thus accelerating the development of novel molecules
and materials [1,2,3]. However, at the heart of this endeavor still lies the efficient
generation of minimum energy paths (MEP), which are often needed a priori as
feedstock for data driven methods. It has been shown that the MEP generated by
common use gradient-based methods such as the Nudge Elastic Band (NEB)[4] or
string[5]  method  heavily  rely  on  the  initial  path  and  the  coordinate  space
chosen[6].

In this regard we present a systematic and broad comparison of representations
used in MEP generators, as well as a diverse dataset of benchmark reactions for
reaction-exploration  algorithms.  Our  dataset  shows  large  chemical  diversity,
containing molecules with up to 21 heavy (non-hydrogen) atoms from the reaction
space spanned by C, H, O, N, S, P, B, F, Cl and Br. By including larger and
chemically more diverse molecules than previously established datasets [7,8] we
provide  an  opportunity  to  test  the  robustness  and  predictive  capabilities  of
established methodologies. 

[1] Duan, C., Du, Y., Jia, H., Kulik, H. J.,  Nat Comput Sci 2023, 3,1045–1055.

[2] Schreiner, M., et al., Mach. Learn.: Sci. Technol. 2022, 3,045022.

[3] Türtscher, P. L., Reiher, M., J. Chem. Inf. Model. 2023 63 (1), 147-160

[4] Sheppard, D., Terekk, R., Henkelmann, G., J. Chem. Phys. 2008, 128, 134106.

[5] Behn, A., et al., J. Chem. Phys. 2011, 135 (22), 224108.

[6] Zhu, X.,  et al., J. Chem. Phys. 2019, 150 (16), 164103.

[7] Schreiner, M., Bhowmik, A., Vegge, T. et al.,  Sci Data 2022, 9, 779.

[8] Zhao, Q., Vaddadi, S.M., Woulfe, M. et al.,  Sci Data 2023,10, 145.
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A theoretical study on the asymmetric site of CO2 
hydrogenation to methanol on Cu-based catalysts 

Mingcan Chen, Sergey Kozlov 

National University of Singapore 

chenmingcan@u.nus.edu 

 

Density functional theory (DFT) has greatly enhanced our knowledge 
of methanol synthesis via CO2 hydrogenation on Cu-based catalysts. 
Nevertheless, differences in catalytic performance with varying metal 
dopants have obstructed the creation of universal catalytic principle. In 
this reaction, the activation of carbon dioxide is critical, and asymmetric 
sites play a key role in the activation of carbon dioxide. To explore the 
characteristics of these activation sites, a series of Cu-O-X (X=Zr, Zn, 
Ce, etc.) sites were established and a series of descriptors were obtained. 
With these descriptors, the activation capacity of CO2 can be predicted 
by the adsorption energy of the species. This method enhances our 
understanding of the relationship between energy and linear 
expressions on copper-based substrates. Additionally, the universal 
linear criterion can be applied to other catalytic systems, with the goal 
of identifying potential catalysts that are both highly efficient and cost-
effective. 
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CO2 electroreduction to CO on ultrasmall Ag nanoparticles supported on 

polymeric carbon nitride (PCN). 

The electrochemical reduction of CO2 (CO2RR) is a desirable reaction to generate feedstock 
for producing valuable chemicals from greenhouse gases. Many metal catalysts can reduce CO2 
electrochemically; however, only a few metal catalysts can selectively reduce CO2 to CO. The 
Ag4/PCNHx-4 catalyst is realised by substituting Ag single atoms with H atoms, weakly bonded 
to the regularly separated nitrogen anchoring groups in the PCN support. This stimulates the 
formation of ultrasmall Ag nanoparticles under thermodynamically controlled conditions. The 
two mechanisms considered for this process are Oswalt Ripening and Particle Migration and 
Coalescence. The barriers for the mechanisms were calculated and referenced with graphene 
substrate to comprehend the effect of PCN. Structural stability of possible Ag4/PCNHx-4 

structures in electrochemical conditions is explored concerning the potential aggregation of Ag 
atoms to form ultrasmall nanoparticles. Different sizes of truncated octahedral Ag 
nanoparticles ranging from 0.8 to 2.1 nm are employed to determine the nanostructuring effect 
of the activity and selectivity of various sites in CO2RR and competing hydrogen evolution 
reactions (HER). The stability of the considered nanoparticles is analysed through their excess 
surface energies. The binding Gibbs Free energies of the different reactants and intermediates 
are evaluated using Density Functional Theory (DFT) to calculate the different reaction step 
energies for CO2RR and HER mechanisms on various positions of considered Ag nanoparticles 
and Ag4/PCNHx-4 structure. In summary, the theoretical study found low coordinating sites on 
ultra-small Ag nanoparticles to selectively catalyse CO2 for CO reduction while impairing the 
competing HER activity compared to high coordinating atoms and Ag (111) single crystal 
surface.  
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The oxidation of CO on step interfaces between ZnO deposits 

and metal supports 

Paulo C. D. Mendes, Song Yizhen, Bahodurov Janobiddinkhuja, 

Sergey M. Kozlov  

Department of Chemical and Biomolecular Engineering, Faculty of 

Engineering, National University of Singapore, 119260 Singapore 
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The catalytic oxidation of CO can be used to treat exhaust emissions 

from combustion engines. Noble metals can be good catalysts at high 

temperatures, but their surfaces are easily covered by CO, which stops 

the reaction and hinders their application. As alternative catalysts, 

composites of oxides and metals have been highlighted due to their 

tunable structures and properties [1]. Here, the CO oxidation 

mechanism involving O atoms at the step oxide/metal interface (Figure 

1) will be discussed for ZnO combined with metal supports: Pd, Pt, Cu, 

Ag, and Au. Density functional theory calculations leading to reaction 

profiles and microkinetic simulations revealed that all composites 

studied have better catalytic properties than bare Pt and Pd under 600 

K. Catalytic inactivation from side reactions with H2O is also studied to 

motivate a discussion about the challenges in designing the best 

possible system to treat exhaust gases from combustion engines. 

 

Figure 1. Most important structures formed during the oxidation of 

CO through lattice O atoms on interfacial oxide/metal sites. 

 

[1] Yizhen Song, Paulo C. D. Mendes, Sergey M. Kozlov. “Tunable properties 

and composition of ZnO films supported on metal surfaces”. Journal of Materials 

Chemistry A 11.25 (2023), pp. 13665–13676. DOI: 10.1039/D3TA01940C. 
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Small molecule activation by uranium and group 6 metal 

complexes: a theoretical study 

Hong-Xue Cai, Juan Wang, Yu-Chang Hou, and Qing-Jiang Pan* 

Key Laboratory of Functional Inorganic Material Chemistry (Ministry of Education), School of Chemistry 

and Materials Science, Heilongjiang University, Harbin, 150080, China 

* Email: panqjitc@163.com 

Designing novel catalysts is essential for the efficient conversion of metal alkylidyne into 

metal oxo ketene complexes in the presence of CO2, which to some extent resolves the 

environmental concerns of the ever-increasing carbon emission.[1-5] In this regard, a series of 

metal alkylidyne complexes, [b-ONO]M≡CCH3(THF)2 ([b-ONO] = {(C6H4[C(CF3)2O])2N}3−; 

M = Cr, Mo, W and U) have been comprehensively studied by relativistic density functional 

theory calculations. The calculated thermodynamics and kinetics unravel that the tungsten 

complex is capable of catalyzing the CO2 cleavage reaction, agreeing with the experimental 

findings for its analogue. Interestingly, the uranium complex shows superior catalytic 

performance because of the associated considerably lower energy barrier and larger reaction 

rate constant. The M≡C moiety in the complexes turns out to be the active site for the [2+2] 

cyclic addition. In contrast, complexes of Cr and Mo could not offer good catalytic performance. 

Along the reaction coordinate, the M-C (M = Cr, Mo, W and U) bond regularly transforms from 

triple to double to single bond; concomitantly, the newly-formed M-O in the product is 

identified as triple-bond character. The catalytic reactions have been extensively explained and 

addressed by geometric/electronic structures as well as bonding analyses.  

 

References 

[1] H.-X. Cai, J. Wang, Y.-R. Guo and Q.-J. Pan, "Weak Bimetal Coupling-Assisted MN4 Catalyst for Enhanced 

Carbon Dioxide Reduction Reaction". Inorg. Chem. 2024, 63, 6734-6742. 

[2] Z.-C. Yang, H.-X. Cai, R. u. s. Bacha, S.-D. Ding and Q.-J. Pan, "Theoretical Investigation of Catalytic 

Water Splitting by the Arene-Anchored Actinide Complexes". Inorg. Chem.  2022, 61, 11715-11724. 

[3] R. u. s. Bacha, D.-M. Su and Q.-J. Pan, "Nitrogen reduction to ammonia triggered by heterobimetallic 

uranium-group 10 metal complexes of phosphinoaryl oxides: A relativistic DFT study". Mol. Catal. 2022, 525, 

112345. 
[4] H. Lu, H. Hou, Y.-C. Hou, Z. Zheng, Y. Ma, Z. Zhou, X. Guo, Q.-J. Pan, Y. Wang, Y. Qian, J.-Q. Wang, 

and J. Lin, "A New Concept of Radiation Detection Based on a Fluorochromic and Piezochromic Nanocluster". 

J. Am. Chem. Soc. 2022, 144, 3449-3457. 

[5] H.-X. Cai, D.-M. Su, R. u. s. Bacha and Q.-J. Pan, "CO2 Cleavage Reaction Driven by Alkylidyne Complexes 

of Group 6 Metals and Uranium: A Density Functional Theory Study on Energetics, Reaction Mechanism, and 

Structural/Bonding Properties". Inorg. Chem. 2021, 60, 18859-18869. 
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Explicitly Density-Dependent Noncollinear and Nonlocal 
Exchange-Correlation Functional 

Tai Wang, Yunlong Xiao* 

College of Chemistry and Molecular Engineering, Peking University 

*xiaoyl@pku.edu.cn 

 

In Kohn-Sham density functional theory (DFT), the exact exchange-
correlation functional should be both noncollinear in spin space and 
nonlocal in real space. However, most existing functionals do not 
simultaneously possess noncollinear and nonlocal forms. In this work, 
we apply a multicollinear approach [1] to the nonlocal weighted spin 
density approximation (WSDA) [2] functional to construct the first 
explicitly density-dependent functional that is both noncollinear and 
nonlocal. Preliminary tests show this functional correctly reproduces 
the collinear limit and is sensitive to the relative orientations of spin 
magnetization in separated subsystems. 

 

Figure 1. The left and middle subfigures represent collinear systems 
with separated varying spin polarizations, which traditional local and 
semilocal functionals cannot distinguish. The right subfigure shows a 

noncollinear system that collinear functionals cannot handle. 

 

[1] Pu, Z.; Li, H.; Zhang, N.; Jiang, H.; Gao, Y.; Xiao, Y.; Sun, Q.; Zhang, Y.; 
Shao, S. “Noncollinear density functional theory”. Phys. Rev. Res. 5 (2023), pp. 
013036. DOI: 10.1103/PhysRevResearch.5.013036. 

[2] Gritsenko, O. V.; Cordero, N. A.; Rubio, A.; Balbás, L. C.; Alonso, J. A. 
“Weighted-density exchange and local-density Coulomb correlation energy 
functionals for finite systems: Application to atoms”. Phys. Rev. A 48 (1993), pp. 
4197. DOI: 10.1103/PhysRevA.48.4197. 
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A tuning method for range-separated hybrid functionals 

based on Charge Transfer density-based indexes 

Tianhong YAN, Carlo ADAMO, Ilaria CIOFINI 

Chimie ParisTech, PSL University, CNRS, 75005 Paris, France  
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Many literature surveys show that global hybrid functionals, while 

being successful in predicting several properties, may fail to correctly 

predict the energy of excited states with relevant charge-transfer (CT) 

character. Range separated hybrids and especially optimally tuned RSH 

have been proven to provide an efficient solution to this problem.  

Here we propose a novel procedure to optimize the range separation 

parameter in a system adaptable and computationally inexpensive way, 

correlating it to the estimated CT length [1] computed for excited states. 

as range separation distance.  

We tested the accuracy of the so obtained range separated making use 

of the PBE exchange and correlation counterpart (LC-PBE0*). [2-3] 

This functional has been tested for intra- and inter- molecular CT 

excited states, showing high accuracy in the prediction of both CT and 

Local Excited states, encouraging for its wider application to other 

chemically relevant compounds and devices. 

 

[1] T. L. Bahers, C. Adamo and I. Ciofini. “A Qualitative Index of Spatial Extent 

in Charge-Transfer Excitations”. J. Chem. Theory Comput. 7.8 (2011), pp. 2498–

2506. DOI: 10.1021/ct200308m. 

[2] C. Adamo and V. Barone. “Toward reliable density functional methods without 

adjustable parameters: The PBE0 model”. J. Chem. Phys. 110.13 (1999), pp. 6158–

6170. DOI: 10.1063/1.478522. 

[3] H. Iikura, T. Tsuneda, T. Yanai and K. Hirao. “A long-range correction scheme 

for generalized-gradient-approximation exchange functionals”. J. Chem. Phys. 

115.8 (2001), pp. 3540–3544. DOI:10.1063/1.1383587. 
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Energetic Information from Information-Theoretic Approach in 

Density Functional Theory as Quantitative Measures of 

Physicochemical Properties 
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The Hohenberg-Kohn theorem of density functional theory (DFT) stipulates that 

energy is a universal functional of electron density in the ground state, so energy 

can be thought of having encoded essential information for the density. Based on 

this, we recently proposed to quantify energetic information within the framework 

of information-theoretic approach (ITA) of DFT (J. Chem. Phys. 2022, 157, 

101103). In this study, we systematically apply energetic information to a variety 

of chemical phenomena to validate the use of energetic information as quantitative 

measures of physicochemical properties. To that end, we employed six ITA 

quantities such as Shannon entropy and Fisher information for five energetic 

densities, yielding twenty-six viable energetic information quantities. Then, they 

are applied to correlate with physicochemical properties of molecular systems, 

including chemical bonding, conformational stability, intermolecular interactions, 

acidity, aromaticity, cooperativity, electrophilicity, nucleophilicity, and reactivity. 

Our results show that different quantities of energetic information often behave 

differently for different properties but a few of them, such as Shannon entropy of 

the total kinetic energy density and information gain of the Pauli energy density, 

stand out and strongly correlate with several properties across different categories 

of molecular systems. These results suggest that they can be employed as 

quantitative measures of physicochemical properties. This work not only enriches 

the body of our knowledge about the relationship between energy and information, 

but also provides scores of newly introduced explicit density functionals to quantify 

physicochemical properties, which can serve as robust features for building 

machine learning models in future studies. 

 

[1] Shubin Liu. “Quantifying Energetic Information in Density Functional 

Theory”. The Journal of Chemical Physics 157 (2022) 101103. DOI: 

https://doi.org/10.1063/5.0104919. 

[2] Xin He, Tian Lu, Chunying Rong, Wenjian Liu, Paul W. Ayers, Shubin Liu. 

“Energetic Information from Information-Theoretic Approach in Density 

Functional Theory as Quantitative Measures of Physicochemical Properties”. 

Journal of Chemical Theory and Computation 20 (2024), 6049−6061. DOI: 

https://doi.org/10.1021/acs.jctc.4c00697. 
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Exact Properties of Multi-State Density Functional Theory 
 

Yangyi Lu 

Shenzhen Bay Laboratory 

luyy@szbl.ac.cn 
 

With good balance between computational accuracy and efficiency, density functional theory (DFT) has 

been an indispensable tool for scientists in chemistry, physics and materials. However, DFT has been 

insufficient in describing general excited states and systems with strong electronic correlation. Therefore, 

it is a demanding challenge in theoretical chemistry to develop a universal approach based on DFT for 

simulation of excited states. We report a rigorous formulation of multi-state density functional theory 

(MSDFT) that treats ground and excited states on an equal footing [1]. We establish the fundamental 

theorems of MSDFT.  First, we prove the existence of a Hamiltonian matrix functional ℋ[𝐷] of the multi-

state matrix density D(r) in the N-dimensional Hilbert subspace VN. Then, we establish the variational 

principle of MSDFT, which states that variational minimization of the subspace energy, equal to the trace 

of  ℋ[𝐷], with respect to the matrix density D(r) yields both the exact eigen-energies and densities of the 

N lowest eigenstates. Next, we show that the Hamiltonian matrix functional ℋ[𝐷]  can be explicitly 

constructed by introducing a minimal active space (MAS), accompanied by the correlation matrix 

functional ℇ𝑐[𝐷], which accounts for correlation effects outside the MAS [2-3]. Based on the fundamental 

theorems of MSDFT, we further show that there exists a fundamental symmetry for the matrix functionals, 

namely the subspace invariance property, being a necessary condition for state interaction [4]. Derived from 

the subspace invariance property, we obtain a set of exact relationships between matrix elements of the 

correlation matrix functional. These exact relationships lead to a fundamental theorem to the analytical 

structure of ℇ𝑐[𝐷]. That is, given the correlation functional for a single state in the N-dimensional subspace, 

all elements of the correlation matrix functional for the entire subspace are uniquely determined [5]. 

Approximated methods based on the framework of MSDFT have been successfully applied to simulate 

excited-state properties of systems with weak and strong correlation. These findings reveal the intricate 

structure of electronic correlation within the Hilbert subspace of lowest eigenstates and suggest a promising 

direction for efficient simulation of excited states. 

353

Posters Sessions



 

Figure 1. The Hamiltonian matrix functional ℋ[𝐷] and variational principle of MSDFT. 

 

Keywords: Density Functional Theory; Excited States;  

 

References： 
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Exploring the range-separation schemes in the range-
separated hybrid functionals 

Zhibin Tao, Ye Li, Chen Li 

College of Chemistry and Molecular Engineering, Peking University, 
Beijing 100871, China 

pkupkupku@pku.edu.cn 

Most range-separated hybrid functionals use simple functions like the 
error function to complete the range-separation. Here we present our 
primary results on exploring the best range-separation functions. 
Starting with the CAM-B3LYP functional and fitting the atomization 
energies in the G3 dataset, we find the mean-absolute error can be 
reduced from 4.8 kcal/mol to 2.5 kcal/mol by using a new range-
separation function. Meanwhile, the optimized range-separation 
function is not monotonic, we are still trying to understand the physics 
behind. 

Figure 1. Range-separation functions of the CAM-B3LYP functional 
and our realization. 
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Towards consistent projection-based wavefunction in density 

functional theory embedding 

Yitian Zhu and Wenjian Liu* 

Qingdao Institute for Theoretical and Computational Sciences, School 
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Qingdao 266237, China 

*liuwj@sdu.edu.cn

Projection-based embedding 1,2 is a method which provides a robost and 

simple framework to combine wavefunction methods with density 

functional theory (DFT). The full system is partitioned into the 

subsystem of interest, which is treated with a high-level method such as 

wavefunction-based electron correlation methods and its environment 

that is treated at the DFT level. The partition and assignment of orbital 

space is usually based on orbital localization. However, it may be 

difficult to keep the orbital space consistent when scanning potential 

energy surfaces (PES). In this work, we show that the PES 

discontinuities can be eliminated by a singular-value-decomposition- 

based approach which guarantees that the orbital spaces of two adjacent 

geometries have maximum similarity. 

[1] F.R. Manby, M. Stella, J.D. Goodpaster, and T.F. Miller. “A Simple, Exact

Density-Functional-Theory Embedding Scheme”. J. Chem. Theory Comput. 8(8),

2564–2568 (2012). DOI: 10.1021/ct300544e.

[2] B. Hégely, P.R. Nagy, G.G. Ferenczy, and M. Kállay. “Exact density

functional and wave function embedding schemes based on orbital localization”.

The Journal of Chemical Physics 145(6), 064107 (2016).

DOI:10.1063/1.4960177.
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Comparison of solvent electrostatic potential and 

improvement proposal for polarizable continuum model 
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The polarizable continuum model (PCM) is one of the low-cost and 

widely used solvation models. This model has been pointed out that 

stabilization by solvation is underestimated when a solute has a charge

[1]. We focused on the electrostatic interaction term as the cause and 

compared the reaction field with other models. Here, we show the 

reaction field distributions formed by water solvent around a neutral 

phenol. In DFT/PCM and 3D-RISM-SCF, the solute was treated as 

B3LYP/6-31+G(d,p). In MD and 3D-RISM, solute and solvent were 

treated with GAFF and RESP charges. For the water parameter, ε=78 

was adopted for PCM, and TIP3P was adopted for others. The 

temperature is 300K.  

Figure 1 shows that the 

characteristics of the 

PCM reaction field are 

very gentle and a weak 

reproduction of the 

orientation of hydrogen 

bonds involving a solute's 

proton. Improvements 

would be better focused 

on these characteristics. 

Results for other solutes 

will be presented at the 

poster session.  

[1] Y. Kanamaru, T.

Matsui, J. Comput. Chem. 43, 

1504 (2022). 

Figure 1. Reaction field distribution by 

water solvent around a phenol.
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Role of electronic polarization in the primary charge-transfer 

states of the purple bacteria reaction center: A polarizable 

QM/MM study with the integral-exact direct reaction field method 

Yuquan Cao1,2,3,4, Alexander Humeniuk2,3, Amiel S. P. Paz2,3,4, and William J. Glover*,1,2,3,4  
  

1 Shanghai Frontiers Science Center of Artificial Intelligence and Deep Learning at NYU Shanghai, 567 West Yangsi Road, 

Shanghai 200124, China. 

  
2NYU-ECNU Center for Computational Chemistry at NYU Shanghai, 3663 Zhongshan Road North, Shanghai 200062, 

China. 

  
3NYU Shanghai, 567 West Yangsi Road, Shanghai 200124, China. 

  
4Department of Chemistry, New York University, New York, New York 10003, USA. 

Email: william.glover@nyu.edu 

A hybrid quantum mechanical (QM)/molecular mechanical (MM) study with the integral-exact 

direct reaction field (IEDRF),[1][2] polarizable embedding scheme was performed on the 

purple bacteria reaction center of 𝑅ℎ𝑜𝑑𝑜𝑏𝑎𝑐𝑡𝑒𝑟 𝑠𝑝ℎ𝑎𝑒𝑟𝑜𝑖𝑑𝑒𝑠  in order to investigate how 

polarization induced in the protein matrix helps to stabilize the primary charge-transfer (CT) 

states relative to the exciton states of the special pair. The protein environment is represented 

by point charges and induced dipoles that are coupled to the QM region via the integral-exact 

direct reaction field Hamiltonian, which can simultaneously describe differential solvation of 

multiple electronic states of different polarities. Treating the special pair, 𝑃 = 𝑃𝐿𝑃𝑀 , and 

bacteriopheophytin, 𝐻𝐿  and 𝐻𝑀 , quantum mechanically, we compare excitation energies 

computed at the 𝜔PBEh time-dependent density functional theory level for CT states along 

the active and inactive branches. Thermal fluctuations on the electronic-state energies are 

included by extracting snapshots from a molecular dynamics trajectory. 

We find that the polarization in the protein is largely dictated by the secondary structure, with 

induced dipoles pointing along the axes of 𝛼-helices. The relaxation of dipoles on the excited 

state provides similar stabilization of both branches; however, the ground-state polarization, 

captured by IEDRF, screens 𝑃+𝐻𝐿
− more than 𝑃+𝐻𝑀

−  and is thus key to directing the CT

towards the active branch. The different ground-state dielectric environment of the two 

branches is confirmed by computing relative local fields at key carbonyl probes.[3] With 

IEDRF embedding, we find the local fields to be in near quantitative agreement with the 

interpretations of recent vibrational Stark-effect experiments, while the agreement is 

diminished for electrostatically embedded QM/MM calculations. These results caution against 

QM/MM calculations with electrostatic embedding alone, because CT states in a rigid, dense 

protein matrix are mostly stabilized by the fast electronic polarization of the surrounding 

medium. 

References: 

[1] X. Liu, A. Humeniuk and W. J. Glover. “Conical Intersections in Solution with Polarizable Embedding: Integral-Exact

Direct Reaction Field”. J. Chem. Theory Comput. 18 (2022), pp. 6826–6839. DOI: 10.1021/acs.jctc.2c00662

[2] A. Humeniuk and W. J. Glover. “Multistate, Polarizable QM/MM Embedding Scheme Based on the Direct Reaction Field

method: Solvatochromic Shifts, Analytical Gradients and Optimizations of Conical Intersections in Solution.” J. Chem. Theory

Comput. 20 (2024), pp. 2111–2126. DOI: 10.1021/acs.jctc.3c01018.

[3] M. Saggu, S. D. Fried and S. G. Boxer. “Local and global electric field asymmetry in photosynthetic reaction centers.” J.

Phys.Chem. B. 123 (2019), pp. 1527–1536. DOI: 10.1021/acs.jpcb.8b11458
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Application of Quantum Embedding Theory on 

Lanthanide-based Materials 
Zewei Li, Hong Jiang 

eCollege of Chemistry and Molecular Engineering, Peking University, 
Beijing, 100871 

jianghchem@pku.edu.cn 

First-principles studies of the optical properties of lanthanide-based 
materials suffer from severe errors when mean-field approximation is 
applied, because of the strongly correlated essence of open-shell f-
electrons[1]. Among various theoretical methods that have been 
developed for strongly correlated systems, MCSCF has played a 
particularly important role as it provides a systematic approach to static 
correlation, but a direct application of those approaches to extended 
systems like solids and surfaces becomes computationally prohibitive 
due to the exponential scaling. Density matrix embedding theory 
(DMET), which combines low-level and high-level correlated quantum 
chemistry methods, provides a systematic framework to reduce the 
computational cost [2-4]. In this work, we present two efficient 
quantum embedding approaches, starting from either periodic ROHF 
calculations or ab initio model potential (AIMP) to approximate the 
periodic systems with non-periodic clusters, and then combine them 
with DMET. The complete active space self-consistent field and 
subsequent state interaction treatment of spin–orbit coupling (CASSI-
SO) is further applied to the embedded cluster space to describe the 
strongly correlated active center[5]. 

[1] Jiang, H. Int. J. Quantum Chem. 2015, 115, 722-73.
[2] Wouters, S.; Jiménez-Hoyos, C. A.; Sun, Q. M.; Chan, G. K. L. J. Chem.
Theory Comput. 2016, 12, 2706-2719.
[3] Pham, H. Q.; Hermes, M. R.; Gagliardi, L. J. Chem. Theory Comput. 2020,
16, 130-140.
[4] Cui, Z. H.; Zhu, T. Y.; Chan, G. K. L. J. Chem. Theory Comput. 2020, 16,
119-129.
[5] Ai, Y. H.; Sun, Q. M.; Jiang, H. J. Phys. Chem. Lett. 2022, 13, 10627.
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Excitonic energy transfer under strong coupling from a semi-
classical surface hopping perspective 

Priyam Kumar De, Amber Jain 

Department of Chemistry, Indian Institute of Technology, Mumbai, 
India, 400076 

priyamde1995@gmail.com 

Strong coupling between molecule and radiation mode inside a cavity 
leads to formation of hybrid entity, polaritons which exhibits 
characteristics of both molecule and radiation. Experimentally 
polaritons have been found to change rate of reactions by orders of 
magnitude. In this work, we have benchmarked surface hopping 
method for electronic strong coupling inside a cavity. The comparison 
of surface hopping method is done with numerically exact HEOM 
method for a model system for a broad range of parameters. Surface 
hopping method can capture both on and off resonance effects. We 
also have looked at parameters that can increase or decrease the rate of 
energy transfer and surface hopping method captures it well.  

[1] Priyam Kumar De, Amber Jain. ‘Excitonic energy transfer inside a cavity: A
benchmark study of polaritonic dynamics using the surface hopping method’, J.
Chem. Phys. 161, 054117 (2024).  doi: 10.1063/5.0216787

|1⟩ |2⟩
|Ph⟩

Two site coupled with each other as well as through photon mode inside a cavity. 
Exciton energy transfer is preferred by coupling through the photon mode
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Ab-initio study on the effect of dipolar spin-spin interactions in singlet fission 

R. K. Kathir1, Pedro B. Coto2, Michael Thoss1 

1 Institute of Physics, University of Freiburg, Germany. 
2 Materials Physics Center (CFM), Spanish National Research Council (CSIC), Spain. 

email: kathir.rk@physik.uni-freiburg.de 

Interactions between triplet pair states are known to play a key role in important chemical processes. An 
example is singlet fission (SF), a photo-induced multiple exciton generation mechanism in which 
a singlet excited state transforms into a pair of triplet excitons [1]. Electron paramagnetic 
resonance experiments have provided evidence that this process involves the participation of 
singlet  and quintet  coupled triplet pair states [2,3,4]. In this contribution, we 
employ ab-initio multi-reference perturbation theory techniques to investigate the effect of 
dipolar spin-spin interactions on the SF dynamics. For this, we have investigated a series of 
modified pentacene dimers where the pentacene-like moieties are covalently bonded to a 
phenylene linker in ortho, meta and para positions shown to undergo intramolecular SF [5]. Our 
results provide insight into the spin mixing in these systems, in particular regarding the effect of 
the inter-triplet relative orientation and the strength of the zero-field splitting on the fate of the 
coupled triplet pair state in SF. 

References: 

[1] M. Smith and J. Michl, Chem. Rev., 110, 6891-6936 (2010). 
[2] L. Weiss et al., Nat. Phys., 13, 176-181 (2017). 
[3] M. Tayebjee et al., Nat. Phys., 13, 182-188 (2017).  
[4] B. Basel, et al., Nat. Commun., 8, 15171 (2017). 
[5] S. R. Reddy, P. B. Coto, and M. Thoss, J. Phys. Chem. Lett., 9, 5979-5986 (2018).

|1 (T T )⟩ |5 (T T )⟩
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Radiosensitizing potential of halo-uracils via low-energy electrons: A 

simulation study 
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Halouracils (XUs) have long been explored as potential radiosensitizers: substances that 

increase the sensitivity of cancer cells to radiation and thus enhance the effectiveness 

of radiotherapy. Despite longstanding interests, the initial events of XU 

radiosensitization remain unclear. In particular, while it is understood that following 

radiolysis, XUs form transient negative ions through interactions with radiation-

generated secondary electrons, leading to halide dissociation and the formation of 

reactive uracil radicals, fundamental questions about this process remain: What is the 

electronic state formed after the electron attaches? Is internal conversion (IC) involved? 

What is the role of solvation? Previous theoretical studies have largely focused on gas-

phase XU.[1] To make contact with time-resolved spectroscopy experiments carried out 

in the aqueous phase,[2] we used our recently developed FlexiBLE QM/MM boundary 

method,[3] combined with a quasi-particle DFT-based electronic-structure method,[4] 

and the ab initio multiple spawning excited-state dynamics simulation package[5] to 

simulate the dynamics of bromouracil following electron attachment. Our results 

suggest two competing pathways: (I) rapid IC from a 𝜋2
∗ to a 𝜎∗ state leading to Br– 

dissociation, and (II) non-dissociative IC to a nonreactive 𝜋1
∗ state, impeded by a small 

barrier. This suggests a design principle of elevating excited-state potential barrier 

heights to minimize non-dissociative IC for improved nucleobase-derived 

radiosensitizers. 
 

[1] L. M. Cornetta, T. J. Martinez and M. T. do N. Varella. “Dissociative electron attachment to 5-bromo-

uracil: non-adiabatic dynamics on complex-valued potential energy surfaces” Phys. Chem. Chem. Phys. 24 

(2022), pp. 6845−6855. DOI: 10.1039/D1CP05663H 

[2] C. R. Wang and Q.-B. Lu. “Real-Time Observation of a Molecular Reaction Mechanism of Aqueous 5-

Halo-2′-deoxyuridines under UV/Ionizing Radiation” Angew, Chem. 119 (2007), pp. 6432−6436. DOI: 

10.1002/ange.200701559 

[3] Z. Shen and W. J. Glover. “Flexible boundary layer using exchange for embedding theories. I. Theory 

and implementation” J. Chem. Phys. 155 (2021), pp. 224112. DOI: 10.1063/5.0067855 

[4] Y. Mei and W. Yang. “Charge transfer excitation energies from ground state density functional theory 

calculations” J. Chem. Phys. 150 (2019), pp. 144109. DOI: 10.1063/1.5087883 

[5] B. F. E. Curchod and T. J. Martinez. “Ab Initio Nonadiabatic Quantum Molecular Dynamics” Chem. Rev. 

118 (2018), pp. 3305−3336. DOI: 10.1021/acs.chemrev.7b00423 
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Describing Nuclear Quantum Effects in Coupled Nuclear-
Electron Dynamics at Gas-Metal Surface: A Ring Polymer 

Molecular Dynamics Extension to Electronic Friction  
Rui-Hao Bi1, Wenjie Dou1,2,3 
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    Molecular dynamics with electronic friction (MDEF) is a well-
established simulation method that has been widely applied to study 
nonadiabatic effects near metal surfaces. However, MDEF treats the 
nuclear degrees of freedom completely classically, hence the nuclear 
quantum effects (NQEs) are completely missing. Here, we present how 
a simple Ring Polymer Molecular Dynamics (RPMD) extension to 
MDEF, denoted as EF-RPMD, which can efficiently incorporate the 
NQEs. Employing a centroid mode friction approach, we significantly 
improved both the equilibrium / steady state properties as well as the 
electron transfer dynamics. Notably, EF-RPMD accurately predicts the 
transition of the two dominant electron transfer channels from barrier 
crossing to tunneling as temperature decreases. Finally, EF-RPMD can 
recover qualitatively correct steady-state properties, such as the I-V 
curve, in the presence of a chemical potential bias.  We expect that our 
method will be very useful to study nonadiabatic dynamics near metal 
surfaces when nuclear quantum effects become essential. 

  

[1] Bi, R.-H.; Dou, W. Electronic friction near metal surface: Incorporating 
nuclear quantum effect with ring polymer molecular dynamics. The Journal of 
Chemical Physics 2024, 160 (7). https://doi.org/10.1063/5.0187646. 
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First-principles demonstration of nonadiabatic thouless 
pumping of electrons in a molecular system 

Ruiyi Zhou, Yosuke Kanai 

Department of Chemistry, University of North Carolina at Chapel Hill, Chapel 
Hill, North Carolina 27599, United States 

Email: ryzhou1995@outlook.com 

Nonadiabatic Thouless pumping of electrons is studied in the framework of 
topological Floquet engineering, particularly focused on how atomistic changes to 
chemical moieties of trans-polyacetylene control the emergence of the Floquet 
topological phase. We employ real-time time-dependent density functional theory 
to investigate the extent to which the topological invariant, winding number, is 
impacted by molecular-level changes. In particular, we consider several 
substitutions to trans-polyacetylene to study different types of effects on the 
electronic structure including mesomeric effect, inductive effect, and electron 
conjugation effect. As previously demonstrated in our work [1], we use the 
maximally localized Wannier functions to relate the winding number to the valence 
bond description by expressing the topological pumping as the transport dynamics 
of the localized Wannier functions. We further exploit the gauge invariance of the 
quantum dynamics with respect to the single-particle orbital representation by using 
the so-called dynamical transition orbitals [2], and it offers a minimal description 
of the quantum dynamics in terms of the particle-hole excitation. This allows us to 
analyze the topological pumping in terms of the equilibrium molecular orbital 
description, and the pumping of electrons can be understood as a cyclic transition 
among the C-C bonding and antibonding orbitals. Having connected the topological 
invariant to chemically intuitive concepts, we rationalize how atomistic changes 
impact the emergence of the Floquet topological phase and it opens up an 
opportunity for systematic and intuitive molecular-level engineering of chemical 
systems for such an exotic topological phase. 

Reference: 
[1] Zhou, R., Yost, D. C., & Kanai, Y. (2021). First-principles demonstration of 
nonadiabatic thouless pumping of electrons in a molecular system. The Journal of 
Physical Chemistry Letters, 12(19), 4496-4503. 

[2] Zhou, R., & Kanai, Y. (2021). Dynamical transition orbitals: A particle–hole 
description in real-time TDDFT dynamics. The Journal of Chemical 
Physics, 154(5), 054107. 

[3] Zhou, R., & Kanai, Y. (2023). Molecular Control of Floquet Topological 
Phase in Non-adiabatic Thouless Pumping. The Journal of Physical Chemistry 
Letters, 14, 8205-8212. 
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A Grid-based Gauge-Invariant Non-Perturbative Solution of 
the Schrodinger Equation for Electrons and Nuclei in Strong 

Magnetic Fields 
Sangita Sen, Yenugu Nikhil 

IISER Kolkata 

sangita.sen@iiserkol.ac.in 

Strong magnetic fields which compete with the Coulomb forces in 
atoms and molecules affect structure, energetics, degeneracies, 
symmetries and dynamics of both the electrons and the nuclei. The 
complex and coupled nature of the interactions make it difficult to 
intuitively understand the response of the system to the external field. 
A direct non-perturbative solution of the Schrödinger equation for the 
system and field is thus undertaken where fields have been 
incorporated in the grid-based Hamiltonian ensuring gauge invariance 
for all grid sizes. Validation of the implemented method and 
computation of diatomic rovibrational spectra is undertaken. 
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Non-adiabatic molecular dynamics on 
ultrafast relaxation of ortho-nitrophenol upon photoexcitation 

Satoi Wada1, Tetsuya Taketsugu1,2 
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Ortho-nitrophenol (o-NP) is a proto-typical molecule that exhibits 
excited state intramolecular proton transfer (ESIPT) between adjacent 
substituents. It is also a potential source of nitrous acid, contributing to 
the photochemical generation of OH radicals in the atmosphere. Time-
resolved experiments [1,2] in the last decade suggested ultrafast 
deactivation through internal conversion (IC) in a sub-picosecond 
timescale. On the other hand, the experimental observation of a long-
lived excited state [1] also indicates the possibility of intersystem 
crossing (ISC). Non-adiabatic molecular dynamics studies [3,4,5] have 
suggested different mechanisms; however, they are not sufficient to 
explain the experimental facts [1] supposed to include both IC and ISC. 
Therefore, the underlying mechanism of ultrafast relaxation dynamics 
of o-NP remains unknown, which is addressed in the present study. 

 

 

 

 

[1] H. A. Ernst et al. J. Phys. Chem. A 119, 9225 (2015). 

[2] Y. Nitta et al. J. Phys. Chem. Lett. 12, 674 (2021). 

[3] C. Xu et al. Sci. Rep. 6, 26768 (2016). 

[4] E. Vandaele et al. J. Chem. Theory Comput. 20, 3258 (2024). 

[5] J. P. F. Nunes et al. Phys. Chem. Chem. Phys. 26, 17991–17998 (2024) 
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Theoretical Study of the Spin Transition Processes of 

Molecular Systems  

Shuming Bai, Shaoting Liu, Jiaying Chen, Jingheng Deng 

Institute of Chemistry, Chinese Academy of Sciences 
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Transitions between different spin states provide an effective regulation 

strategy in excited-state chemistry, where the interactions between 

electronic spin and other angular momentums, such as electronic 

orbitals, electron spins, and nuclear spins, lead spin transitions in 

molecular systems from forbidden to controllable. In this talk, I will 

show some theoretical studies of excited-state spin dynamics, 

developing effective computational methods and applying them to 

photo-induced applications such as energy transfer and photodynamic 

therapy. The calculation of spin-changing processes, including 

intersystem crossing, intermolecular spin exchange, and spin dynamics 

of radical ion pairs from photo-induced charge transfer, will be 

presented.  

 

References:  

[1]  Bai S., Barbatti M. Spatial Factors for Triplet Fusion Reaction of Singlet Oxygen 

Photosensitization. J. Phys. Chem. Lett. 2017, 8, 5456   

[2]  Bai S., Barbatti M. Mechanism of Spin-Exchange Internal Conversion: Practical Proxies 

for Diabatic and Nonadiabatic Couplings. J. Chem. Theory Comput. 2019, 15, 1503 

[3]  Bai S., Zhang P., Beratan D. Predicting Dexter Energy Transfer Interactions from 

Molecular Orbital Overlaps. J. Phys. Chem. C, 2020, 124, 18956 

[4]  Liu S., Lee Y., Chen L., Deng J., Ma T., Barbatti M., Bai S. Unexpected longer T1 lifetime 

of 6-sulfur guanine than 6-selenium guanine: the solvent effect of hydrogen bonds to brake 

the triplet decay. Phys. Chem. Chem. Phys., 2024, 26, 13965 

[5]  Bai S., Zhang P., Beratan D. Using Adiabatic Energy Splitting To Compute Dexter Energy 

Transfer Couplings. J. Phys. Chem. A, 2024, 128, 28, 5721 
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Phonon-Mediated Ultrafast Energy- and Momentum-

Resolved Hole Dynamics in Monolayer Black Phosphorus 
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Electron-phonon scattering plays a crucial role in determining the 

electronic, transport, optical, and thermal properties of materials. Here, 

we employ a non-Markovian stochastic Schrödinger equation (NMSSE) 

in momentum space [1], together with ab initio calculations for energy 

bands and electron-phonon interactions, to reveal the phonon-mediated 

ultrafast hole relaxation dynamics in the valance bands of monolayer 

black phosphorus. Our numerical simulations show that the hole can 

initially remain in the high-energy valence bands for more than 100 fs 

due to the weak interband scatterings, and its energy relaxation follows 

single-exponential decay towards the valence band maximum after 

scattering into low-energy valance bands. The total relaxation time for 

hole is much longer than that of electron in conduction band. This 

suggests that harnessing the excess energy of holes may be more 

effective than that of electrons [2]. Compared to the semiclassical 

Boltzmann equation based on a hopping model, the NMSSE highlights 

the persistence of quantum coherence for a long time, which 

significantly impacts the relaxation dynamics. These findings 

complement the understanding of hot carrier relaxation dynamics in 

two-dimensional materials and may offer novel insights into harnessing 

hole energy in photocatalysis.  

 

[1] M. Lian, Y.-C. Wang, Y. Ke, and Y. Zhao. “Non-Markovian stochastic 

Schrödinger equation in k-space toward the calculation of carrier dynamics in 

organic semiconductors”. J. Chem. Phys. 28 July 2019; 151 (4): 044115.  

[2] Man Lian, Yu-Chen Wang, and Yi Zhao. “Phonon-Mediated Ultrafast 

Electron Relaxation Dynamics in Monolayer Black Phosphorus: Instantaneous 

Coherent Delocalization”. J. Phys. Chem. Lett. 14, 6990–6997 (2023).  
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Large-Scale Nonadiabatic Dynamics Study of Doping 

Process within PbSe Quantum Dots  

Tenghui Li, Jiawei Dong, and Linjun Wang* 
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Colloidal quantum dots (QDs) are widely used in electronic and 

optoelectronic devices. As major application scenarios, laser media, 

solar cells, as well as light-emitting diodes, make serious demands on 

the appearance of free carriers within QDs. Therefore, a thorough 

understanding of the doping mechanism is essential for the precise 

fabrication and stable maintenance of the doped QDs. 

To investigate the intrinsic mechanism underlying the p-doping process 

involving QDs and oxidants, an all-atom Holstein Hamiltonian for lead 

selenide QDs is constructed, incorporating effects such as anharmonic 

nuclear potential energy, nonlinear electron-phonon coupling, and non-

local electronic coupling, with all parameters derived from ab initio 

electronic structure calculations. Utilizing the Crossing-Corrected 

Global Flux Surface Hopping (CC-GFSH) method within a mixed 

quantum-classical dynamics framework, we successfully simulate the 

doping process in QDs containing thousands of electronic energy 

levels. We then calculated the electron entropy using the von Neumann 

definition, allowing us to analyze the energy and entropy driving forces 

throughout the dynamics. Based on this electron-level analysis, we 

successfully achieved stable p-doped QDs by eliminating hole trappers 

on the QD surface. 

 

[1] Qiu, J., Bai, X., and Wang, L. “Crossing classified and corrected fewest 

switches surface hopping”. The Journal of Physical Chemistry Letters. 9.15 

(2018), pp. 4319-4325. DOI: 10.1021/acs.jpclett.8b01902. 

[2] Wang, L., Trivedi, D., and Prezhdo, O. “Global flux surface hopping approach 

for mixed quantum-classical dynamics”. Journal of Chemical Theory and 

Computation. 10.9 (2014), pp. 3598-3605. DOI: 10.1021/ct5003835. 
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Multi-scale Modeling of Hydroxyl Radical Reactions with 

Isoprene in the Gas Phase and at the Air-Water Interface 
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The hydroxyl radical (∙OH) plays a crucial role in the atmospheric 

chemistry of organic compounds, significantly impacting air pollution 

and climate. Its reactions with isoprene, the most abundant atmospheric 

volatile organic compound (VOC), lead to the formation of ozone and 

secondary organic aerosols (SOAs) through a series of oxidation 

products. While these reactions are ubiquitous, the mechanisms, 

particularly at the air-water interface[1], remain poorly understood.  

To delineate the key physical and chemical aspects of ∙OH and isoprene 

reactions in gas phase and at the air-water interface on the molecular 

scale, we utilize a multi-scale modeling strategy. This approach utilizes 

quantum mechanical (QM) data from relatively small systems as a 

reference to parametrize more efficient empirical valence bond (EVB) 

models[2], enabling simulations of these ∙OH and isoprene reactions for 

bigger sizes and longer time scales in various chemical environments. 

Our work will provide insights into the molecular details that are 

difficult to obtain from experiment, and also provide useful information 

for other thermodynamic models commonly used by atmospheric 

scientists. 

This research is supported by a General Research Fund from the 

Research Grants Council of Hong Kong (GRF 14301922). 

 

[1] Martins-Costa, M. T. C., and Ruiz-López, M. F. “Isoprene Reactivity on Water 

Surfaces from ab initio QM/MM Molecular Dynamics Simulations”. Chem. Phys. 

Chem. 2020, 21(20), 2263–2271. 

[2] Arieh Warshel and Robert M. Weiss. “An empirical valence bond approach for 

comparing reactions in solutions and in enzymes”. J. Am. Chem. Soc. 1980, 

102(20), 6218–6226. 
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Ab Initio Investigation of the Features of Sr₃Ti₃(BO₆)₂ 
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 In this study, we build upon previous experimental work on the novel 

material Sr₃Ti₃(BO₆)₂, as reported in the article [1] by conducting first-

principles calculations using Density Functional Theory (DFT). Our 

computational study aimed to validate and extend the experimental findings, 

focusing on both structural and electronic properties. 

Firstly, we calculated the hkl indices and compared our results to the 

experimental data, finding a discrepancy of only 3-5%, which falls within the 

acceptable range of DFT accuracy. This suggests that our theoretical model 

accurately represents the material's crystallography. Additionally, we 

investigated the mechanical properties, providing further insight into the 

material's potential applications. 

Moreover, we computed the electronic band structure, revealing a band gap 

that aligns well with the experimental observations, thereby confirming the 

material's semiconducting nature. We also constructed a convex hull at 0 K, 

which indicates that Sr₃Ti₃(BO₆)₂ is metastable under these conditions. 

Our results suggest that Sr₃Ti₃(BO₆)₂ is a metastable material with potential 

applicability in optical applications, making it a promising candidate for 

further exploration in this field. 

 

[1] Harutyunyan, V. G., Alexanyan, H. A., Harutyunyan, I. G., & Kostanyan, A. 

K. (2022). Synthesis of a new compound in the SrO-TiO2-B2O3 system and its 

dielectric, ferroelectric, nonlinear optical and electrical properties. Journal of 

Alloys and Compounds, 907, 164532. 

https://doi.org/10.1016/J.JALLCOM.2022.164532 
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Study of the influence of the grain boundary structure on the 

properties of CsPbBr3 perovskite 

Mikhail R. Samatov, Dongyu Liu 

HSE University, 101000 Moscow, Russia 

msamatov@hse.ru 

 

The paper presents the theoretical description of the grain boundary in 

CsPbBr3 perovskite. The calculation of the mean squared displacement 

shown in Figure 1a indicates the migration of Br atoms. Using the 

values of the displacement of atoms relative to the initial position as a 

parameter of the mobility of atoms, we obtain the value of the slope of 

the straight MSD from different values of the selection parameter for 

highly mobile atoms (atoms of the boundary) (Figure 1b). Thus, we 

define the boundary condition for determining GB atoms. Figure 1c 

shows a diagram of the structure with the indicated displacements of 

GB atoms under the boundary condition. Note that GB atoms tend to 

shift along the grain boundary. 

 

Figure 1. a) 3D Mean squared displacement for every type of atoms in 

the structure vs. time. b) Slope of the fit of the MSD of grain boundary 

atoms vs cutoff c) The displacement of GB atoms in the XZ section of 

the structure. 
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Time-domain ab initio analysis of facet-dependent carrier 

dynamics in Cuprous oxide 

Minjae Kwen, Yoosang Son, Hyungjun Kim 

Department of Chemistry, KAIST 

kmjaday0082@kaist.ac.kr 

 

Cuprous oxide (Cu2O) is a promising photoactive material for 

photoelectrodes used in water splitting and CO2 reduction.[1,2] A 

through characterization of charge carrier mobility and recombination 

dynamics in Cu2O is important to crucial for understanding its 

photoelectrochemical (PEC) behavior. Previous experimental study has 

shown that Cu2O exhibits varying charge carrier dynamics depending 

on its crystallographic facet;[3] however, a quantum-level understanding 

of these variations remains elusive. In this study, we investigate facet-

dependent charge carrier dynamics in Cu2O using real-time quantum 

dynamics simulations. We performed semiclassical nonadiabatic 

dynamics simulation with the classical path approximation,[4] and 

elucidated the quantum mechanisms behind the slower carrier 

recombination observed at (111) facet, which leads to superior PEC 

performance.[3]  

 

[1] Paracchino, Adriana, et al. "Highly active oxide photocathode for 

photoelectrochemical water reduction". Nature materials 10.6 (2011), pp. 456-

461. DOI: 10.1038/nmat3017. 

[2] Li, Christina W., and Matthew W. Kanan. "CO2 reduction at low overpotential 

on Cu electrodes resulting from the reduction of thick Cu2O films". Journal of the 

American Chemical Society 134.17 (2012), pp. 7231-7234. DOI: 

10.1021/ja3010978. 

[3] Pan, Linfeng, et al. "High carrier mobility along the [111] orientation in Cu2O 

photoelectrodes". Nature 628.8009 (2024), pp. 765-770. DOI: 10.1038/s41586-

024-07273-8 

[4] Akimov, Alexey V., and Oleg V. Prezhdo. "The PYXAID program for non-

adiabatic molecular dynamics in condensed matter systems". Journal of chemical 

theory and computation 9.11 (2013), pp. 4959-4972. DOI: 10.1021/ct400641n 
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Mechanism of lithium dendrite growth on iron surfaces toward 

high-performance and safe anode-free lithium metal batteries 

Nannan Li‡a, Songchang Liu‡a, Yingqi Tang a, Shaul Mukamel*b, Jin 

Yong Lee*a 

a Department of Chemistry, Sungkyunkwan University, Republic of 

Korea. 

b Department of Chemistry, University of California at Irvine, Irvine, 

CA 92697, USA. 

linannan@skku.edu 

 

Developing higher-energy-density and long-lifetime lithium-based 

batteries is essential for rapid energy delivery and recharging in 

emerging electric vehicles and grid energy-storage technologies. 

Anode-free lithium metal batteries (LMBs) possess an advanced cell 

configuration with only a bare anode metal foil current collector and no 

other negative electrode material that can maximize the energy density 

at the battery-pack level. However, capacity fading and operational 

safety risks caused by the formation of lithium dendrites impede the 

practical application of anode-free LMBs. Herein, we evaluated the 

growth of Li dendrites on an iron substrate surface by performing a 

series of systematic molecular dynamics simulations based on the 

embedded-atom method force field to investigate the effects of multiple 

surface morphologies on the Li atomic deposition and Li dendrite self-

healing processes. The kinetics of Li dendrite growth on the atomic 

scale demonstrate that selecting the Fe(111) surface lattice orientation, 

reducing undesirable surface cracks, and controlling the surface 

nanogroove structures can be applied to effectively prevent the 

formation of irreversible Li dendrites on the surface of the Fe collector, 

resulting in better battery cell cycling. This work indicates that 

understanding the mechanism of Li growth on metal surfaces to search 

for an anode current collector that can significantly improve cell cycling 

stability is crucial for developing new anode-free LMBs [1]. 

 

[1] Liu, S.; Li, N.; Tang, Y.; Mukamel, S.; and Lee, J. Y. “Mechanism of lithium 

dendrite growth on iron surfaces toward high-performance and safe anode-free 

lithium metal batteries”. J. Mater. Chem. A, 12 (2024), pp. 9886-9895. DOI: 

https://doi.org/10.1039/D3TA07914G 
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Computational Screening of Multi-Resonance Thermally 

Activated Delayed Fluorescence (MR-TADF) Molecules for 

Lasing Application 

Rongrong Li,a Zhigang Shuai a,b,*  

aSchool of Science and Engineering, The Chinese University of Hong 

Kong, Shenzhen, Guangdong 518172, P. R. China  

bMOE Key Laboratory of Organic OptoElectronics and Molecular 

Engineering, Department of Chemistry, Tsinghua University, Beijing 

100084, P. R. China 

lirongrong@cuhk.edu.cn 

 

Multi-resonance thermally activated delayed fluorescence (MR-TADF) 

molecules charactering large emission oscillator strengths, effective 

reverse intersystem crossing (RISC), and narrow emission spectral 

width, have great potential as laser materials. We propose a molecular 

descriptor for quick screening MR-TADF molecules as laser candidate 

materials, A = Δ𝐸ST𝜎eff
net,opt

, namely, the product of singlet-triplet 

energy gap and the optical pumping net stimulated emission cross 

section. Through extensive computations benchmarked with existing 

experiments, A value should be larger than 0.311 ⨉ 10-17 cm2 eV for 

promising lasing molecules. 119 MR-TADF molecules are virtually 

designed and only eight molecules are selected as prospective 

candidates for laser materials through descriptor A and spectral overlap. 

 

Figure 1. Designed MR-TADF molecules and the value of descriptor A. 

[1] R. Li, Z. Shuai Org. Electron. (2024), 132, 107095. 

[2] S. Lin, Q. Ou, Z. Shuai ACS Materials Lett. (2022), 4, 487−496. 

[3] Q. Ou, Q. Peng, Z. Shuai Nat. Commun. (2020), 11, 4485. 
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Theoretical study on open-shell electronic structures of 
through-bond/through-space hybrid conjugated systems 

Ryohei Kishi, Wataru Yoshida, Hajime Miyamoto, Ryota Sugimori, 
Kohei Tada, Yasutaka Kitagawa 

Graduate School of Engineering Science, Osaka University 

kishi.ryohei.es@osaka-u.ac.jp 

 

In this study, we theoretically investigated open-shell electronic 
structures of face-to-face π-stacked n-mers of diradicaloid molecules as 
through-bond/through-space (TB/TS) hybrid conjugation systems. 
Based on the Hückel theory combined with the valence bond 
(VB-)based expression of diradical character (y), we defined y for the 
local TB and TS interactions, yTB and yTS, involved in the π-stacked n-
mer. We also derived sets of conditions that hold between yTB and yTS 
when y of the entire n-mer system, y(n), takes the maximum for a given 
n. The relationships between yTB, yTS, and y(n) can help predict and tune 
the open-shell electronic structures of face-to-face π-stacked n-mers of 
realistic diradicaloid molecules with different yTB [1]. 

 

 
Figure 1. π-Stacked n-mers of diradicaloid molecules. 

 

[1] Wataru Yoshida, Hajime Miyamoto, Jinki Shoda, Hiroshi Matsui, Ryota 
Sugimori, Ryohei Kishi, Yasutaka Kitagawa. “Theoretical study on open-shell 
electronic structures of through-bond/through-space hybrid conjugated ladder 
graphs”. Chem. Phys. Lett. 842 (2024), 141196. DOI: 
10.1016/j.cplett.2024.141196. 
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Computational Study on High-Performance Memristors 

Utilizing Nanomanipulation and Device Architecture Design 

Shuang Chen 

Kuang Yaming Honors School, Nanjing University, Nanjing, Jiangsu 

210023, China 

chenshuang@nju.edu.cn 

 

Memristors as the basic circuit component of neuromorphic chips can 

be used to realize in-memory computing and parallel data processing. 

Two prevailing types of memristors, conductive bridge memristors and 

ferroelectric polarization memristors, were computationally studied to 

unveil their resistance switching mechanisms and provide possible 

device design strategies. The kinetic Monte Carlo (KMC) modeling was 

developed to reproduce filament growth processes in nano-manipulated 

conductive bridge memristors [1-3]. The computational method was 

developed to calculate I/R-V curves of two- /multi-terminal ferroelectric 

polarization memristors and verify their potential synaptic functions [4]. 

Our computational study provides insights to accelerate the 

experimental research and development of memristors. 

 

[1] P. Xu, W. Fa, and S. Chen. “Computational Study on Filament Growth 

Dynamics in Microstructure-Controlled Storage Media of Resistive Switching 

Memories”. ACS Nano 17 (2023), 10511-10520. 

[2] J. Lei, S. Sun, Y. Li, P. Xu, C. Liu, S. Chang, G. Yang, S. Chen, W. Fa, D. 

Wu, and A.-D. Li. “Electrochemical Resistive Switching in Nanoporous Hybrid 

Films by One-Step Molecular Layer Deposition”. The Journal of Physical 

Chemistry Letters 14 (2023), 1389-1394. 

[3] Y.-C. Li, P. Xu, W. Fa, and S. Chen. Kinetic Monte Carlo Simulations on 

Electroforming in Nanomanipulated Conductive Bridge Random Access 

Memories. Nanoscale (2024), DOI: 10.1039/D4NR01546K. 

[4] Z. Chen, Y.-C. Li, T.-L. Kong, Y.-Y. Lv, W. Fa, and S. Chen. “Computational 

Study on Interlocked-Ferroelectricity-Contributed High-Performance Memristors 

Based on Two-Dimensional Van der Waals Ferroelectric Semiconductors”. ACS 

Applied Materials & Interfaces 16 (2024): 26428-26438. 
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Theoretical Studies of 0D-Perovskite Based Luminescent 

Materials 

Songqi Cao, Nanlong Zheng, Zhiwei Zhu*, Yongping Fu*, Hong 

Jiang*  

College of Chemistry and Molecular Engineering, Peking University, 

Beijing, 100871 

2301110352@pku.edu.cn 

 

A new series of 0D-perovskite structures have been designed and 

synthesized recently.[1] Due to the large computational cost of TDDFT-

PBE0 structural optimization on large periodic systems, we designed an 

embedded cluster model [2] to handle them.  

 

Figure 1. (a) Crystal structures of 0D-perovskite. (b) Diagram of 

building a cluster model of the 0D-perovskite. 

Our model catches two main characters of this series of structures 

successfully: the various types of interaction between components, and 

the locality of luminescent process. Our result is in good agreement 

with experiments and provides reference for luminescent mechanism. 

[1] Zheng, N., Cao, S. et al. A General Transformation of 2D to 0D Halide 

Perovskites by Solvent Incorporation (In preparation). 

[2] Sousa, C., Tosoni, S. & Illas, F. Theoretical Approaches to Excited-State-

Related Phenomena in Oxide Surfaces. Chemical Reviews 113, 4456–4495 

(2013). 
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Intrinsic Defects in B-Site Columnar-Ordered Halide Double
Perovskites Cs2AgPdBr5
Wenjun Chu, Zhenyu Li

Hefei National Research Center for Physical Sciences at the
Microscale, University of Science and Technology of China, Hefei,

Anhui 230026, China

wjchu@mail.ustc.edu.cn

Since the innovation of the first hybrid organic– inorganic perovskite
(HOIPs) solar cell in 2009, its power conversion efficiency (PCE) has
rapidly grown from 3.8% to 26.41% within fifteen years. However,
practical application of lead-halide perovskites is hindered by the
toxicity of Pb and the intrinsic material instability. To overcome these
disadvantage, a B-site columnar-ordered halide double perovskites
Cs2AgPdBr5 has been proposed[1]. Considering that its properties may
be significantly changed by defects, for example, carrier diffusion
limited by deep-level defects, it is important to check the intrinsic
defect tolerance of this new material and to find the chemical
environment which minimizes the concentration of undesirable
defects. We reveal that the influence of Fermi-level pinning can be
controlled by adjusting the chemical potential conditions of a halide
double perovskite. We find that Ag-poor is a good chemical potential
region to grow good p-type Cs2AgPdBr5. However, deep-level
trapping defects may form. Fortunately, partial defects evolve into
shallow defect states at 300 K. Only Pdi and PdAg could be the
recombination centers. Our study provides a guidance to reduce the
intrinsic defects of this class of materials.

[1] G. Ji, C. Han, S. Hu, P. Fu, X. Chen, J. Guo, J. Tang, and Z. Xiao. “B-Site
Columnar-Ordered Halide Double Perovskites: Theoretical Design and
Experimental Verification”. J. Am. Chem. Soc. (2021), 143, 10275.
DOI:10.1021/jacs.1c03825
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Growth kinetics of single-crystal covalent organic frameworks 

Xiang-Kun Yu, You-Liang Zhu*, Zhong-Yuan Lu* 

State Key Laboratory of Supramolecular Structure and Materials, 

Jilin University, Changchun, 130012, China 

E-mail: youliangzhu@jlu.edu.cn; luzhy@jlu.edu.cn 

 

Covalent organic frameworks (COFs) have gained attention for their potential in gas 

separation, energy storage, and catalysis. However, the surprising difficulty of efficiently 

synthesizing high-quality crystals has long puzzled researchers and limited applications 

[1,2]. Herein, we employ the GPU-accelerated molecular dynamics simulation software 

PYGAMD, combined with a dynamic bond model characterized by two key parameters, 

barrier energy (Ebar) and binding energy (Ebind), to investigate the growth kinetics of COFs 
[3,4]. Our analysis indicates that the correlation between Ebar and Ebind significantly 

influences the crystallinity of products. Under fast growth conditions (low Ebar), the range 

of Ebind suitable for monocrystal formation is very narrow, suggesting that the conditions 

for reversibility are highly stringent. We also propose a strategy to enhance the defect 

repair rate by modulating the reaction parameters. 

 

Figure 1. Diagram of COF morphologies as a function of Ebar and Ebind. The color bar on 

the right indicates the equilibrium time required for monocrystal formation.  

 

[1] L. Peng, Q.-Y. Guo et al., “Ultra-fast single-crystal polymerization of large-sized covalent 

organic frameworks”. Nat. Commun. 12 (2021), 5077. 

[2] J. Han, J. Feng et al., “Fast growth of single-crystal covalent organic frameworks for 

laboratory x-ray diffraction”. Science 383 (2024), 1014.  

[3] X.-K. Yu, H.-Y. Zhao et al., “Mechanism for topology selection of isomeric two-

dimensional covalent organic frameworks”. J. Phys. Chem. Lett. 13 (2022), 7087. 

[4] X.-K. Yu, R. Shi et al., “Kinetics of on-surface oligomer formation controlled by 

concentration”. Macromolecules 57 (2024), 5123. 
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Does the Zimmermann-Traxler transition state always have
strong explanatory power? --A combined experimental and

computational ‘archaeology of chemistry’ study

Zongchang Han, ..., Han-Shi Hu, Jun Li

Department of Chemistry, Tsinghua University

hzc21@mails.tsinghua.edu.cn

We have developed a synthetic method of CO2-promoted photo/Ni
dual catalyzed allylation of aldehydes with allylic alcohols and
revealed the mechanistic insights by mechanistic experiments and
quantum chemical calculations. The C=C coordination in the substrate
and the LiOAc additive allow the reaction to undergo Ni(0)/Ni(II)
oxidative addition with a low energy barrier. The reaction yields a
lower stereoselectivity for aryl aldehydes and a higher for alkyl
aldehydes, which can be explained by the allylic insertion at the Ni
centre in different oxidation states. We find that the lower selectivity
in this system corresponds to the model used when the Zimmerman-
Traxler transition state was originally proposed. We verify that this
missing 1,3-diaxial repulsion is the true origin of the strong
explanatory power of the Zimmerman-Traxler transition state.

Figure 1. Weak and Strong Explanatory Power of Zimmerman-Traxler TS

[1] Zhang, Zeyu, et al. "Photoredox/Nickel Dual-Catalyzed Allylation of
Aldehydes with Allylic Alcohols and Mechanistic Insights in the Presence of
CO2." ACS Catalysis 14 (2024): 12392-12402.
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Analysis of Organic Reactions by Combinatorial 

Optimization and Dimension Reduction Method 

Lihao Qu, Takuro Tsutsumi, Yuriko Ono, Tetsuya Taketsugu 

Hokkaido Univ., Japan 

lihao.qu.p9@elms.hokudai.ac.jp 

I. Introduction 

In recent years, an automated reaction path search method has 

established the concept of a reaction route network [1]. The Reaction 

Space Projector (ReSPer) visualizes the potential energy hypersurface 

into a lower-dimensional subspace using principal coordinates [2]. 

Although ReSPer has been applied to various chemical reactions, it is 

still challenging to visualize large-scale reaction path networks of 

organic reactions due to the computational cost. In this study, we 

implemented the alternative optimization (AO) method, a type of 

combinatorial optimization, to speed up the ReSPer analysis [3]. 

II. Results and Discussion 

For the validation of the ReSPer-AO 

method, we randomly generated a 

dataset of gold clusters and verified 

the computational time. As a result, it 

was shown that ReSPer-AO can 

significantly reduce the 

computational time compared to the 

original ReSPer. In this study, we 

applied ReSPer-AO to the Claisen 

rearrangement of allyl vinyl ethers to discuss dynamical conformational 

changes. The details will be reported in the presentation. 

[1] S. Maeda, K. Ohno, K. Morokuma, "Systematic exploration of the mechanism 
of chemical reactions: the global reaction route mapping (GRRM) strategy using 
the ADDF and AFIR methods". Phys. Chem. Chem. Phys., 2013, 15, 3683.DOI: 
10.1007/s41061-022-00377-7 
[2] T. Tsutsumi, Y. Ono, T. Taketsugu, "Reaction Space Projector (ReSPer) for 
Visualizing Dynamic Reaction Routes Based on Reduced-Dimension Space". 
ChemComm (Feature Article), 2021, 57, 11734. DOI: 10.1007/s41061-022-00377-
7 
[3] L. Qu, T. Tsutsumi, Y. Ono, T. Taketsugu, "Acceleration of Reaction Space 
Projector Analysis Using Combinatorial Optimization: Application to Organic 
Chemical Reactions". submitted. 

 

Figure 1. Computational time of 

ReSPer (black) and ReSPer-AO 
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Mechanistic Insights into Water Autoionization through 

Metadynamics Simulation Enhanced by Machine Learning 
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People have a long-standing interest in exploring the mechanism of 

water ionization. The extremely scarce probability of water 

autoionization in natural conditions obstructs direct experimental 

probing, and also poses a great challenge to the theoretical community 

on characterizing the free energy profile and revealing the mechanism. 

Here, we obtained convergent free energy surfaces through nanosecond 

timescale metadynamics simulations with classical nuclei enhanced by 

atomic neural network potentials, which yielded good reproduction of 

the equilibrium constant (pKw=14.14) and ionization rate constant 

(1.369×10−3 s−1). Critical intermediate and transition state were clearly 

characterized, while an asynchronous mechanism of triple proton 

transfer was proposed. The solvent-driven effect was described as the 

dual-presolvation mechanism which contributes to the local electric 

field fluctuations to trigger the water dissociation. [1] 

 

Figure 1. Free energy diagrams for water dissociation calculated with classical 

and quantum nuclei. 

 

[1] L. Liu, Y. Tian, X. Yang, C. Liu, “Mechanistic insights into water 

autoionization through metadynamics simulation enhanced by machine learning”. 

Physical Review Letters 131 (2023), 158001. 
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Enhancing Molecular Data through Quantum Chemical 

Calculations: An Overview of the PubChemQC Project 

RIKEN, Cluster for Pioneering Research 

Maho Nakata  

maho@riken.jp 

 

We initiated the PubChemQC project in 2015 [1-4] and have been 

continuously developing it ever since. Our goal is to provide a vast 

amount of quantum chemical data, covering over 80 elements, using 

mid-range levels of theory such as DFT with a double-zeta basis set. 

Notably, the PubChemQC JCIM 2017 [2] dataset includes 4 million 

optimized geometries calculated with B3LYP/6-31G* and 2 million 

TDDFT/6-31G+* calculations. These datasets can be utilized in 

machine learning protocols to create models for estimating molecular 

properties [5]. Moreover, we also released PubChemQC B3LYP/6-

31G*//PM6 set, which includes 86 million molecules. In this 

presentation, we introduce our project and discuss its current status.  

Project URL: https://nakatamaho.riken.jp/pubchemqc.riken.jp/ 

[1] Maho, Nakata, AIP Conf. Proc. 1702, 090058 (2015). 

[2] Maho Nakata and Tomomi Shimazaki, "PubChemQC Project: a Large-Scale 

First-Principles Electronic Structure Database for Data-driven Chemistry", J. 

Chem. Inf. Model., 2017, 57 (6), pp 1300-1308. 

[3] PubChemQC PM6: Data Sets of 221 Million Molecules with Optimized 

Molecular Geometries and Electronic Properties , J. Chem. Inf. Model. 2020 

[4] PubChemQC B3LYP/6-31G*//PM6 Data Set: The Electronic Structures of 86 

Million Molecules Using B3LYP/6-31G* CalculationsJ. Chem. Inf. Model. 2023, 

63, 18, 57345754 

[5] PCQM4Mv2 leader board 

https://ogb.stanford.edu/docs/lsc/leaderboards/#pcqm4mv2 
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Topic: Machine Learning and Data-driven Approaches 

Title: Predicting heat capacity of molecular fluids using interpretable machine learning models: 

Application of the Fluid_Thermo database 

Author Name: Simin Li, Yanlei Wang*, and Hongyan He*, Suojiang Zhang 

Abstract: Currently, the development of integrated circuits and chips is facing new challenges, with 

one of the major limiting factors being heat dissipation. Liquid cooling, as one of the most efficient 

cooling methods, makes the design and synthesis of refrigerant molecules a crucial task. However, 

the vast variety and diverse structures of liquid media, along with the lack of sufficient thermal 

property data, present substantial challenges for the design and application of thermal liquid media. 

In this work, we established the Fluid_Thermo database for molecular liquids and ionic liquids (ILs), 

encompassing 18 different physicochemical and electronic properties, with a total of 18,000 data 

points. Based on this database, we developed a predictive model for a key property in chemical 

transport—heat capacity (Cp). Among the models developed, the traditional machine learning 

algorithm Extreme Gradient Boosting (XGBoost) yielded the best performance, achieving a Pearson 

correlation coefficient of over 0.99, with an RMSE of 1.95 and an MAE of 0.89, making its heat 

capacity predictions even more accurate than those derived from DFT calculations. Additionally, 

we combined DBN and DNN models, successfully applying deep learning algorithms to predictions 

with small datasets, achieving a Pearson correlation coefficient of 0.96, RMSE of 5.01, and MAE 

of 2.21. 
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Scalable and Accurate Chemical Property Predictions Using 

Universal Neural Network Potentials as Atomic Descriptors  

Tomoya Shiota1,2, Kenji Ishihara2, Wataru Mizukami1,2 

1Graduate School of Engineering Science, Osaka University, Japan 

2Center for Quantum Information and Quantum Biology, Osaka University, Japan 

shiota.tomoya.ss@gmail.com 

  The universal neural network potential (NNP) is a powerful tool that 

enables rapid and accurate energy calculations for atomic-level 

computational simulations, with precision comparable to first-

principles methods. In this study, we utilized the valuable latent 

information of the pre-trained universal NNP to introduce novel atomic 

descriptors for machine learning. By extracting and utilizing 

information from the intermediate layers of the NNP, specifically the 

outputs of the graph neural network (GNN) layer and the multi-layer 

perceptron (MLP) layer, we constructed predictive models for NMR 

chemical shifts [1] and molecular adsorption energies on high-entropy 

alloy nanoparticles [2] (Fig. 1).  These descriptors, despite their 

compactness, achieve accuracy on par with state-of-the-art descriptors, 

offering a promising approach to accelerate the discovery of new 

molecules and materials. 

Figure 1. Schematic representation of the universal neural network 

potential (NNP) model utilizing graph neural networks (GNN) and 

multi-layer perceptron (MLP) layers to generate atomic descriptors. 

[1] T. Shiota, K. Ishihara, and W. Mizukami, “Universal neural network potentials 

as descriptors: towards scalable chemical property prediction using quantum and 

classical computers”, Digital Discovery, (2024).  

[2] T. Shiota, K. Ishihara, and W. Mizukami, “Lowering the Exponential Wall: 

Accelerating High-Entropy Alloy Catalysts Screening using Local Surface Energy 

Descriptors from Neural Network Potentials”, arXiv:2404.08413 (2024). 
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Machine Learning Force Field Construction of 

Organometallic Complex Materials: An Equilibrium 

Molecular Dynamics Study on Thermal Conductivity 

Calculation of Copper Phthalocyanine 
Wenjie Zhang, Zhigang Shuai 
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wenjie-z21@mails.tsinghua.edu.cn 

 

Computing the lattice thermal conductivity of organometallic 

complex materials has always been an important problem that needs to 

be solved. Currently, there have been considerable research and work 

on calculating the lattice thermal conductivity of materials through 

equilibrium molecular dynamics simulations or non-equilibrium 

molecular dynamics simulations. However, due to the lack of suitable 

force fields, the range of materials fields that can be applied to is still 

very limited. This work uses the active learning method to construct a 

neural-network based force field, starting from the first-principles data 

obtained from VASP calculations, and building a neural network force 

field for dynamic simulations. Currently, reasonable results have been 

obtained in the copper(II) phthalocyanine system, using the Deep 

Potential function combined with equilibrium molecular dynamics 

simulations. The results obtained have better performance than those 

obtained using the Hybrid-COMPASS force field by previous 

researchers, and the temperature trends are consistent with 

experimental results.  
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An AI-assisted pure density-based nonlocal

functional

Xiaoyu Zhang, Yunlong Xiao∗

College of Chemistry and Molecular Engineering, Peking University,
Beijing 100871, the

People’s Republic of China

E-mail: xiaoyl@pku.edu.cn

van der waals density functional theory(vdw-DFT) is important in
many common scenarios, but double integration over grids highly
restricts the usage of such functionals. We make use of 3D translation-
rotation invariant deep learning neural network and construct a pure
density-based nonlocal functional with only single integration over
grids. We train our functional by using high level calculation dataset

DES15K[1] of closed-shell molecules and BSE49[2] of open-shell
molecules. Our functional can be elaborated to numerical stable high
derivatives and thus can support linear response TDDFT and real time
TDDFT.

[1] Donchev, A.; Taube, A.; Decolvenaere, E.; Hargus, C.; McGibbon, R.; Law,
K.-H.; Gregersen, B.; Li, J.-L.; Palmo, K.; Siva, K.; Bergdorf, M.; Klepeis, J.;
Shaw, D. Scientific Data 2021, 8.

[2] Prasad, V.; Khalilian, M.; Otero-de-la Roza, A.; DiLabio, G. Scientific Data
2021, 8.
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Simultaneous prediction of the molecular response properties, such as 

polarizability and the NMR shielding constant, at a low computational 

cost is an unresolved issue. We propose to combine a linear-scaling 

generalized energy-based fragmentation (GEBF) method and deep 

learning (DL) with both molecular and atomic information-theoretic 

approach (ITA) quantities as effective descriptors. In GEBF, the total 

molecular polarizability can be assembled as a linear combination of 

the corresponding quantities calculated from a set of small embedded 

subsystems in GEBF. In the new GEBF-DL(ITA) protocol, one can 

predict subsystem polarizabilities based on the corresponding 

molecular wave function (thus electron density and ITA quantities) and 

DL model rather than calculate them from the computationally 

intensive coupled-perturbed Hartree−Fock or Kohn−Sham equations 

and finally obtain the total molecular polarizability via a linear 
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combination equation. As a proof-of-concept application, we predict 

the molecular polarizabilities of large proteins and protein aggregates. 

GEBF-DL(ITA) is shown to be as accurate enough as GEBF, with mean 

absolute percentage error <1%. For the largest protein aggregate (>4000 

atoms), GEBF-DL(ITA) gains a speedup ratio of 3 compared with 

GEBF. It is anticipated that when more advanced electronic structure 

methods are used, this advantage will be more appealing. Moreover, 

one can also predict the NMR chemical shieldings of proteins with 

reasonably good accuracy. Overall, the coste-fficient GEBF-DL(ITA) 

protocol should be a robust theoretical tool for simultaneously 

predicting polarizabilities and NMR shieldings of large systems. 

 

 

Figure 1. General workflow to predict the response properties 

(molecular polarizability and the NMR shielding constant). Both 

molecular and atomic information-theoretic approach (ITA) quantities 

are used as descriptors for deep learning (DL).  
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Unveiling the Impact of the Air-Water Interface on Altering 

Reaction Mechanisms: Incorporating DFT, AIMD, and CMD 

Mohammad Hassan Hadizadeh 

Environment Research Institute, Shandong University, China 

hadizadeh.mh@sdu.edu.cn 

 

The air-water interface plays a crucial role in numerous chemical and 

biological processes. In recent years, extensive research has focused on 

investigating the impact of the air-water interface on reaction properties 

using advanced computational techniques such as ab initio molecular 

dynamics (AIMD) [1-2]. This study highlights the significance of 

considering the air-water interface in understanding and predicting 

reaction properties in aqueous environments. The results show that the 

air-water interface can influence the electronic structure and energetics 

of reactants and intermediates, resulting in modified reaction pathways 

and thermodynamic properties. The interplay between interfacial water 

molecules, gas molecules, and reactants at the air-water interface leads 

to unique hydrogen bonding patterns, solvation effects, and local 

electric fields, which in turn govern the reactivity and selectivity of 

chemical reactions. The findings underscore the need for accurate and 

efficient computational methodologies, such as DFT, AIMD and 

constrained molecular dynamics (CMD), to capture the dynamic nature 

of the interface and shed light on the underlying mechanisms that drive 

the observed enhancements in reaction rates and altered reaction 

pathways. These insights are crucial for designing and optimizing 

processes involving reactions at the gas-liquid interface, ranging from 

atmospheric chemistry to biological systems. 

 

[1] Fang, Ye-Guang, et al. "Mechanistic insight into the competition between 

interfacial and bulk reactions in microdroplets through N2O5 ammonolysis and 

hydrolysis." Nature Communications 15.1 (2024): 2347. 

[2] Gong, Ke, et al. "Molecular Mechanism for Converting Carbon Dioxide 

Surrounding Water Microdroplets Containing 1, 2, 3-Triazole to Formic 

Acid." Journal of the American Chemical Society 146.12 (2024): 8576. 
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Calculating potential energy surfaces with the variational 

quantum eigensolver 

Shizheng Zhang, Zhenyu Li* 

Key Laboratory of Precision and Intelligent Chemistry, University of 

Science and Technology of China, Hefei, Anhui 230026, China. 

*Email: zyli@ustc.edu.cn 

 

The variational quantum eigensolver (VQE) is one of the most 

commonly used algorithms that does quantum chemistry calculation on 

near-term quantum computers. Yet VQE isn’t able to calculate potential 

energy surfaces (PESs) efficiently. Since wave functions depend on 

geometry configurations, the free parameters in the circuit vary with 

bond lengths, which means parameters must be trained again for a 

different configuration. In this work, we input bond length values into 

quantum circuits[1] and introduce mid-circuit measurements[2] so that 

PESs are calculated with parameter training carried only once. 

Simulation results show that this method is capable of calculating 

potential energy curves of small molecules. 

 

Figure 1. A general structure of circuits proposed in this work. The 

input units and the processing units alternate with each other. An 

intermediate measurement is introduced between two parts of the 

circuit to serve as a nonlinear mapping to the input data.  

 

[1] Alba Cervera-Lierta, Jakob S. Kottmann, and Alán Aspuru-Guzik. “Meta-

Variational Quantum Eigensolver: Learning Energy Profiles of Parameterized 

Hamiltonians for Quantum Simulation” PRX Quantum. 2021, 2, 020329 

[2] Rongxin Xia, and Sabre Kais. “Hybrid Quantum-Classical Neural Network for 

Calculating Ground State Energies of Molecules” Entropy. 2020, 22(8), 828 
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Enhancing Variational Quantum Eigensolver with Clifford 

Transformation and Robust Parameter Optimization 

Weitang Li1, Jiace Sun2, Shi-Xin Zhang3, Lixue Cheng4, Zhigang 

Shuai1 

1School of Science and Engineering, The Chinese University of Hong Kong, Shenzhen 
2Division of Chemistry and Chemical Engineering, California Institute of Technology 

3Institute of Physics, Chinese Academy of Sciences 
4Microsoft Research AI4Science Lab 

liwt31@gmail.com 

 

The variational quantum eigensolver (VQE) framework in quantum computing 

have opened new avenues for solving complex problems in molecular simulation. 

Due to the gate error and measurement uncertainty in near term quantum computers, 

there is a strong need for algorithms optimized for these devices. 

In this presentation, we will introduce the Clifford-based Hamiltonian 

transformation approach, which enhances the accuracy of hardware-efficient ansatz 

through Clifford transformations. This method allows us to achieve chemical 

accuracy for systems as large as 12 qubits with fewer than 30 two-qubit gates. 

Additionally, we will introduce a robust and efficient algorithm that significantly 

reduces computational overhead for parameter optimization in quantum circuits. 

Through both numerical simulations and experiments on quantum computers, the 

algorithm demonstrates faster convergence and greater noise resilience compared 

to traditional methods. Lastly, we will present the TenCirChem framework, which 

offers a scalable platform for running quantum circuits with both a tensor network 

backend and quantum computers. This framework effectively bridges the gap 

between theoretical quantum chemistry and practical implementation on quantum 

devices. 

 

Figure 1. The Clifford-based Hamiltonian Engineering algorithm for variational 

quantum eigensolver. 
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[1] Jiace Sun, Lixue Cheng, Weitang Li*, Towards Chemical Accuracy with 

Shallow Quantum Circuits: A Clifford-based Hamiltonian Engineering Approach, 

J. Chem. Theory Comput. 2024, 20, 695–707. 

[2] Weitang Li*, Yufei Ge, Shixin Zhang, Yuqin Chen, Shengyu Zhang, Efficient 

and Robust Parameter Optimization of the Unitary Coupled-Cluster Ansatz, J. 

Chem. Theory Comput. 2024, 20, 3683-3696. 

[3] Weitang Li*, Jonathan Allcock, Lixue Cheng, Shi-Xin Zhang, Yu-Qin Chen, 

Jonathan P Mailoa, Zhigang Shuai, Shengyu Zhang*, TenCirChem: An Efficient 

Quantum Computational Chemistry Package for the NISQ Era, J. Chem. Theory 

Comput. 2023, 19, 3966-3981. 
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Grid-Based Quantum Simulation of Photoexcited Pyrazine 

Xiaoning Feng, Hans Chan, David P. Tew 

Department of Chemistry, University of Oxford 

xiaoning.feng@bnc.ox.ac.uk 

 

We build and examine an end-to-end fault tolerant quantum computing 

algorithm for simulating absorption spectra and population dynamics of 

photoexcited pyrazine with a 4D model Hamiltonian. The quantum 

circuit we construct covers the straightforward initial state preparation, 

cost-effective time-dependent evolution based on the grid-based Split-

Operator Quantum Fourier Transform (SO-QFT) method, and both 

iterative and canonical phase measurements of vibronic dynamics. We 

carry out the corresponding cost evaluation using classical emulation 

and propose a generalised formula for qubit count and gate depth 

calculation. Our algorithm is also applicable to extended higher 

dimensional models with no additional gate depth requirements, but 

only more qubits demanded by adding new vibrational modes as the 

environmental bath. While quantum devices provide powerful scaling 

of grid-based space, this approach also benefits a lot from the speed-up 

efficiency of QFT. This work with its outstanding resource-saving 

advantages establishes a framework for implementing molecular 

vibronic studies on real quantum computers.  
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The application of Hardware heuristic ansatz in periodic 

system 

 (Xiaopeng Li)1, (Zhenyu Li)1* 

1 Hefei National Research Center for Physical Sciences at the 

Microscale, University of Science and Technology of China, Hefei, 

Anhui 230026, China 

Email: zyli@ustc.edu.cn 

 

The current mainstream superconducting quantum computers have the 

characteristics of high qubits number but low coherence time, so how 

to reduce the depth of quantum circuit has a great significance. The 

most usual Hardware heuristic ansatz is based on Pauli strings 

excitation operators, which has achieved a great success for calculating 

ground state energy in small molecule system, we follow this method 

and using it in a periodic system. Because periodic system has a 

complex wave function and Hamiltonian, it is a great challenge for 

variational quantum eigenvalue solver to optimizing the energy, we will 

solve this problem by expand the operator pool, and using adapt ansatz 

to reduce the depth of quantum circuit. 

 

Keyword:  Hardware heuristic ansatz, periodic system, VQE, Pauli 

strings 

 

[1] Ilya G. Ryabinkin,* Robert A. Lang, … , J. Chem. Theory Comput. 2020, 16, 

1055−1063; 

[2] Yordan S. Yordanov, V. Armaos, … , COMMUNICATIONS PHYSICS | 

(2021) 4:228; 

[3] 3. Harper R. Grimsley, Sophia E. Economou, … , NATURE 

COMMUNICATIONS | (2019) 10:3007. 
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Uranium Dioxide-Mediated Carbon Dioxide Photoreduction 

Xue-Lian Jiang1, …, Mingfei Zhou2,* Jun Li1* 

1. Department of Chemistry, Southern University of Science and Technology, Shenzhen, China 

2. Department of Chemistry, Fudan University, Shanghai, China 

jianxl@mail.sustech.edu.cn 

The transition metal-mediated reduction of CO2 has emerged as an active area with wide interest. 

Little is known about CO2 reduction with f-elements. The early actinide elements, in particular 

uranium, have distinguished performance in multi-electron reduction process because of their 

facile conversion of oxidation states and bonding ability of 5f/6d orbitals. Herein, CO2 

reduction to CO by tetravalent uranium (UIV) compound UO2 is investigated via matrix 

isolation infrared spectroscopy and quantum chemical study. Our results reveal that stable 

carbonate intermediate OUIVCO3 (A) can be prepared at low temperature (4-12 K). Through 

photolytic reactions of A under visible-light irradiations (495 nm <  < 580 nm), the charge-

separated pentavalent UV isomer [UVO2]+[(2-O2C)]- (B) is produced due to the electron transfer 

from U-7s orbital to CO2 moiety. Sequentially, one C=O bond in CO2 ultimately breaks by the 

successive UV-visible irradiation (250 nm <  < 580 nm), and the photolysis generates the 

products CO and hexavalent UVI compound UVIO3 after undergoing two intermediates 

UVIO3(CO) (C) and UVIO3(OC) (D) with physiosorbed carbonyl group. Moreover, the evolution 

of oxidation states from electron-rich UIV to UVI on multiple potential energy surfaces of 

different electronic states involving U(f1s1 → f2 → f1 → f0) is further demonstrated.  

 

Scheme 1. Schematic illustration of photoreduction evolution of CO2 to CO. 

 

 

[1] X. L. Jiang; …; M. F. Zhou; J. Li. Uranium Dioxide-Mediated Carbon Dioxide 

Photoreduction. Submitted 

[2] J. Li; B. E. Bursten; L. Andrews; C. J. Marsden, On the Electronic Structure of Molecular 

UO2 in the Presence of Ar Atoms:  Evidence for Direct U−Ar Bonding. J. Am. Chem. Soc. 2004, 

126 (11), 3424-3425 
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Automated Review Generation Method Based on Large 

Language Models 

Shican Wu, Xiao Ma, Zhi-Jian Zhao* 

School of Chemical Engineering and Technology; Tianjin University, 

Tianjin 300072, China. 

shicanwu@tju.edu.cn 

 

Literature research, vital for scientific advancement, is overwhelmed by 

the vast ocean of available information. Addressing this, we propose an 

automated review generation method based on Large Language Models 

(LLMs) to streamline literature processing and reduce cognitive load. 

In case study on propane dehydrogenation (PDH) catalysts, our method 

swiftly generated comprehensive reviews from 343 articles, averaging 

seconds per article per LLM account. Extended analysis of 1041 articles 

provided deep insights into catalysts’ composition, structure, and 

performance. Recognizing LLMs’ hallucinations, we employed a 

multi-layered quality control strategy, ensuring our method’s reliability 

and effective hallucination mitigation. Expert verification confirms the 

accuracy and citation integrity of generated reviews, demonstrating 

LLM hallucination risks reduced to below 0.5% with over 95% 

confidence. Released Windows application enables one-click review 

generation, aiding researchers in tracking advancements and recom-

mending literature. This approach showcases LLMs’ role in enhancing 

scientific research productivity and sets the stage for further exploration. 

 

Figure 1. Flowchart of the automated review generation method. 

[1] Liu P, et al. “Pre-train, prompt, and predict: A systematic survey of prompting 

methods in natural language processing”. ACM Computing Surveys. (2023), 55(9) 1-35. 

[2] Zhang Y, et al. “Siren's song in the AI ocean: a survey on hallucination in 

large language models”. arXiv preprint (2023), 2309.01219. 
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Coupling Simulations of Spatiotemporal Electromagnetic
Fields with Simulations of Ultrafast Photoinduced Dynamics

Lorenz Grünewald1,2, Sebastian Mai1

1Institute for Theoretical Chemistry, Faculty of Chemistry, University
of Vienna, Austria 

2Vienna Doctoral School in Chemistry (DoSChem), University of
Vienna, Austria

lorenz.gruenewald@univie.ac.at

Structured light has emerged as an innovative technique that enables
the spatial control of laser fields [1]. It could facilitate an optical

spectroscopy where the interaction between isolated electric fields
(EFs) or magnetic fields (MFs) with matter is investigated selectively.
We studied an “MF-only optical spectroscopy” scenario [1], utilizing
the finite-differences time-domain (FDTD) method. This study has

shown that ultrashort azimuthally polarized beam pulses are excellent
candidates for generating isolated MFs (or EFs) at optical frequencies

and that metallic nanoantennas can enhance the isolated MFs.

 

Figure 1. Multiscale protocol coupling FDTD simulations with
molecular dynamics simulations.

In this contribution, we will present a multiscale protocol which
couples FDTD simulations with nonadiabatic molecular dynamics
simulations in the SHARC package [2] to study the dynamics of

molecules in presence of arbitrary electromagnetic fields. We will also
show applications to the dynamics of lanthanide compounds after
excitation of “dark” magnetic dipole-allowed  f → f  transitions. 

[1] Martín-Hernández, R., Grünewald, L., et al. Optical Magnetic Field Enhancement

Using Ultrafast Azimuthally Polarized Laser Beams and Tailored Metallic Nanoantennas.

Photonics Res. 2024, 12 (5), 1078. DOI: 10.1364/PRJ.511916.

[2] Mai, S. et al. Nonadiabatic Dynamics: The SHARC Approach. WIREs Comput. Mol. Sci.

2018, 8 (6), e1370.  DOI: 10.1002/wcms.1370.
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Femtosecond Pump-Probe-Spectra in the Heptazine-H2O
Complex: A Computational Study

Sebastian V. Pios*, Maxim F. Gelin#, Wolfgang Domcke$, Lipeng
Chen*

*Zhejiang Laboratory, Hangzhou 311100, China
#School of Science, Hangzhou Dianzi University, Hangzhou 310018,

China
$Department of Chemistry, Technical University Munich, D-85747

Garching, Germany

chenlp@zhejianglab.org

Polymeric carbon-nitrides have emerged as promising candidates for
sustainable water splitting using solar photons. Its building block
heptazine (Hz) has been subjected to various experimental and
theoretical studies, investigating its electronic structure and
photochemistry when exposed to water.[1-3] While the mechanism
has been unraveled[4], the ultra-fast spectroscopic features are still
elusive with experimental and theoretical results lacking. In this study
we use the Hz-H2O complex as a model and the isolated Hz monomer
as a reference system to simulate its nonadiabatic excited-state
molecular dynamics using the state-of-the-art wavefunction method
ADC(2). Employing the classical formulation of the doorway-window
representation we were able to predict the ground-state bleach (GSB),
stimulated emission (SE) and excited state absorption (ESA)
contributions to the transient absorption (TA) and two-dimensional
(2D) electronic spectra. The results show the features of the ultrafast
non-radiative decay of the photoexcited system, with a branching of
the wavepacket after about 30 fs. The subsequent population transfer
to low-lying excited states is slowed down marginally by the presence
of water. The overlap of spectroscopic features for the reactive
charge-transfer state in the ESA contribution with the GSB
contribution, proofs the importance of theoretical support when
investigating TA pump-probe and 2D electronic spectra.
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Figure 1: SE (a) and ESA (b) contributions and the total integral
signal Sint(T, ωpr) as a function of T and ωpr for the Hz-H2O complex.
The pump pulse is tuned to be in resonance with the maximum of the
UV-/Vis-absorption spectrum (ωpu = 4.29 eV). The pulse widths are
set to τpu = τpr = 5 fs.

[1] Wang, X.; Maeda, K.; Thomas, A.; Takanabe, K.; Xin, G.; Carlsson, J. M.;
Domen, K.; Antonietti, M. “A metal-free polymeric photocatalyst for hydrogen
production from water under visible light”. Nat. Mater. 2009, 8, 76–80

[2] Ong, W.-J.; Tan, L.-L.; Ng, Y. H.; Yong, S.-T.; Chai, S.-P. “Graphitic Carbon
Nitride (g-C3N4)-Based Photocatalysts for Artificial Photosynthesis and
Environmental Remediation: Are We a Step Closer To Achieving Sustainability?”.
Chem. Rev. 2016, 116, 7159–7329

[3] Wen, J.; Xie, J.; Chen, X.; Li, X. “A review on g-C3N4-based photocatalysts.”.
Appl. Surf. Sci. 2017, 391, 72–123

[4] Ehrmaier, J.; Karsili, T. N. V.; Sobolewski, A. L.; Domcke, W. “Mechanism
of Photocatalytic Water Splitting with Graphitic Carbon Nitride: Photochemistry
of the Heptazine–Water Complex”. J. Phys. Chem. A 2017, 121, 4754–4764
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Simulating transient X-ray spectra of molecules and crystals 
from snapshots along the potential energy surfaces  

Weijie Hua 

MIIT Key Laboratory of Semiconductor Microstructure and Quantum 
Sensing, School of Physics, Nanjing University of Science and 

Technology, Xiaolingwei 200, Nanjing, 210094 

wjhua@njust.edu.cn 

The advancement of X-ray free-electron lasers (XFELs) has 
significantly enhanced cutting-edge experimental research on ultrafast 
nonlinear X-ray spectra. This progress necessitates the development of 
corresponding theoretical methods and programs to aid in explaining 
existing experiments and designing new ones. We have developed 
ultrafast nonlinear X-ray spectroscopic simulation methods based on 
non-adiabatic dynamics[1] and snapshots along potential energy 
surfaces[2]. The latter approach is both economical and practical for 
large systems. Our predicted fingerprint signals from the dark state in 
uracil[2] were observed in XFEL experiments involving structurally 
similar thymine[3], and this method has been further adopted and 
refined by other researchers[4]. This presentation will focus on our 
extension of this method from molecules to organic crystals[6] and the 
copper-dioxygen binding process[7], covering transient X-ray 
photoelectron & absorption spectra by our in-house code MCNOX [8,9]. 

[1] W. Hua, et al., S. Mukamel, Struct. Dyn. 3 (2016), 023601. 

[2] Hua W.; Mukamel S.; Luo Y. J. Phys. Chem. Lett. 10 (2019), 7172. 

[4] N.H. List, et al., T. J. Martínez, Chem. Sci, 11 (2020), 4180. 

[5] T. J. A.Wolf, et al., Nature Comm. 8 (2017), 29. 

[6] G. Ge, et al., W. Hua; J. Phys. Chem. Lett. 15 (2024), 6051. 

[7] S. Wang; J. Zhang; M. Guo; W. Hua; Inorg. Chem. 62 (2023), 17115; Wang, S., 
J. Zhang, G. Ge, W. Hua, submitted. 

[8] Hua, W.; Luo, Y.; Mukamel, S. Multi-Configurational methods for ultrafast 
NOlinear X-ray spectra (MCNOX), version 1.0, (2019). 

[9] Hua, W. Comput. Phys. Commun. 296 (2024), 109016. 
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Accurate and efficient NMR shielding calculation with 

parallel, fully RI-boosted finite 1st derivative framework  

Xiao Liu1, Martin Head-Gordon1 

1 University of California, Berkeley 

xiao_liu@berkeley.edu 

The accurate prediction of nuclear magnetic shielding constants is pivotal 

for elucidating molecular structure and interactions. Traditional fully 

numerical methods (finite-difference second derivative) are 

computationally demanding, while fully analytical approaches require 

method-specific response equations and often face scalability challenges 

in the process of solving them. Addressing these limitations, this work 

introduces a novel implementation that combines finite-difference first-

derivative and resolution-of-identity (RI) approximation techniques to 

achieve accurate and efficient nuclear magnetic shielding at the self-

consist field (SCF) level and post-SCF correlated wavefunction method 

level. This approach facilitates the parallelization of nuclear magnetic 

shielding computations by applying finite-difference first derivatives with 

respect to the external magnetic field to the analytical nuclear magnetic 

moment derivative, which represents the induced magnetic field on each 

nucleus. The incorporation of resolution-of-identity (RI) based Coulomb 

(J) and exchange (K) integrals, utilizing conventional RI-JK and occ-RI-

K algorithms, further enhances computational efficiency. Preliminary 

results on Hartree-Fock (HF), density functional theory (DFT) and kappa 

regularized orbital-optimized Moller-Pollest perturbation theory (k-

OOMP2) demonstrate a significant reduction in computational time 

without compromising the accuracy, thereby offering a promising avenue 

for molecular NMR calculations where the analytical second derivatives 

are either unavailable or challenging to derive and implement. 

 

Figure 1. Parallel timing comparison against old code and ORCA 5. 
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Linear response pCCD-based methods 
Paweł Tecmer 
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Grudziądzka 5, 87-100 Toruń, Poland 

k.boguslawski@fizyka.umk.pl 

We present the Linear Response pair Coupled Cluster Doubles (LR-
pCCD) ansatz and its extension to singles (S), LR-pCCD+S —new 
mean-field-like computational methods for modeling electronic 
excitations and transition dipole moments based on pCCD reference 
function [1] in the PyBEST software package [2,3]. We benchmark 
these new approaches against the standard EOM-CCSD approach, 
analyze the effect of orbital optimization within pCCD on the 
resulting LR-pCCD+S transition dipole moments, and perform a 
statistical error analysis. We show that the proposed models require 
only mean-field-like computational cost, while excited-state properties 
may approach the CCSD level of accuracy [4]. 

[1] P. Tecmer and K. Boguslawski, Phys. Chem. Chem. Phys. 24 (2022) 23026–
23048. 

[2] K. Boguslawski, F. Brzęk, R. Chakraborty, K. Cieślak, S. Jahani, A. Leszczyk, 
A. Nowak, E. Sujkowski, J. Świerczyński, S. Ahmadkhani, D. Kędziera, M. H. 
Kriebel, P. Sz. Żuchowski, P. Tecmer, Comput. Phys. Commun., 297, (2024), 
109049. 

[3] K. Boguslawski, A. Leszczyk, A. Nowak, F. Brzęk, P. Sz. Żuchowski, D. 
Kędziera, and P. Tecmer, Comput. Phys. Commun., 264, (2021), 107933. 

[4] S. Ahmadkhani,  K. Boguslawski, and P. Tecmer, under revision in JCTC.  
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Individual and cooperative superexchange enhancement in cuprates 
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Email: jiangth1997@pku.edu.cn, ji.chen@pku.edu.cn* 

A full understanding of electron correlation in cuprates has been long desired 

to shed light on the still mysterious high temperature superconductivity. In this 

study, we address the challenge of achieving high-level ab initio wave function 

theory calculations, which allow an explicit treatment of dynamic correlations 

associated with a large number of high-energy orbitals. We elucidate the 

significant impact of the high-energy virtual orbitals and their cooperative 

contributions with core orbitals on the superexchange coupling in the 

lanthanum cuprate, which should have an impact on its emergent 

superconductivity. A rich collection of mechanisms are revealed, including the 

orbital breathing effect, the on-site pair excitation effect and the assisted 

hopping effect. The calculations and physical insights result in reassessment 

and extension of widely used effective-Hamiltonian models for cuprate-type 

high-temperature superconductors. This study paves the way for more 

efficient and accurate ab initio calculations of strongly correlated materials, 

providing a foundation to establish reliable theoretical descriptions. 

This work 

[1] T. Jiang, N. Bogdanov*, A. Alavi*, and J. Chen*, Individual and cooperative superexchange 

enhancement in cuprates, Not published yet. 

Reference 

[2] K. Guther, et al. NECI: N-Electron Configuration Interaction with an emphasis on state-of-

the-art stochastic methods, J. Chem. Phys. 153, 034107 (2020). 

[3] N. Plakida; High-Temperature Cuprate Superconductors: Experiment, Theory, and 

Applications, Springer Series in Solid-State Sciences, Vol. 166 (Springer Berlin Heidelberg, 

Berlin, Heidelberg, 2010) 

[4] S. Sharma, G. K. L. Chan; Spin-adapted density matrix renormalization group algorithms 

for quantum chemistry. J. Chem. Phys. 136, 12, 124121 (2012).  

[5] N. A. Bogdanov, G. Li Manni, S. Sharma, et al. Enhancement of superexchange due to 

synergetic breathing and hopping in corner-sharing cuprates. Nat. Phys. 18, 190 (2022). 
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In order to deal with strongly correlated (SC) systems, our group has 
proposed the block-correlated coupled cluster (BCCC) method based 
on the GVB reference (GVB-BCCC in short). The GVB-BCCCn 
(n=2,3,4) methods1-3 with up to n-pair correlation have been 
implemented and can provide accurate results for some strongly 
correlated systems. Our calculations demonstrate that the GVB-BCCC4 
method can provide nearly exact static correlation energies as the 
density matrix renormalization group method (based on the same GVB 
orbitals), indicating the importance of four-pair correlation. 

 
Figure 1. An illustrative picture of four-pair correlation. 

 

[1] Wang, Q.; Duan, M.; Xu, E.; Zou, J.; Li, S. Describing Strong Correlation with Block-
Correlated Coupled Cluster Theory. J. Phys. Chem. Lett. 2020, 11, 7536–7543. 

[2] Zou, J.; Wang, Q.; Ren, X.; Wang, Y.; Zhang, H.; Li, S. Efficient Implementation of Block-
Correlated Coupled Cluster Theory Based on the Generalized Valence Bond Reference for 
Strongly Correlated Systems. J. Chem. Theory Comput. 2022, 18, 5276–5285. 

[3] Ren, X.; Zou, J.; Zhang, H.; Li, W.; Li, S. Block-Correlated Coupled Cluster Theory with 
up to Four-Pair Correlation for Accurate Static Correlation of Strongly Correlated Systems. J. 
Phys. Chem. Lett. 2024, 15, 693–700. 
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Excitonic processes in molecular aggregates involve multiple excited 

state species with different spatial sizes and time scales, as well as 

complex interactions among them. [1] Meanwhile, these excited state 

processes are closely related to the efficiency and performance of 

optoelectronic materials. Therefore, theoretical research on excited 

state processes is valuable for mechanism investigation, material design, 

and molecular screening, but it is also highly challenging. Taking 

advantage of the weak intermolecular interactions in molecular 

aggregates, we have the construction of a realistic exciton-phonon 

interaction model based on the localized diabatic states, including the 

excited state electronic structure containing multi-excited states in the 

crystal [2] and the fast evaluation of complete exciton-phonon 

interaction [3] 

 

[1] O. P. Dimitriev, Chem. Rev. 2022, 122, 8487-8593. 

[2] X. Xie, A. Troisi, J. Chem. Theory Comput. 2022, 18, 394. 

[3] X. Xie, A. Santana-Bonilla, A. Troisi, J. Chem. Theory Comput. 2018, 14, 3752; 

X. Xie, A. Troisi, H. Ma, et al. J. Chem. Theory Comput. 2019, 15, 3721. 
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When do tripdoublet states fluoresce? A theoretical study of 

copper(II) porphyrin 

Xingwen Wang, Chenyu Wu, Zikuan Wang,* Wenjian Liu*  

Institute of Frontier Chemistry, School of Chemistry and Chemical Engineering, 

Shandong University, Qingdao, Shandong 266237, China  

Email: 202117032@mail.sdu.edu.cn 

Open-shell molecules rarely fluoresce, due to their typically faster non-radiative 

relaxation rates compared to closed-shell ones. Even rarer is the fluorescence from 

states that have two more unpaired electrons than the open-shell ground state, since 

they involve excitations from closed-shell orbitals to vacant-shell orbitals, which 

are typically higher in energy compared to excitations from or out of open-shell 

orbitals. States that are dominated by the former type of excitations are known as 

tripdoublet states when they can be described as a triplet excitation 

antiferromagnetically coupled to a doublet state, and their description by 

unrestricted single-reference methods (e.g., U-TDDFT) is notoriously inaccurate 

due to large spin contamination. In this work, we applied our spin-adapted TDDFT 

method, X-TDDFT, and the efficient and accurate static-dynamic-static second 

order perturbation theory (SDSPT2), to the study of the excited states as well as 

their relaxation pathways of copper(II) porphyrin; previous experimental works 

suggested that the photoluminescence of some substituted copper(II) porphyrins 

originate from a tripdoublet state, formed by a triplet ligand π → π* excitation 

antiferromagnetically coupled with the unpaired d electron. Our results 

demonstrated favorable agreement between the X-TDDFT, SDSPT2 and 

experimental excitation energies, and revealed noticeable improvements of X-

TDDFT compared to U-TDDFT, not only for vertical excitation energies but also 

for adiabatic energy differences. These suggest that X-TDDFT is a reliable tool for 

the study of tripdoublet state fluorescence. Intriguingly, we showed that the 

aforementioned tripdoublet state is only slightly above the lowest doublet excited 

state and lies only slightly higher than the lowest quartet state, which suggests that 

the tripdoublet of copper(II) porphyrin is long-lived enough to fluoresce due to a 

lack of efficient non-radiative relaxation pathways; an explanation for this unusual 

state ordering is given. Indeed, thermal vibration correlation function (TVCF)-

based calculations of internal conversion, intersystem crossing, and radiative 

transition rates confirm that copper(II) porphyrin emits thermally activated delayed 

fluorescence (TADF) and a small amount of phosphorescence at low temperature 

(83 K), in accordance with experiment. The present contribution is concluded by a 

few possible approaches of designing new molecules that fluoresce from 

tripdoublet states. 

[1] Xingwen Wang, Chenyu Wu, Zikuan Wang, Wenjian Liu. “When do tripdoublet 

states fluoresce? A theoretical study of copper(II) porphyrin”. Frontiers in Chemistry 11 

(2023)  1259016. DOI:  https://doi.org/10.3389/fchem.2023.1259016. 
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QUEST#4X: an extension of QUEST#4 for benchmarking 

multireference wavefunction methods 

Yangyang Song, Ning Zhang, Yibo Lei, Yang Guo, Wenjian Liu* 
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Shandong University, Qingdao 266237, China 

songyangyang@sdu.edu.cn 

Given a number of datasets for evaluating the performance of single 

reference methods for the low-lying excited states of closed-shell 

molecules, a comprehensive dataset for assessing the performance of 

multireference methods for the low-lying excited states of open-shell 

systems is still lacking. For this reason, we propose an extension 

(QUEST#4X) of the radial subset of QUEST#4 [1] to cover 110 doublet 

and 39 quartet excited states. Near-exact results obtained by iCIPT2 

(iterative configuration interaction with selection and second-order 

perturbation correction) are taken as benchmark to calibrate SDSCI 

(static-dynamic-static configuration interaction) and SDSPT2 (static-

dynamic-static second-order perturbation theory), which are minimal 

MRCI and CI-like perturbation theory, respectively. It is found that 

SDSCI is very close in accuracy to ic-MRCISD (internally contracted 

multireference configuration interaction with singles and doubles), 

although its computational cost is just that of one iteration of the latter. 

Unlike most variants of MRPT2, SDSPT2 treats single and multiple 

states in the same way, and performs similarly as MS-NEVPT2 (multi-

state n-electron valence second-order perturbation theory). These 

findings put the SDS family of methods (SDSPT2[2,3], SDSCI[2], and 

iCIPT2[4], etc.) on a firm basis. 

[1] Loos P.-F., Scemama A., Boggio-Pasqua M., and Jacquemin D. Mountaineering 

Strategy to Excited States: Highly Accurate Energies and Benchmarks for Exotic 

Molecules and Radicals”. J. Chem. Theory Comput. (2020) 16, 3720. 

[2] Liu W. and Hoffmann M. R. “SDS: the ‘static-dynamic-static’ Framework for 

Strongly Correlated Electrons”. Theor. Chem. Acc (2014) 133, 1481. 

[3] Lei Y, Liu W, and Hoffmann M. R. “Further Development of SDSPT2 for 

Strongly Correlated Electrons”. Mol. Phys. (2017) 115, 2696. 

[4] Zhang N, Liu W, and Hoffmann M. R. “Iterative Configuration Interaction with 

Selection.”  J. Chem. Theory Comput. (2020) 16, 2296. 
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Triple electron attachments with a new Intermediate-
Hamiltonian Fock-space coupled-cluster method

Yanmei Hu1), Fan Wang1,*)

1)Institute of Atomic and Molecular Physics, Sichuan University, Chengdu 610065,
People’s Republic of China

*)wangf44@gmail.com

The Fock-space coupled-cluster(FSCC) theory is a multireference coupled-cluster
theory for excitation energies(EEs), ionization potentials(IPs), electron affinities (EAs),
double ionization potentials(DIPs), and double electron affinities(DEAs). The
intermediate Hamiltonian FSCC(IHFSCC) methods have been developed to handle
intruder states and convergence problem. Calculating triple electron-attached(TEA) states
with FSCC has also been proposed recently.[1] However, computing TEAs requires S(2,0)

no matter whether the IHFSCC method is employed or not, which entails calculating all
DEA states in the active orbital space. If the number of active orbitals is large, it will be
expensive and intruder states may also arise. Recently, Meissner proposed an IHFSCC
scheme that only requires S(1,0) to calculate TEAs.[2] This allows for the use of larger
active spaces in calculating TEAs. This new IHFSCC method is actually an extension of
the STEOM-CC method for TEAs. We implemented the new IHFSCC method for TEAs
and calculated triple ionization energies and excitation energies of atoms with a p3

configuration and molecules with σ1π2 configuration. Previous research indicates that the
accuracy of FSCCSD results is closely related to the size of the active space, where more
reasonable results are obtained with a greater number of active orbitals.[3] However, our
findings suggest that for calculating triple ionization energies of these systems, using the
minimum active space yields more reasonable results compared with those using a larger
active space. In addition, the number of active orbitals has a negligible effect on their
excitation energies. Furthermore, the orbitals employed in IHFSCC calculations can
influence results on TEAs and more reasonable results are achieved using target-state
orbitals than those using reference-state orbitals.

[1] Leszek Meissner, Monika Musiał and Stanisław A. Kucharski. “ Extension of the Fock-
space coupled-cluster method with singles and doubles to the three-valence sector” J. Chem.
Phys. 2020, 153: 114115

[2] Leszek Meissner. “A new intermediate Hamiltonian Fock-space coupled-cluster
formalism for the three-valence sector” Molecular Physics. 2022,120: e2064355.

[3] Yanzhao Lu,; Zhifan Wang,; Fan Wang. “Intermediate Hamiltonian Fock-space coupled-
cluster theory for excitation energies, double ionization potentials, and double electron
attachments with spin–orbit” J. Chem. Phys. 2020, 156: 114111
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Semimetal with Chiral Structure 
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After topological insulators (TIs) have aroused widespread concern about the 

nontrivial properties of materials, this topological classification has been extended 

from insulator to metal, resulting the discovery of many different kinds of 

topological semimetals (TSMs). Other than traditional Dirac and Weyl fermions, 

exotic massless fermionic excitations with nonzero Berry flux could also exist in 

TSMs. Such TSMs, which has been called high-fold degenerate semi-metals, 

always has a larger topological charge and a longer Fermi arc. It is reported that the 

existence of such exotic fermions is protected by crystal symmetry [1] and non-

magnetic chiral crystals with spin-orbit coupling could have these topological 

electronic properties [2]. Most of the current TSMs are found in achiral structures, 

where two Weyl fermions with opposite chirality are restricted to the same energy 

by symmetry. However, there is no such limitation in chiral structures, which makes 

chiral TSMs found to have special properties such as quantized circular 

photogalvanic effect, gyrotropic magnetic effect and more. For further research, 

high-throughput calculation and screening are carried out by classification of space 

groups (SGs) from the perspective of crystal symmetry. Among the 65 chiral SGs 

that we calculated, a total of 147 materials from 15 SGs which host these fermions 

near the Fermi energy have been found. Because the degeneracy of the high-fold 

degenerate fermions is related to irreducible representation dimensions of high 

symmetry points, we can clearly observe the law of the distribution of these high-

fold degenerate fermions in SGs. Within these TSMs, not only four-fold fermions 

and six-fold fermions have been found in high symmetry points, but also Weyl 

fermions are distributed in the Brillouin region. Multiple Fermi arcs that span the 

surface Brillouin zone can be observed. Our results confirm the existence of 

unconventional chiral fermions and conventional Weyl fermions in high-fold 

degenerate semi-metals, which makes it a promising platform for exploring the 

physical properties of chiral fermions. 

 

[1] B. Bradlyn, J. Cano, Z. Wang, et al. “Beyond Dirac and Weyl fermions: Unconventional 

quasiparticles in conventional crystals”. Science, 353(6299): aaf5037 (2016). 

[2] G. Chang, B. J. Wieder, F. Schindler, et al. “Topological quantum properties of chiral 

crystals”. Nature Materials, 17: 978-985 (2018). 
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Magnetic Weyl semimetals (WSM) [1] have recently attracted much 

attention due to their potential in realizing strong anomalous Hall 

effects. Yet, how to design such systems remains unclear. Based on 

first-principles calculations, we show here that the ferromagnetic half-

metallic compound In2CoSe4 has several pairs of Weyl points and is 

hence a good candidate for magnetic WSM. These Weyl points would 

approach the Fermi level gradually as the Hubbard U increases, and 

finally disappear after a critical value Uc. The range of the Hubbard U 

that can realize the magnetic WSM state can be expanded by pressure, 

manifesting the practical utility of the present prediction. Moreover, by 

generating two surface terminations at Co or In atom after cleaving the 

compound at the Co-Se bonds, the nontrivial Fermi arcs connecting one 

pair of Weyl points with opposite chirality are discovered in surface 

states. Furthermore, it is possible to observe the nontrivial surface state 

experimentally, e.g., angle-resolved photoemission spectroscopy 

(ARPES) measurements. As such, the present findings imply strongly 

a new magnetic WSM which may host a large anomalous Hall 

conductivity [2]. 

 

[1] Binhai Yan and Claudia Felser. “Topological Materials: Weyl Semimetals”, 

Annu. Rev. Condens. Matter Phys. 8, 337 (2017). 

[2] Gang Xu, Hongming Weng, Zhijun Wang, Xi Dai, and Zhong Fang. “Chern 

Semimetal and the Quantized Anomalous Hall Effect in HgCr2Se4”, Phys. Rev. 

Lett. 107, 186806 (2011). 
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In the context of the growing impact of conceptual density functional theory (CDFT) as one of the 

most successful chemical reactivity theories, response functions up to second order have now 

been widely applied; in recent years, among others, particular attention has been focused on the 

analytic evaluation of these response functions and extensions to higher order have been put 

forward.[1] The traditional CDFT gives sharp definitions for a set of well-known but vaguely defined 

concepts such as chemical potential (electronegativity) and hardness/softness. In addition, it 

gives access to regioselectivity, electro-/nucleophilicity through local reactivity descriptors such 

as the Fukui function and (hyper)polarizability via a nonlocal (non)linear response function.[2-3] In 

our study, their performances are compared between the analytical approach with the wildly used 

finite difference approximation. In the same spirit of traditional CDFT, we further extended its 

matrix formalism called conceptual density matrix functional theory (CDMFT) for the description 

of the reactivity or property of chemical bonds in molecular systems. With the quantity defined in 

CDMFT, i.e., Fukui matrix, we illustrate that the derivative of bond order with respect to the 

number of electrons is closely related to the difference of force constant and bond distance 

between natural and ionized systems.[4] 

 

 

[1] P. Geerlings, F. De Proft, W. Langenaeker, Conceputal density functional theory, Chem. Rev., 2003, 

103, 1793. 

[2] B. Wang, P. Geerlings, C. Van Alsenoy, F. Heider-Zadeh, P. W. Ayers, F. De Proft, Investigating the 

linear response function under approximations following the coupled-perturbed approach for atoms and 

molecules J. Chem. Theory Comput., 2023, 19, 3223. 

[3] B. Wang, P. Geerlings, S. Liu, F. De Proft, Extending the scope of conceptual density functional theory 

with second order analytical methodologies J. Chem. Theory Comput., 2024, 20, 1169. 

[4] B. Wang, P. Geerlings, F. Heider-Zadeh, P. W. Ayers, F. De Proft, to be submitted shortly. 
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Structure and Dynamics at Pt/Water Interfaces Revealed by 

Machine Learning Molecular Dynamics 
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The altered solvation structures and dynamics of interfacial water 

molecules directly influence the elementary steps of electrochemical 

reactions. Simulations of interfacial structure and dynamics provide a 

crucial molecular-level foundation for interpreting experimental 

observables. To address the inherent accuracy-efficiency trade-off and 

gain dynamical insights, we employ state-of-the-art machine learning 

molecular dynamics (MLMD) to investigate water adlayer dynamics, 

which govern interfacial water reorganization at metal/water interfaces. 

This work demonstrates how spatial correlations in desorption events 

accelerate water exchange dynamics at Pt(111) and Pt(100)/water 

interfaces [1]. This mechanism extends to stepped Pt/water interfaces. 

To illustrate this, we first show how water pairing within the adlayer 

induces anisotropic water dynamics (diffusion, hydrogen bonding, and 

reorientation) at Pt(211)/water interfaces [2]. This analysis is then 

extended to Pt(S)-[n(111)×(100)] surfaces (n = 2, 3, 4, 7, 9), 

demonstrating the utility of water ring density as an order parameter for 

characterizing water exchange dynamics at these interfaces [3]. 

Keywords: Machine learning molecular dynamics，Pt/water interfaces，

water exchange dynamics 
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Figure 1: Schematic illustration of the construction, validation, and application of 

the machine learning potential(MLP) for Pt/water interfaces.  

 

[1] Wang, F.-T., et al., Water structures and anisotropic dynamics at Pt(211)/water 

interface revealed by machine learning molecular dynamics. Materials Futures 

2024, 3 (4) 

[2] Wang, F.-T., et al., Spatial correlation of desorption events accelerates water 

exchange dynamics at pt/water interfaces. submitted to JACS Au 

[3] Wang, F.-T., et al., Ring Density as An Order Parameter Charactering Water 

Exchange Dynamics at Stepped Pt/Water Interfaces. In prepration 
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Dimensionality Reduction in Electronic Structure Theory via
Nonlinear Dynamics and Machine Learning: Classical and

Quantum Computing Aspects

Chayan Patra and Rahul Maitra
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The  holy-grail  of  electronic  structure  theory  in  both  classical  and
quantum  computing  domains  is  solving  Schrodinger’s  equation
accurately  with  minimal  resource  requirements.  While  classical
electronic  structure  methods  such  as  coupled  cluster  (CC)  theory
requires a higher-order polynomial scaling, its unitary variant suited
for  quantum  computing  architecture  suffers  from  deep  quantum
circuits  and  huge  number  of  measurements.  To  address  such
problems,  we  propose  a  framework  leveraging  concepts  from
nonlinear dynamics that exploits the nonlinear optimization trajectory
for dimensionality reduction in both classical and quantum computing
paradigm. Our method suggests an adiabatically decoupled structure
in  the  many-body  operator  space  consisting  of  a  principal and  an
auxiliary sub-part.  Such  a  decoupling  projects  the  effective
optimization problem into an extremely lower dimensional principal
manifold that drastically reduces the quantum and classical resource
utilization. Further, we establish a mathematical formalism such that
the higher dimensional  auxiliary ones are predicted from the lower
dimensional principal subspace only either via machine learning[2] or
analytical algebraic expressions[1]. The subsequent resource-efficient
inclusion  of  the predicted operators  ultimately  ensures  the  desired
accuracy without incurring any computational overhead. The methods
show extremely accurate results and the advantages are particularly
conspicuous under realistic hardware noise of quantum computers[1].

[1] C. Patra, S. Halder and R. Maitra. “Projective quantum eigensolver via adiabatically
decoupled subsystem evolution: A resource efficient approach to molecular energetics in
noisy quantum computers”. The Journal of Chemical Physics, 160, 214122 (2024). DOI:
https://doi.org/10.1063/5.0210854

[2]  S.  Halder,  C.  Patra,  D.  Mondal  and  R.  Maitra.  “Machine  learning  aided
dimensionality  reduction  toward  a  resource  efficient  projective  quantum eigensolver:
Formal development and pilot  applications”.  The Journal  of  Chemical  Physics,  158,
244101 (2023). DOI: https://doi.org/10.1063/5.0155009 
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Multivalent Interactions in Sequence Mediated Spontaneous Association of 

short RNA Chains 
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Quantifying bimolecular self-assembly is pivotal for understanding cellular function. Association 

of protein, DNA and RNA components in cell and formation of biomolecular condensate are found 

important factors for controlling different biological processes. In this context the major focus of 

current research is elucidating how the biomolecular sequence and cellular environment are 

connected to condensate formation and properties. RNA-RNA association and phase separation 

appear to essential for the assembly of stress granules, underlie RNA foci formation in repeat 

expansion disorders. RNA molecules are found to play significant role in gene-regulatory functions 

via condensate formation among themselves, or with RNA binding proteins. The interplay between 

driven versus spontaneous processes are likely to be an important factor for controlling the 

formation of RNA mediated functional biomolecular condensate. However, the sequence specific 

interactions and molecular mechanisms that drive the spontaneous RNA-RNA association, and 

help to form RNA mediated phase separated condensate remain unclear. With microseconds long 

atomistic molecular simulations we studied how essential aspects of RNA chains, namely base 

composition, metal ion binding and hydration properties, contribute to association of the series of 

simplest biologically relevant homopolymeric and heteropolymeric short RNA chains. We show 

that spontaneous processes make the key contributions governed by the sequence-intrinsic 

properties of RNA chains, where the definite roles of base specific hydrogen bonding and stacking 

interactions are prominent in association of the RNA chains. Ionic association and nucleobase 

specific interactions of Na+, K+ and Mg2+ ions with RNA chains show the impact of ionic 

environment in RNA-RNA association. We identified several long-lived cation-N/O and water-

N/O pairs within the associated RNA chains. Our results also imply that purine versus pyrimidine 

contents of RNA chain can directly influence association properties of RNA chains by modulating 

hydrogen bonding and base stacking interactions. Overall, our findings are expected to provide 

molecular basis and atomistic insight about sequence mediated association properties of RNAs 

that can leads phase separation, and facilitate RNA granules and foci formation in cell. 
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Selective acetylene hydrogenation as a vital industrial reaction has been studied for 

decades. However, some key issues remain elusive. Herein, a detailed microkinetic model 

using DFT energies is developed to comprehensively investigate the key aspects of 

acetylene hydrogenation on Pd(111). The coverage-dependent kinetic simulation, factoring 

in both self and cross-interactions of adsorbates as well as the coverage effects on the 

transition states of each elementary step, is compared with the coverage-independent 

kinetic calculation derived from energies obtained at low coverages. The accurate 

determination of the free energy barrier of ethylene desorption using ab initio molecular 

dynamics (AIMD) with umbrella sampling adds further crucial insights into the 

microkinetic model. By combing the coverage-dependent calculations and AIMD results, 

we achieve a full first-principles kinetic simulation with all the kinetic parameters being 

systematically calculated to understand the acetylene hydrogenation. We show that the 

coverage-dependent microkinetic model gives a much more reasonable TOF result of 1.41 

s-1 at 300 K than that calculated using coverage-independent model (3.16×10-24 s-1). The 

microkinetic results, including activity and selectivity, are tested against experimental data, 

yielding a good agreement.  

 

[1] Wenbo Xie, Jiayan Xu, Yunxuan Ding and P. Hu. “Quantitative studies of the key 

aspects in selective acetylene hydrogenation on Pd (111) by microkinetic modeling with 

coverage effects and molecular dynamics” ACS Catal. 2021, 11, 4094–4106 

[2] Wenbo Xie, Jiayan Xu, Jianfu Chen, Haifeng Wang, and P. Hu. “Achieving Theory–

Experiment Parity for Activity and Selectivity in Heterogeneous Catalysis Using 

Microkinetic Modeling”. Acc. Chem. Res. 2022, 55, 1237–1248 
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Major light-harvesting complex of photosystem II (LHCII) is a photoreceptor protein that 

regulates energy transfer and dissipation in response to rapid fluctuations of light intensity, directly 

affecting the efficiency of photosynthesis. In this presentation, I will describe the collaborative and 

interdisciplinary investigations combining multiscale computational chemistry calculation, time-

resolved IR/Raman spectroscopy and Cryo-EM structure determination to understand the 

mechanism of energy transfer and dissipation in LHCII. We found that the ultrafast distortion of 

intermediate Sx state of lutein significantly enhances their electronic coupling with chlorophylls in 

LHCII by 30% to 50%, substantially promoting the overall excitation energy transfer. At longer 

timescale, both elevated temperature and acidification triggers an allosteric regulation of the global 

protein conformational changes induced by local conformational transitions. The dynamic motions 

induce close contacts between the associated chromophores to facilitate fluorescence quenching and 

excess energy dissipation. These findings highlight LHCII as an exquisite quantum switch regulating 

photosynthesis.  

 

Figure 1. Allosteric regulation of photoprotection in LHCII. 

 

[1] H. Li, Y. Wang, et. al. Sci，Science China Chemistry, 2020, 63: 1121. 

[2] M. Ruan, H. Li, et. al. Nature Plants, 2023, 9: 1547-1557. 
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Long-range electron tunneling through protein junctions 
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Motivated by the rapid development of nanobioelectronics, we 
performed multiscale computer simulations based on classical 
molecular dynamics (MD), electronic-state calculations within density 
functional theory (DFT), and electronic coupling calculations to 
investigate coherent tunneling transport in protein junctions. Factors 
determining charge transport mechanisms (coherent tunneling vs. 
incoherent electron hopping) and their distance dependencies will be 
discussed together with the effects of the adsorption structures, 
solvation, and temperature on the junction. 

 

 

Figure 1. Electronic states (left) of Cyt b562 gold junction (right) with 
one of the dominant conduction channels (green/orange lobes). 

 

[1] Futera, Z. et al. J. Phys. Chem. Lett. 11, 9766 (2020). 

[1] Futera, Z.; Wu, X.; Blumberger, J. J. Phys. Chem. Lett. 14, 445 (2023). 

[1] Garg, K.; Futera, Z. et al. Chem. Sci. 15, 12326 (2024). 

[2] Jonnalagadda, G. N.; Wu, X.; Hronek, L.; Futera, Z. J. Phys. Chem. Lett. 
(2024), under review. 
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Accurate atomic structures of biomacromolecules are crucial for 

drug development and biocatalysis. X-ray diffraction (XRD) is a 

common method for determining these structures. Traditionally, X-ray 

crystallographic refinement combines molecular mechanics (MM) 

force fields with experimental XRD data. However, quantum 

refinement, pioneered by Ryde and colleagues, replaces MM with more 

accurate quantum mechanics (QM) methods to describe protein key 

sites and improve local structures.[1] We propose combining multi-

scale ONIOM with QR methods (ONIOM_QR) and incorporating 

robust machine learning potentials (MLPs) to enhance refinement 

efficiency and reliability.[2-3] By applying this unique 

MLPs+ONIOM-based QR method, we successfully refined 50 protein–

drug/inhibitor systems, achieving reliable results even for challenging 

systems with charged groups. 
 

 
 

[1] Ryde, U.; Olsen, L.; Nilsson, K. Quantum chemical geometry optimizations in proteins 

using crystallographic raw data. J Comput Chem 2002, 23 (11), 1058-1070. 

[2] Yan, Z. Y.; Li, X.; Chung, L. W. Multiscale Quantum Refinement Approaches for 

Metalloproteins. J. Chem. Theory Comput. 2021, 17 (6), 3783-3796. 

[3] Yan, Z.; Wei, D.; Li, X.; Chung, L. W. Accelerating reliable multiscale quantum 

refinement of protein–drug systems enabled by machine learning. Nat. Commun. 2024, 15 

(1), 4181. 
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ABSTRACT: Understanding the interaction between water and metal 
surfaces is crucial for fields such as corrosion protection, catalysis, and 
microelectronics. Increasing attention is being drawn to the dynamic 
evolution of metal surfaces driven by their interactions with water 
molecules. Reactive force field (ReaxFF) combined with molecular 
dynamics (MD) served as an essential tool for investigating the reaction 
dynamics of complex systems. However, conventional ReaxFF 
parameter optimization techniques, such as sequential single-parameter 
parabolic extrapolation, strongly depend on initial guesses based on 
training experience, which limits their wider applications. To overcome 
the limitations, we developed an enhanced sampling method that 
uniformly generates parameter combinations across the high-
dimensional space and iteratively refines the search around promising 
regions. This approach significantly improves the efficiency and 
accuracy of finding the initial guess. Incorporating this enhanced 
sampling (ES) algorithm, we evaluated three optimization methods, 
such as machine learning optimization (MLopt), refined enhanced 
sampling optimization, and conventional optimization. After a 
comprehensive evaluation total error, parameter variation, and energy 
prediction accuracy, the ReaxFF force fields optimized by SE-MLopt 
method were selected for investigating the oxidation behavior of Cu in 
water. 
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Stability of Ru@Sn9 Zintl cluster on a CeO2 (111) surface 

and its catalytic activity in Water-Gas-Shift (WGS) reaction.  

Sourav Mondal, John E. McGrady 

University of Oxford, UK 

sourav.mondal@chem.ox.ac.uk 

 

Cerium Oxide (CeO2) is one of the most efficient compounds and 

supporting surface because of the facile changes in oxidation state 

between Ce4+ to Ce3+ and is widely used in high-performance oxygen 

storage applications and catalytic redox reactions, solid oxide fuel cells, 

water-gas shift reactions, etc. The use of  Zintl clusters or metalloids 

rather than isolated noble metal atoms as a catalytic center offers the 

potential to exploit the interactions between transition and main-group 

metal to achieve low-barrier reactions, and some recent works suggest 

that Zintl clusters are effective catalysts for some important reactions 

(e.g. WGS, r-WGS, methanation etc.). Recently, Sun et al. have 

reported the selective reduction of CO2 over highly dispersed RuSnOx 

sites, derived from a [Ru@Sn9]6- Zintl cluster but an atomic-level 

understanding of mechanism, and how it relates to the electronic 

properties of the cluster remain unclear. [1] 

In this work, we firstly investigate the stability of the Ru@Sn9 Zintl 

cluster on the CeO2(111) surface by comparing the optimized energy of 

the cluster on the surface with a dispersed structure where the Ru and 

Sn atoms are dispersed on the surface, using periodic Density 

Functional Theory (DFT). Interestingly, in many cases clusters prove 

not to be stable on surface, but rather are disrupted by strong metal-

support interactions (SMSI). [2] An important first objective therefore 

is to establish the stability of the Ru@Sn9 cluster on the surface under 

normal reaction conditions. It has been found that Ru@Sn9 cluster will 

disperse over the surface and accumulate in a monolayer where Ru 

would prefer to stay at the edge. Later, we report some studies on the 

RuSn9/CeO2 (111) catalyst for WGS reaction where the possible 

reaction mechanisms have been explored and activation energy barriers 

have been calculated. This catalyst shows a significantly lower energy 

barrier using different reaction paths, compared to other reported 
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heterogeneous catalysts such as Au, Pt, Cu nanoparticles on supported 

surfaces.  

Figure 1. Landing of Ru@Sn9 cluster on the surface and Water-Gas-

Shift Rection. 

 

 

[1] A Wang, Y.; Zhang, C.; Wang, X.; Guo, J.; Sun, Z.; Zhang, H. Site-Selective 

CO2 Reduction over Highly Dispersed Ru-SnOx Sites Derived from a 

[Ru@Sn9]6– Zintl Cluster. ACS Catal. 2020, 10, 7808-7819.  

[2] Diebold, U. The surface science of titanium dioxide. Surface Science Reports 

2003, 48, 53-229.  
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Chemical Looping Partial Oxidation of Methane 
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Zhao1,* 

1 School of Chemical Engineering & Technology, Tianjin University, 

Tianjin 300072  

2 Joint School of National University of Singapore and Tianjin 

University, Binhai New City, Fuzhou 350207  

yangting_2@tju.edu.cn, * zjzhao@tju.edu.cn 

Chemical looping partial oxidation of methane (CL-POM) is a 

promising technology for syngas production. However, the dynamic 

changes in surface and bulk structures of the oxygen carrier (OC) during 

the oxidation-reduction reactions complicate the understanding of key 

factors influencing activity and selectivity [1-3]. To address this, we 

employed DFT calculations to investigate the continuous reaction 

process of methane on LaFeO3-δ surfaces, analyzing the relationship 

between surface structure and reaction performance. Then we 

introduced a second OC to supply oxygen to the surface. We found that 

the Fe-O bond strength of LaFeO3-δ exhibits a volcano relationship with 

methane activation capability, related to the band gap states of d bands 

of Fe and the downward shift of the O p-band center. The coordination 

number descriptor CNd effectively describes Fe-O bond strength, also 

following a volcano relationship. We further proposed constructing 

LaFeO3-δ/Ca1-ηSrηMnO3 interfaces, with Sr2+ doping in CaMnO3 to 

modulate oxygen diffusion. Our findings suggest that 25% Sr2+ doped 

CaMnO3 achieves a balance between surface reaction and bulk oxygen 

diffusion, and Sr2+ doping can suppress the phase transition of CaMnO3. 

This study provides insights into CL-POM and suggests a potential 

composite oxygen carrier material. 

 

[1] Zeng L, Cheng Z, Fan J A, et al. Nat. Rev. Chem. (2018), pp. 349-364.  

[2] Mihai O, Chen D, Holmen A. J. Catal. (2012), pp. 175-185.  

[3] Zhang L, Xu W B, Wu J, et al. ACS Catal. (2020), pp. 9420-9430.  
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Importance of Material Surface Structure for Photocatalytic
Reactions in Water

Wenhui Ding

State Key Laboratory of Catalysis, Dalian Institute of Chemical
Physics, Chinese Academy of Sciences, Dalian, 116023, P. R. China

dingwh24@dicp.ac.cn

Photocatalysis has been a promising method for water
decontamination, particularly for persistent organic pollutants. The
efficacy of photocatalysis depends on photocatalysts and their
photoelectric properties. Substantial efforts have been made to
promote pollutants degradation by tuning the electronic structures of
photocatalysts. However, such approaches often result in increased
costs and limited enhancements. Recent studies indicate that the
surface structure of photocatalysts, including exposed facets, can
significantly affect performance.[2] To elucidate the underlying
mechanisms, this work uses first-principles calculations to investigate
PFOA degradation processes on TiO₂ and In₂O₃ surfaces (Fig. 1). The
results indicate that the interfacial water and surface atomic
coordination are critical factors. These insights could provide valuable
guidance for the design of more effective photocatalysts.

Figure 1. Schematic diagram of pollutants degradation process on the
surface of photocatalysts.

[1] Ding W H, Tan X J, Chen G H, et al. Molecular-level Insights on the Facet-
dependent Degradation of Perfluorooctanoic Acid.[J] ACS Applied Materials &
Interfaces. 13.35(2021),pp. 41584-41592. DOI: 10.1021/acsami.1c10136.
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Wenrui Ma, Mathan K. Eswaran, and Sergey M. Kozlov 
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Water electrolysis powered by renewable energy sources is a pivotal 
strategy for achieving carbon neutrality through the production of green 
hydrogen. However, the efficiency of this process is hindered by the 
sluggish anodic oxygen evolution reaction (OER), which contributes 
significantly to the overall overpotential. Despite their effectiveness in 
minimizing this overpotential, RuO2 catalysts are prone to rapid 
dissolution under acidic OER conditions. In this study, we use density 
functional theory (DFT) calculations to provide atomic-level insights 
into the dissolution mechanisms of RuO2 and evaluate the impact of Co 
and Mn dopants on enhancing catalyst stability. Utilizing a kink RuO2 
model that can predict experimental overpotential data[1], we 
investigate the structural and electrochemical properties of the catalyst 
under operational conditions. We establish the dissolution process at 
the active kink site, which is considered the source of dissolution, with 
four proton-coupled electron transfer steps. Introduction of Co and Mn 
dopants was found to modify the electronic environment at the kink site. 
Cobalt doping reduced the OER overpotential by 14%, while 
manganese doping did not alter the already low overpotential. Both 
dopants increased the dissolution overpotential, suggesting their role in 
stabilizing the catalyst by preserving the active sites. Crystal orbital 
Hamilton population (COHP) analysis indicated that the introduction of 
these dopants strengthens the bond between kink Ru and the anchoring 
oxygen, providing a mechanistic explanation for the stabilization. 
These results highlight the potential of doping strategies in developing 
more durable and efficient catalysts for water electrolysis.  
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[1] C. F. Dickens, J. K. Nørskov. “A Theoretical Investigation into the Role of 
Surface Defects for Oxygen Evolution on RuO2”. The Journal of Physical 
Chemistry C 121.34 (2017), pp. 18516–18524 DOI: 10.1021/acs.jpcc.7b03481. 
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Theory-driven catalyst design for propane dehydrogenation 
Xin Chang, Zhi-Jian Zhao*, Jinlong Gong 
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Propylene is an important chemical raw material. Propane 
dehydrogenation is a promising route for propylene production, in 
which the preparation of efficient catalysts is the key [1]. However, the 
microenvironment of catalytic sites is complex and changeable, theory-
driven catalyst design is thus desirable. In this paper, the design criteria 
of catalysts are studied. For alloys, a research strategy of <direct 
prediction of catalytic performance by the catalytic microenvironment= 
is proposed, developing a <degree-of-isolation= descriptor to predict the 
selectivity of propylene [2,3], and an <exponential function= descriptor 
for evaluating the activation ability [4]. For oxides, a highly active and 
stable catalyst is developed by regulating the strong metal-support 
interaction at the interface [5]. 

Figure 1. Theory-driven catalyst design for propane dehydrogenation. 

[1] S Chen, X Chang, G Sun, et al. Chem. Soc. Rev., 2021, 50, 3315.

[2] X Chang, Z-J Zhao, Z Lu, et al. Nat. Nanotechnol., 2023, 18, 611.

[3] X Chang, Lu Z, R Luo et al. Chem, 2024, in press.

[4] X Chang, Z Lu, X Wang, et al. Chem. Sci., 2023, 14, 6414.

[5] S Chen, Y Xu, X Chang, et al. Science, 2024, 385, 295.
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Properties of Metal-Supported ZnO Films and Their 

Application in Water Splitting 

Song Yizhen, Paulo C. D. Mendes, Bahodurov Janobiddinkhuja, Sergey M. 

Kozlov 
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ZnO overlayers covering metal supports find applications in sensors, 

catalysis, microelectronics, and optical devices. Density functional (DFT) 

calculations were applied to characterize properties of periodic ZnO 

monolayers supported on close-packed surfaces of various metals (Ru, Pd, 

Pt, Cu, Ag, Au, Sn, and Pb) under hydrogenation conditions. 

Thermodynamic analysis revealed high stability of the films on most metals, 

except insufficiently reactive Sn and Pb. Metal-oxide interactions are found 

to have a significant and locally uneven effect on the electronic structure of 

ZnO. Compared to pristine ZnO, the supported ZnO films show a higher 

propensity for H adsorption and O vacancy formation. As a result, under 

hydrogenation conditions supported ZnO films are calculated to adsorb 

significant quantities of H or develop O vacancies, unlike pristine ZnO. 

Using ZnO/Ag as a representative system for the water-splitting reaction, it 

was found that the overpotentials of HER and OER were about 0.10 V and 

0.76 V, indicating ZnO films with metal support could be effective catalysts 

for water splitting. The calculations reveal how the metal support affects the 

composition, stability and reactivity of ZnO films, offering valuable insights 

for the rational design of ZnO-metal interfaces in catalytic applications. 

 

[1] Song, Y., Mendes, P.C. and Kozlov, S.M., 2023. Tunable properties and 

composition of ZnO films supported on metal surfaces. Journal of Materials 

Chemistry A, 11(25), pp.13665-13676. 
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Kinetic Simulations of Methanol Steam Reforming and CO2 

Hydrogenation 
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    Kinetic simulation of surface reactions is essential for comprehensive 

understanding of a chemical process. Currently there are two 

predominant microkinetic models: mean-field microkinetic model 

(MF-MKM) and kinetic Monte Carlo (kMC) method. Though highly 

efficient, predictions from MF-MKM may be inaccurate because of 

neglecting the spatial correlations. Contrarily, kMC simulations can 

yield more accurate results. However, kMC method often encounters 

stiff problems originated from the significant rate difference. We 

proposed a scheme (ads-kMC) to solve the stiff problems due to the fast 

diffusion and adsorption and desorption processes and applied the 

scheme to analyze the mechanism of methanol steam reforming over 

PdZn(111) and CO2 hydrogenation to ethanol on Pd2Cu(110). The 

results demonstrate that ads-kMC overcomes the over-smoothing 

problem in log-kMC algorithm well and predicts similar results as MF-

MKM when the diffusion is very fast and adsorbate interactions are 

neglected. The simulated selectivity from ads-kMC and MF-MKM is 

close to each other and agrees with the experimental values well for 

both systems. Investigations on CO2 hydrogenation indicate that 

diffusion rates affect the simulated selectivity of ethanol noticeably, 

indicating that it is important to consider and treat diffusion correctly in 

kinetic simulations. 

 

[1] Chen, B. W.J.; Xu, L.; Mavrikakis, M. Chem. Rev. 2021, 121, 1007.  

[2] Motagamwala, A. H.; Dumesic, J.A. Chem. Rev. 2021, 121, 1049. 

[3] Jiang, Y.J.; Huang Y.C.; Guo, H.; Zhu, H.; Chen, Z.X. J. Chem. Phys. 2024, 

161, doi: 10.1063/5.0206139 
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How to Achieve Both Stability and Activity in Fe-N-C 

Electrocatalysts for ORR: Unifying Roles of O and S Doping 

Yuan Yuan, and Jin Yong Lee 
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The development of oxygen reduction reaction (ORR) catalysts is 

crucial in energy and materials science. The Fe-N-C family, known for 

its cost-effectiveness and high activity, is a promising alternative to 

platinum-group metals, yet maintaining stability remains challenging. 

This study explores the electrochemical stability of pyridinic and 

pyrrolic FeN4 structures using an implicit solvent model under constant 

potential. We found that pyrrolic FeN4 is easy to protonated in acidic 

environments, leading to Fe dissolution and catalyst deactivation. In 

contrast, FeN4 demonstrates increased stability in alkaline 

environments due to axial coordination. Doping with O and S in acidic 

conditions decreases protonation of pyrrolic N, enhancing stability, 

while in alkaline environments, it boosts the activity of both pyridinic 

and pyrrolic FeN4. Mechanistic analysis reveals that O and S weaken 

electron-withdrawing effect of N, reducing density of state of p orbital 

and increasing valence electrons of Fe, thereby enhanceing the stability 

and activity. This study provides theoretical insights into improving the 

durability and activity of Fe-N-C catalysts. 
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Various theories have been developed to understand chemical processes. 

Among these theories, distortion/interaction model is one of the most popular 

ones.[1] For interaction energy analysis, many theories/models were developed to 

further decompose interaction energy into detailed terms. On the other hand, few 

methods were also merged to successfully analyze distortion into local part for 

certain systems like mechanochemical systems and macromolecules.[2-3]  

Herein, we propose an efficient and flexible approach for analyzing local 

distortion enabled by fragmentation framework. In our approach, two strategies are 

utilized to estimate and visualize molecule’s distortion distribution after 

fragmentation. Our approach was used to successfully help locate the most distorted 

regions of several different chemical and biological systems. Moreover, our 

approach can be applied to multiple structures and several computational 

codes/methods.    

 

Figure 1. Workflow of D2AF 

[1] Bickelhaupt, F. M.; Houk, K. N., Angew. Chem., Int. Ed. 2017, 56 (34), 10070-

10086. 

[2] Stauch, T.; Dreuw, A., J. Chem. Phys. 2014, 140 (13), 134107. 

[3] Colwell, C. E.;  Price, T. W.;  Stauch, T.; Jasti, R., Chem. Sci. 2020, 11 (15), 3923-

3930. 
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Carboxyl group is one of the most basic and extensive functional groups 

in organic chemistry. It is of great significance to realize carboxylic 

acid-oriented C-H activation in this field. Recently, Yu et al. reported 

the first catalytic example of PdII-catalyzed mono-selective β- and γ-

C(sp3)-H aza-heteroarylation of free carboxylic acids[1]. Herein, we 

investigated the above reaction mechanism and revealed the roles of 

bases and silver additives. The calculated results showed that the 

reaction involves the β-C(sp3)-H activation and the C-C coupling 

processes. This work provides a new understanding of the molecular 

mechanism of carboxylic acid-oriented C(sp3)-H bond activation[2]. 

 

Figure 1. β-C(sp3)-H heteroarylation of carboxylic acids. 

[1] Meng, G., Hu, L., Tomanik, M. and Yu, J.-Q. “β- and γ-C(sp3)-H 

Heteroarylation of free carboxylic acids: A modular synthetic platform for diverse 

quaternary carbon centers”. Angew. Chem., Int. Ed. (2023), 62, e202214459 DOI: 

10.1002/anie.202214459. 

[2] Li, Z., Tang, Y. and Lei, M. “The Role of Bases and Silver(I) Additives in the 

Ligand-Promoted β-C(sp3)-H Heteroarylation of Free Carboxylic Acids”. (To be 

submitted). 
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Due to the lack of noncollinear spin density functional form, the 

traditional spin collinear functional in Density Functional Theory 

(DFT) may not deal with the system with noncollinear spin direction. 

However, by utilizing the multicollinear approach, the noncollinear 

functional with the independent variable of 3d space vector field can 

be constructed from traditional collinear functional.  

In this paper, we derive the analytical form of the noncollinear 

functional when the independent variable is a 2d space vector field 

and give the concrete form of the noncoplanar functional of the 3d 

space vector field derived from the coplanar functional of the 2d space 

vector field. Furthermore, we prove that the functional form derived 

from 1d to 3d to 2d is consistent with the functional directly derived 

from 1d to 2d, and the functional derived from 1d to 2d to 3d is 

consistent with the functional directly derived from 1d to 3d, which 

illustrates the rationality of the multicollinear approach. This approach 

provides a continuation method for functionals satisfying rotation 

invariance, which may have applications in the construction of energy 

functionals. 
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[1] Jacques K. Desmarais, Stanislav Komorovsky, Jean-Pierre Fla ment, and 
Alessandro Erba. Spin–orbit coupling from a two-component self-consistent 
approach. II. Non-collinear den sity functional theories. The Journal of Chemical 
Physics, 154(20):204110, 05 2021.  
[2] R. C. Longo, E. G. Noya, and L. J. Gallego. Fully unconstrained density-
functional study of the structures and magnetic moments (C16) (C17) 400 405 of 
small mnn clusters (n = 2–7). Phys. Rev. B, 72:174409, Nov 2005. 3 
[3] Zhichen Pu, Hao Li, Ning Zhang, Hong Jiang, Yiqin Gao, Yunlong Xiao, 
Qiming Sun, Yong Zhang, and Sihong Shao. Noncollinear density functional theory. 
Phys. Rev. Res., 5:013036, Jan 2023.  
[4] U von Barth and L Hedin. A local exchange-correlation potential for the spin 
polarized case. i. Journal of Physics C: Solid State Physics, 5(13):1629, jul 1972 
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Recently, we have presented a scheme, called multicollinear approach 

[1], for generalizing collinear functionals to noncollinear ones. 

Different from the local projections of spin magnetization vectors used 

by Kübler et al., our approach adopts global projections, thus 

guaranteeing the collinear limit condition and maintaining numerical 

stability. 

 

This scheme has been implemented in PySCF to handle issues such as 

generalized Kohn-Sham, non-collinear TDDFT, and spin-flip TDDFT 

[2]. Here, I focus on some of the latest developments, including: 

 

1. real-time TDDFT; 

2. spin-flip TDDFT gradients; 

3. the development of noncollinear nonlocal functional; 

4. more general mathematical formulations in other dimensions. 

 

 

[1] Pu, Z.; Li, H.; Zhang, N.; Jiang, H.; Gao, Y.; Xiao, Y.; Sun, Q.; Zhang, Y.; 

Shao, S.  “Noncollinear density functional theory”. Phys. Rev. Res. 5 (2023), pp. 

013036. DOI: 10.1103/PhysRevResearch.5.013036. 

[2] Li, H.; Pu. Z; Sun, Q.; Gao, Y.; Xiao, Y.  “Noncollinear and spin-flip TDDFT 

in multicollinear approach”. J. Chem. Theory Comput. 19 (2023), pp. 2270. DOI: 

10.1021/acs.jctc.3c00059. 

437

Posters Sessions



 

Exact constraint of density functional approximations at the 
semiclassical limit 
Yunzhi Li, Chen Li 

Peking University 

2001110365@pku.edu.cn 

 

We explore the ћ→0 limit of density functional theory, which is known 
as the semiclassical limit. By introducing an effective ћ to generic real-
world many-electron systems, we show that the strongly correlated 
systems, which have been a challenge for mean field density functional 
theory, are in some sense semiclassical. We derive the asymptotic 
constraints for the exact density functional in the semiclassical limit, 
which is violated by all the commonly used conventional density 
functional approximations. Such constraints may be essential for 
systematically improving the performance of density functional 
approximations on strongly correlated system. The semiclassical 
perspective also suggests a new picture of chemical bonds that is 
different from the molecular orbital theory, where the overbinding 
tendency of local density approximation can be analytically explained. 
As a side remark, we find that some extremely challenging systems for 
multi-configuration method are actually very simple with a 
semiclassical representation. Such contrasts suggest that one can 
develop a quantum chemistry framework that is different from the one-
electron picture, which would be naturally more proper to deal with 
strongly correlated systems. 

 

 

 

 

[1] Yunzhi Li and Chen Li. “Semiclassical limit of density functional theory”. In 
preparation. 
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Recently, the integration of machine learning (ML) with density 

functional theory (DFT) has emerged as a potent strategy to enhance 

the capabilities of DFT. Our work endeavors to develop a machine 

learning model that maps several local descriptors onto energy density 

corrections for the B3LYP, utilizing high-precision total energies of 

atoms and molecules as reference data in training. To test the general-

ity of our ML-corrected DFAs, we also conducted further tests in 

more benchmark sets. As results, our ML-corrected DFAs, with 

comparable or even superior computational efficiency compared with 

its parent functional, improves various thermochemical and kinetic 

energies, such as atomization energies, ionization potentials, electron 

affinities, bond dissociation energies, and barrier heights. This 

suggests that our approach has the potential to perform better than 

mainstream DFAs in practical applications. 

 

[1] JingChun Wang, Yao Wang, Rui-Xue Xu, GuanHua Chen, and Xiao Zheng. “A 

semilocal machine-learning correction to density functional approximations”. J. 

Chem. Phys. 158, 154107 (2023). DOI: 10.1063/5.0148438 

[2] JingChun Wang, DaDi Zhang, Rui-Xue Xu, ChiYung Yam, GuanHua Chen, 

and Xiao Zheng, “Improving density functional prediction of molecular thermo-

chemical properties with a machine-learning-corrected generalized gradient ap-

proximation”. J. Phys. Chem. A 126, 970-978 (2021). DOI: 

10.1021/acs.jpca.1c10491 
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ion with a linear Fe3 core, [Fe3Sn18]4− 
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Endohedral Zintl clusters are a type of intermetallic compound in which 
transition metal atoms are encapsulated in a cage composed of p-block 
elements. A high-spin iron-tin binary anion – [Fe3Sn18]4– with a linear 
Fe3 core was synthesized and investigated by DFT.[1] For the Fe-Fe 
bonds, an unoccupied σ* orbital and a pair of degenerated singly 
occupied π* orbitals are observed. Regarding their doubly occupied 
bonding counterparts, each Fe-Fe bond can be described as 1/2σ+1/2π. 
The structure of the Sn18 cage can be considered as an intermediate state 
between the separated and fused ends. The Walsh diagram in Figure 1 
shows that two antibonding orbitals locating on two groups of Sn-Sn 
bonds between Sn9 fragments, are lifted above the Fermi level 
respectively in the stepwise coalescence process of Sn18. 

 

Figure 1. The Walsh diagram showing the coalescence of the two 
Sn9 polyhedra to a single ellipsoidal Sn18 unit.  

[1] Z.-S. Li, W.-X. Chen, H. W. T. Morgan, C.-C. Shu, J. E. McGrady, and Z.-M. 
Sun. “Snap-shots of cluster growth: structure and properties of a Zintl ion with an 
Fe3 core, [Fe3Sn18]4–”. Chemical Science 15 (2024), pp. 1018-1026. 
DOI:10.1039/d3sc04709a. 
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Exact Factorization-Based Density Functional Theory 

Beyond the Born-Oppenheimer Approximation: Case Study 

of a Model System 
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In this work, we conduct calculations on a 1D two-electron Shin-Metiu 

model, showing that nonadiabatic effects of proton coupled electron 

transfer (PCET) process can be precisely captured using a density 

functional approach based on exact factorization (EF) [1]. There is an 

abrupt change of electronic density at position of the avoided crossing 

in the adiabatic potential energy surface. And this avoided crossing 

would invalidate Born-Oppenheimer approximation. Compared to the 

exact result, the critical position shifts by about 1.2 Bohr. A rigorously 

derived correction, added to the exchange-correlation potential in 

density functional theory, captures this effect very accurately. In our 

previous work [2], we investigated this phenomenon using EF based 

density functional theory (DFT) on a two-site Hubbard model and 

proposed a local conditional density approximation (LCDA) of the 

correction term. Here, we exceed the grid model and propose a concrete 

functional form of LCDA which could be applied in real systems. The 

correction of orbital energy is also discussed implying potential 

application of this method in band structure renormalization in electron-

phonon systems. 

 

[1] A. Abedi, N. T. Maitra, and E. K. U. Gross, Phys. Rev. Lett. 2010, 105: 123002. 

[2] C. Li, R. Requist, and E. K. U. Gross, J. Chem. Phys. 2018, 148: 084110 
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Dynamic Correlation in Single-Ion Magnets Using Density 
Matrix Embedding Theory 

Zhebin Guan, Hong Jiang* 

College of Chemistry and Molecular Engineering, Peking University 

 * Email: jianghchem@pku.edu.cn 

 

Magnetic anisotropy of single-molecule magnets can be attributed to 
splitting of energy levels due to spin-orbit coupling between ground 
state and excited states. For transition metal and lanthanide ions, the 
energy of 3d or 4f orbitals split under crystal fields, and such localized 
near-degenerate orbitals cause ground state and excited states to have 
multi-configurational character. Spin-orbit coupling based on complete 
active space and further multireference perturbation give accurate zero-
field splitting parameters (referred to as CAS-SISO), but its expensive 
computation cost limits the calculation to even simple systems. Based 
on locality of strong correlation interactions, quantum embedding 
method allow us to perform high-level calculation on impurity based on 
low-level method solution on whole system. Density matrix embedding 
theory (DMET) is quantum embedding method based on density matrix, 
and show excellent performance in combination with CASSCF and 
SISO. In this work, we test the robustness of DMET+NEVPT2 on 
different coordination environments calculations to see the effect of 
DMET on dynamic correlations. DMET and all-electron calculation 
agree very well. And since we restrict orbitals participated in 
perturbation calculation also in the impurity, the computation cost of 
NEVPT2 is greatly reduced, due to high scaling of PT2 calculation. The 
results suggest that for magnetic anisotropy of single-molecule magnets, 
DMET can describe static and dynamic correlations efficiently, which 
make further spin-relaxation calculation viable.  

 

[1] Y. Ai, Q. Sun, and H. Jiang. “Efficient Multiconfigurational Quantum 
Chemistry Approach to Single-Ion Magnets Based on Density Matrix Embedding 
Theory”. J. Phys. Chem. Lett. 13 (2022), pp. 10627–10634. DOI: 
10.1021/acs.jpclett.2c02890. 
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Dynamical Mean-Field Theory of the Holstein Polaron: 

Solving the Impurity Green’s Function by Discretizing the 

Hybridization Function 

Zhecun Shi, Linjun Wang 

Department of Chemistry, Zhejiang 

University, Hangzhou 310058, China 

shizhecun@zju.edu.cn 

 

The dynamical mean-field theory (DMFT) has been widely studied in 

strongly correlated electron systems by mapping lattice models onto 

quantum impurity models subject to a self-consistency condition. As a 

dual problem of electron-electron correlation, DMFT has also been 

proved to show excellent performance in treating electron-phonon 

correlation. The Holstein polaron has been studied by DMFT where the 

impurity Green’s function is solved by continued fraction expansion [1, 

2]. We attempt to solve the Anderson-Holstein impurity problem by 

discretizing the hybridization function to obtain the impurity 

Hamiltonian to solve the Green’s function. Such a framework provides 

a general solution to DMFT-based electron-phonon correlated 

problems and offers new routes to deal with electron-phonon 

correlation. 

 

[1] S. Ciuchi, F. de Pasquale, S. Fratini, and D. Feinberg, “Dynamical Mean-Field 

Theory of the Small Polaron”. Phys. Rev. B 56 (1997), pp. 4494. DOI:  

10.1103/PhysRevB.56.4494.  

[2] P. Mitrić, V. Janković, N. Vukmirović, and D. Tanasković. “Spectral Functions 

of the Holstein Polaron: Exact and Approximate Solutions”. Phys. Rev. Lett. 129 

(2022), pp.096401. DOI: 10.1103/PhysRevLett.129.096401. 
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Towards realistic simulation of material with correlated 

method 

Zigeng Huang1, Zhen Guo1, Changsu Cao1, Xuelan Wen1, Hung Q. 

Pham1, George H. Booth3, Ji Chen2, Dingshun Lv1 

1 ByteDance Research, Fangheng Fashion Center, No. 27, North 3rd 

Ring West Road, Haidian District, Beijing 100098, People’s Republic 

of China 

2 School of Physics, Peking University, Beijing 100871, People’s 

Republic of China 

3 Department of Physics, King’s College London, Strand, London, 

WC2R 2LS, United Kingdom 

huangzigeng@bytedance.com 

 

Performing ab-initio simulations on real materials presents a dual 

challenge for quantum solvers in terms of achievable accuracy and 

computable size. Systematically Improvable Quantum Embedding 

(SIE)[1] using correlated methods as high-level solver holds promise in 

addressing this challenge, owing to its ability to capture the correlation 

dominating material nature and the intrinsic fragmentation feature of its 

algorithm. This study improves the SIE to achieve state-of-the-art level 

accuracy and developed a corresponding high-performance GPU-

accelerated software package, attempting to verify the algorithm's 

capability on various real-world systems. SIE was applied to a highly 

delocalized water+graphene system encompassing nearly 400 atoms, 

aligning the results under both open and periodic boundary conditions 

to confirm its capacity to simulate real material properties. 

Consequently, the authors further discovered a unique finite size error 

cancellation mechanism existing within this system which may bring 

new insight in this scenario. 

 

[1] Nusspickel, Max, and George H. Booth. "Systematic improvability in quantum 

embedding for real materials." Physical Review X 12.1 (2022): 011046. 
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Dual-Mode Floquet Quantum Master Equation for Electronic 
Transport in a Bichromatic-Driven Quantum Dot 

Vahid Mosallanejad1, Wenjie Dou1,2,3 

1. Department of Chemistry, School of Science and Research 
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2. Institute of Natural Sciences, Westlake Institute for Advanced 

Study, Hangzhou, Zhejiang 310024, China 
3. Key Laboratory for Quantum Materials of Zhejiang Province, 

Department of Physics, School of Science and Research Center 
for Industries of the Future, Westlake University, Hangzhou, 

Zhejiang 310024, China 

vahid@westlake.edu.cn 

Exploring quantum systems through simultaneous drivings with two 
frequencies is a forefront area in physics and chemistry. The validity of 
multi-mode Floquet theory in analyzing closed quantum systems 
beyond periodic perturbations has recently been demonstrated. In this 
study, we expanded our previously developed Floquet quantum master 
equations (FQME) for open quantum systems [1] for scenarios with two 
time-periodic drivings. Our dual-mode FQME (DM-FQME), rooted in 
two-mode Floquet time evolution within the Hilbert space. We applied 
the method to investigate quantum transport through a two-level dot 
with weak system-lead coupling subjected to two drivings. Notably, our 
findings suggest that the conductance of two-level dots exhibits finer 
steps when frequencies are non-identical. Furthermore, our analysis 
reveals differences in quantized conductance between systems driven 
by two frequencies compared to a single frequency. The DM-FQME 
approach holds promise for facilitating molecular dynamics studies 
(Floquet surface hopping methods) under a bichromatic radiation field. 

[1] Mosallanejad, V; Wang, Y; Dou, W. Floquet non-equilibrium Green’s function 
and Floquet quantum master equation for electronic transport: The role of electron-
electron interactions and spin current with circular light. The Journal of Chemical 
Physics 2024, 160 (16), 164102. https://doi.org/10.10 63/5.0184978. 
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Tunneling Phenomena in Spectroscopy 
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Xiao-qing Zeng1, Dong H. Zhang3, Ming-fei Zhou1, Jeremy O. 

Richardson4 
1Department of Chemistry, Shanghai Key Laboratory of Molecular 
Catalysis and Innovative Materials, Fudan University, Shanghai 

200438, P. R. China 
2 School of Physics, Peking University, Beijing 100871, P. R. China 

3 Dalian Institute of Chemical Physics, Chinese Academy of Sciences, 
Dalian 116023, P. R. China 
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8093 
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Spectroscopy is an important experimental technique for probing 
molecular structure, properties, and reaction kinetics. The tunneling 
phenomena of atoms (including heavy atoms) and molecules can be 
measured through spectroscopic experiments, primarily manifested as 
isotope effects in reaction rates and level splitting in ro-vibrational 
spectra (also known as tunneling splitting). Therefore, first-principles 
simulations of tunneling in reaction kinetics and tunneling splitting in 
molecules are of great significance for elucidating the physical and 
chemical processes behind experimental phenomena. Ring-polymer 
instanton theory is a method for calculating tunneling rates and 
tunneling splitting using the minimum action tunneling pathway [1,2]. 
It can be combined with first-principles methods to understand 
tunneling phenomena in larger molecules. Here, I will report on some 
progress we have made in tunneling simulations in recent years by 
combining instanton theory, high-level electronic structure 
calculations, and machine learning-assisted tunneling path optimization 
algorithms [3]. For example, we have theoretically reproduced the 
significant 16O/18O isotope effect observed in matrix-isolation 
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spectroscopy experiments, providing strong theoretical support for 
oxygen atom tunneling [4]. We have also simulated the "fingerprints" 
(i.e. tunneling splitting) left by the tunneling of heavy atoms and whole 
molecules in molecular rotational spectra. 

 

 

 

[1] Richardson, J. O. Int. Rev. Phys. Chem. 2018, 37: 171 
[2] Zhu, Y.-C.; Yang, S.; Zeng, J.-X.; Fang, W.; Jiang, L.; Zhang, D. H.; Li, X.-Z. J. Chem. Phys. 
2023, 158: 220901 

[3] Fang, W.; Zhu, Y.-C.; Cheng, Y.-H.; Hao, Y.-P.; Richardson, J. O. J. Chem. Theory Comput. 
2024, 20: 3766 

[4] Zhou, Y.-Y.; Fang, W.; Wang, L.-N.; Zeng, X.-Q., Zhang, D. H.; Zhou, M.-F. J. Am. Chem. Soc. 
2023, 145: 8817 
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Memory Kernel Coupling Theory: Obtain Time Correlation 
Function from Higher-order Moments 
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Dynamical observables can often be described by time correlation functions 
(TCFs). However, efficiently calculating TCFs for complex quantum systems is a 
significant challenge, which generally requires solving the full dynamics of the 
systems. This Letter presents the memory kernel coupling theory (MKCT), a 
general formalism for evaluating TCFs. The MKCT builds upon Mori’s memory 
kernel formalism for TCFs. Our theory further decomposes the memory kernel 
into auxiliary kernels. Rapid decay of auxiliary kernels allows us to truncate the 
coupled equations of motion with high accuracy. Notably, only higher-order 
moments are sufficient as the input for obtaining TCFs. While this formalism is 
general, we carry out the numerical demonstration for a typical open quantum 
system–the spin-boson model.  

 
Figure 1. A schematic diagram of MKCT. 

 

[1] Wei Liu, Yu Su, Yao Wang, and Wenjie Dou. "Memory Kernel Coupling 
Theory: Obtain Time Correlation Function from Higher-order Moments." arXiv 
preprint arXiv:2407.01923 (2024). 
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New Insights into Phase Space Representations for Finite-
State Quantum Systems and Applications in Nonadiabatic 

Transition Dynamics 
Xiangsong Cheng, Xin He, Baihua Wu, Youhao Shang, Jian Liu* 

Beijing National Laboratory for Molecular Sciences, Institute of 
Theoretical and Computational Chemistry, College of Chemistry and 

Molecular Engineering, Peking University, Beijing 100871, China 

* Email address: jianliupku@pku.edu.cn 

Because of the substantial energy gap between potential surfaces of 
different electronic states, electronic degrees of freedom in chemical 
systems are typically treated as finite-state quantum systems. The study 
of dynamics of finite-state quantum systems is instrumental in better 
understanding nonadiabatic transitions. 

For two-state quantum systems, we propose a novel class of phase space 
representations for exact population dynamics utilizing positive semi-
definite non-covariant phase space functions, time-dependent weight 
functions on constraint phase space, and time-dependent normalization 
factors. The triangle window function approach proposed in Reference 
1 leads to its special case. For general finite-state quantum systems, we 
introduce novel phase space representations incorporating triangle 
window functions for exact electronic dynamics involving electronic 
coherence terms. When these representations are combined with the 
recently developed nonadiabatic field (NaF) dynamics, we achieve 
satisfying computational results in various models of nonadiabatic 
chemical systems. 

[1] Cotton, S. J.; Miller, W. H. “A New Symmetrical Quasi-classical Model for 
Electronically Non-adiabatic Processes: Application to the Case of Weak Non-
adiabatic Coupling”. J. Chem. Phys. 145 (2016), pp. 144108. DOI: 
10.1063/1.4963914. 

[2] Cheng, X.; He, X.; Liu, J. “A Novel Class of Phase Space Representations for 
the Exact Population Dynamics of Two-State Quantum Systems and the Relation 
to Triangle Window Functions”. Chin. J. Chem. Phys. 37 (2024), pp. 230. DOI: 
10.1063/1674-0068/cjcp2403033. 

[3] He, X.; Cheng, X; Wu, B; Liu, J. “Nonadiabatic Field with Triangle Window 
Functions on Quantum Phase Space”. J. Phys. Chem. Lett. 15 (2024), pp. 5452-
5466. DOI: 10.1021/acs.jpclett.4c00793. 
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The exact solution to the finite size one dimension model 

Yang He1, Zhonghan Hu1** 
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INTRODUCTION 

As opposed to straightfoward computation of internal energy in 

computer simulations, evaluation of thermodynamic properties related 

to free energies is challenging and demands much more computing 

resources. It then becomes very useful to understand the finite-size 

effect theoretically such that accurate results could be possibly 

extrapolated from simulations of a rather smaller system for the purpose 

of reducing computational cost. In this poster, we focus on the finite-

size effect on the chemical potential µ(N) evaluated by the widely used 

particle insertion method of Widom. 

 

REFERENCES 

[1] J. K. Percus, Journal of Statistical Physics, vol. 15, no. 6, pp. 505–

511, 1976. 

[2] H. TAKAHASI, Proceedings of the Physico-Mathematical Society 

of Japan. 3rd Series, vol. 24, pp. 60–62, 1942. 

[3] S. Yi, C. Pan, L. Hu, and Z. Hu 

450

Posters Sessions



Theoretical Analysis of X-ray Spectra of Water * 

Zhao Yihao1   Hu Zhonghan1* 
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INTRODUCTION 

The elastic X-ray scattering amplitude is the square of the modulus of the Fourier transform 

of the electron density: 

 

It reflects the overall distribution of electrons in a substance, also known as form 

factor. When people want to analyze the distribution of local electrons in a substance, 

such as the electron cloud morphology of a single molecule in bulk water, the 

independent atom hypothesis was born, that is, using the form factor of a single atom 

to approximate the overall form factor of the substance, which is the application of the 

electron distribution of a single atom to approximate the overall electron distribution 

of the substance in real space. 

In the past, people usually used the form factor of a single atom in an independent 

free state, and ignored the influence of bonding and the environment on the 

distribution of the atomic electron cloud, although some people later proposed a 

deformation form factor. However, based on our discussion, the new form factor 

meets two principles. First, the new form factor must be the form factor of the atom in 

an independent free state. Second, the electron distribution of the single atom 

corresponding to the new form factor in real space must conform to physical reality, 

such as the electron density distribution must be non-negative. 

JOB DESCRIPTION 

We proposed a new form factor, and then compared the X-ray elastic scattering 

amplitude of a single water molecule in the gas phase and bulk water calculated by 

DFT, showing that when all form factors are optimized, our form factor can 

significantly reduce the error, and the corresponding physical properties of water in 

real space, such as dipole moment and quadrupole moment, are equivalent to the 

exact results, while other existing form factors have some inconsistencies in real 

space, such as the dipole moment of water molecules in the IAM form factor is 0, and 

the electron density of the MAFF form factor is negative, etc. 

Secondly, a method is proposed to correctly calculate the elastic X-ray scattering 

amplitude after using the pseudopotential basis set in aiMD, and a self-consistent 

method for optimizing parameters is proposed for MAFF and our form factor. 

REFERENCES 

[1] Jon M. Sorenson, Greg Hura, Robert M. Glaeser, and Teresa Head-Gordon, “What 

can x-ray scattering tell us about the radial distribution functions of water?” The Journal 

of Chemical Physics 113, 9149–9161 (2000). 
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[2] Lawrie B. Skinner, Congcong Huang, Daniel Schlesinger, Lars G. M. Pettersson, 

Anders Nilsson,and Chris J.Benmore, “Benchmark oxygen-oxygen pair-distribution 

function of ambient water from x-ray diffraction mea-surements with a wide Q-range,” 

The Journal of Chem-ical Physics 138, 074506 (2013)   

[3] Z. Su and P. Coppens, “Relativistic x-ray elastic scatter-ing factors for neutral atoms 

z = 1–54 from multiconfig-uration dirac–fock wavefunctions in the 0–12?−1 

sin,?/?range, and six-gaussian analytical expressions in the 0–6?−1 range. erratum,” 

Acta Crystallographica Section A 54, 357–357 (1998). 
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Involvement of the environment is indispensable for establishing the 
statistical distribution of system. We analyze the statistical distribution 
of a quantum system coupled strongly with a heat bath [1]. This 
distribution is determined by tracing over the bath's degrees of freedom 
for the equilibrium system-plus-bath composite. The stability of system 
distribution is largely affected by the system-bath interaction strength. 
We propose that the quantum system exhibits a stable distribution only 
when its system response function in the frequency domain satisfies χ ̃
(ω=0+)>0. We show our results by investigating the non-interacting 
bosonic impurity system from both the thermodynamic and dynamic 
perspectives [2]. Our study refines the theoretical framework of 
canonical statistics, offering insights into thermodynamic phenomena 
in small-scale systems. 

 

[1] Yu Su, Zi-Fan Zhu, Yao Wang, Rui-Xue Xu, and YiJing Yan, “Stability of 
Quantum Systems beyond Canonical Typicality”, arXiv: 2407.15345. 

[2] Yu Su, Yao Wang, Rui-Xue Xu, and YiJing Yan, “Generalized system–bath 
entanglement theorem for Gaussian environments”, J. Chem. Phys. 160, 084104 
(2024).  
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dynamics investigations 
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Abstract: Two-dimensional semiconductors and heterostructures advance novel optoelectronic 
devices, where the interlayer charge transfer plays a crucial role. Employing the nonadiabatic 
molecular dynamics (NAMD) approach, the short- and long-range interlayer charge transfer in 
TMD heterostructures are systematically investigated. In the first work [1], we focus on the 
spin-orbital coupling (SOC) effect in organic/inorganic hybrid heterostructures, revealing that 
the SOC effect not only fascinates the interlayer electron transfer, but also fascinate the spin 
flip process by promoting couplings between two spin channels. In the other work [2], the effect 
of hexagonal boron nitride (hBN) intercalation on the long-range charge transfer in 
MoSe2/WSe2 systems is investigated thoroughly. The interlayer hole transfer process from 
MoSe2 to WSe2 is retarded by 2-3 orders of magnitude upon the hBN intercalation, while the 
interlayer hole transfer would exist even after three-layer (3L) hBN intercalation. Utilizing the 
linear electron-phonon coupling model, the role of the hBN intercalation in the interlayer hole 
transfer is uncovered. On the one hand, the increased layer distance induced by the hBN 
intercalation would suppress the direct ultrafast hole transfer channel completely. On the other 
hand, a novel channel intermediated by unoccupied orbitals of WSe2 becomes dominant, where 
the intralayer shear mode of hBN contributes to reducing the energy barrier of such a channel 
to achieve a remarkable quantum tunneling process. This work thoroughly explores the unique 
effect of hBN layers on the interlayer hole transfer for the first time, not only enriching the 
knowledge of the underlying microscopic mechanisms, but also providing instructive guidance 
to practical van der Waals optoelectronic devices. 

 

[1] Yuli Lei, Zhenfa Zheng, Luis Vasquez, Jin Zhao, Jing Ma, and Haibo Ma. “Enhanced 
Electron Transfer and Spin Flip Through Spin-Orbital Couplings in Organic/Inorganic 
Heterojunctions: A Nonadiabatic Surface Hopping Simulation”. J. Phys. Chem. Lett. 2022, 
13, 4840. 

[2] Yuli Lei, Xiaoyu Xie, Haibo Ma, and Jing Ma. “Vitality of Intralayer Vibration in hBN for 
Effective Long-Range Interlayer Hole Transfer across High Barriers in MoSe2/hBN/WSe2 
Heterostructures”. J. Phys. Chem. Lett. 2023, 14, 11190. 
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We present the electronic friction of strongly correlated systems (using 
Hubbard model as an example) as a function of x according to mean 
field theory (MFT), exact diagonalization (ED) and density matrix 
renormalization group (DMRG). The system exists two levels due to 
the electron-electron interactions, so there are two peaks in the 
electronic friction at the resonances of electron attachment or 
detachment with the Fermi level of the metal. However, compared with 
free electron systems, the absolute values of the energy level of 
impurity are usually greater than the Fermi level when resonances occur, 
which may be induced by strongly correlated effects. Although MFT 
predict the two peaks, it cannot derive the accurate magnitudes and 
positions of peaks. The results calculated by ED show that the number 
of sites has important effects to the magnitudes of peaks, and also 
affects the positions. We further calculated the electronic friction 
according to DMRG for large systems. The above results indicate that 
as the temperature decreases, the distance between the two peaks 
increases; as the temperature decreases from 0.1 to 0.01, the magnitudes 
of peaks increase.  
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The ultrafast quantum dynamics of photophysical processes in complex 
molecules is an extremely challenging computational problem with a 
broad variety of fascinating applications in quantum chemistry and 
biology. Inspired by recent developments in open quantum systems, we 
introduce a pure-state unraveled hybrid-bath method that describes a 
continuous environment via a set of discrete, effective bosonic degrees 
of freedom using a Markovian embedding. Our method is capable of 
describing both, a continuous spectral density and sharp peaks 
embedded into it. Thereby, we overcome the limitations of previous 
methods, which either capture long-time memory effects using the 
unitary dynamics of a set of discrete vibrational modes or use 
memoryless Markovian environments employing a Lindblad or 
Redfield master equation. We benchmark our method against two 
paradigmatic problems from quantum chemistry and biology. We 
demonstrate that compared to unitary descriptions, a significantly 
smaller number of bosonic modes suffices to describe the excitonic 
dynamics accurately, yielding a computational speed-up of nearly an 
order of magnitude. Furthermore, we take into account explicitly the 
effect of a δ-peak in the spectral density of a light-harvesting complex, 
demonstrating the strong impact of the long-time memory of the 
environment on the dynamics. 

 

[1] Xie, Z., Moroder, M., Schollwöck, U., & Paeckel, S. (2024). Photo-induced dynamics 
with continuous and discrete quantum baths. The Journal of Chemical Physics, 161(7). 
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Beijing, P. R. China 
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Photosynthesis is a fundamental process that converts solar energy into 

chemical energy. Understanding the microscopic mechanisms of 

energy transfer in photosynthetic systems is crucial for the development 

of novel optoelectronic materials. Simulating these processes poses 

significant challenges due to the intricate interactions between electrons 

and phonons, compounded by static disorder. In this work, we present 

a numerically nearly exact study using the time-dependent density 

matrix renormalization group (TD-DMRG) method to simulate the 

quantum dynamics of the Fenna-MatthewsOlson (FMO) complex 

considering an eight-site model with both thermal and static disorders. 

We employ the thermo-field dynamics formalism for temperature 

effects. We merge all electronic interactions into one large matrix 

product state (MPS) site, boosting accuracy efficiently without 

increasing complexity. Previous combined experimental and 

computational studies indicated that the static disorders range from 30 

to 90 cm
−1 for different FMO sites. We employ a Gaussian distribution 

and the auxiliary bosonic operator approach to consider the static 

disorder in our TD-DMRG algorithm. We investigate the impact of 

different initial excitation sites, temperatures, and degrees of static 

disorder on the exciton dynamics and temporal coherence. It is found 

that under the influence of the experimentally determined static 

disorder strength, the exciton population evolution shows a non-
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negligible difference at zero temperature, while it is hardly affected at 

room temperature. 

 

Figure 1. Exciton transport path in eight-site FMO model and TD-

DMRG algorithm with large site MPS considering both thermal and 

static disorders. 

 

[1] Sheng Z., Jiang T.,  Li W. and Shuai Z. “TD-DMRG Study of Exciton Dynamics 

with both Thermal and Static Disorders for Fenna-Matthews-Olson Complex”. 

Journal of Chemical Theory and Computation  20 (2024), pp. 6470–6484. DOI: 

10.1021/acs.jctc.4c00493 

[2] Gelin M. F., Velardo A., and Borrelli R. “Efficient quantum dynamics 

simulations of complex molecular systems: A unified treatment of dynamic and 

static disorder.” The Journal of Chemical Physics 155 (2021), pp. 134102. DOI: 

10.1063/5.0065896 

[3]  Li, W., Ren, J., Yang, H., and Shuai, Z. “On the fly swapping algorithm for 

ordering of degrees of freedom in density matrix renormalization group”. Journal 

of Physics: Condensed Matter 34 (2022), pp. 254003. DOI: 

10.1088/1361648X/ac640e 
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Organic materials with room-temperature phosphorescence (RTP) have shown 

great potential in many fields. Compared to single-component counterparts, organic 

host-guest RTP materials composed of two non-phosphorescent compounds exhibit 

better luminescence properties and thus gain broad attention in recent years. [1-2] 

However, luminescence mechanisms of such host-guest materials are largely 

unclear, primarily due to difficulties in experimentally determining the exact doping 

structures/modes between two components. To address this issue, quantum 

chemical simulation as complement to experimental characterization can be 

employed to predict doping structures as well as uncover the intrinsic mechanisms 

behind luminescence phenomenon of these materials. As such, in the present work, 

the luminescence mechanisms of a group of host-guest materials, isoquinoline 

derivatives (guests) and benzophenone (host) doped systems, have been studied 

theoretically. The most important step in the simulation is to construct rational 

chemical models of the host-guest materials.  

The models are generated in three steps. Firstly, we replace one host molecules 

by the guest molecules in the bulk of benzophenone to generate the initial doped 

systems. Then, various doped crystal structures are predicted by simulated 

annealing molecular dynamics simulations. Finally, cluster models are constructed 

and optimized using QM/MM methods based on the structures by simulated 

annealing. After that, various luminescence properties using optimized-embedded 

cluster models are computed at TDA-DFT level, including excitation energies, 

spin-orbit coupling (SOC), etc. Our results are consistent with the experimental 

results and demonstrate the rationality of the models. 

 

 
[1] D. Wang, Y. F Xie, X. H. Wu, Y. X. Lei, Y. B. Zhou, Z. X. Cai, M. C. Liu, H. Y. Wu, X. 

B. Huang, Y. P. Dong, “Excitation-Dependent Triplet-Singlet Intensity from Organic Host-

Guest Materials: Tunable Color, White-Light Emission, and Room-Temperature 

Phosphorescence”. J. Phys. Chem. Lett., 7 (2021), 1814-1821. 

[2] Y.X. Lei, J. F. Yang, W. B. Dai, Y.S. Lan, J. H. Yang, X. Y. Zheng, J. B. Shi, B. Tong, Z. 

X. Cai, Y.P. Dong, “Efficient and organic host-guest room temperature phosphorescence: 

tunable triplet-singlet crossing and theoretical calculations for molecular packing”. Chem. Sci., 

12 (2021), 6518-6525. 
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The fully self-consistent Non-Equilibrium Green's Function (NEGF) 

method [1], grounded in ab initio calculations, is widely used for 

investigating charge transport in molecular junctions with atomic-level 

precision. Despite its accuracy, this method's substantial computational 

demands, stemming from the comprehensive calculations required for 

all device components, pose challenges when simulating junctions with 

complex molecular structures and elucidating the functionality of 

molecular devices [2]. Conversely, theoretical descriptions based on 

Landauer’s physical models, which consider individual electronic states 

and their interactions with electrodes, better captures the core principles 

in charge transport and reveal the underlying physical mechanisms at 

minimal computational cost [3], while it often lacks the detailed 

chemical characterization of the system.  

To bridge these gaps, we propose an efficient computational strategy 

that employs hierarchical approximations for the molecule, the 

electrode, and the molecule-electrode interface, by utilizing appropriate 

system size definitions, Hamiltonian representations, and self-energy 

treatments. Driven by research objectives, this strategy suggests 

suitable simplifications and computational accuracies at each 

hierarchical level, achieving highly efficient computation of charge 

transmission for benchmark studies across a range of practical 

molecular junction systems as documented in the literature. This 

Question-Driven Hierarchical Computation (QDHC) strategy balances 

computational efficiency with accuracy, thereby providing a robust 
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framework for analyzing charge transport mechanisms in molecular 

devices. 

 

Figure 1. Framework of Question-Driven Hierarchical Computation 

strategy 

 

 

[1] Brandbyge, M.; Mozos, J.-L.; Ordejón, P.; Taylor, J.; Stokbro, K. “Density-

Functional Method for Nonequilibrium Electron Transport”. Physical Review B 

2002, 65 (16), 165401. DOI: 10.1103/PhysRevB.65.165401 

[2] Verzijl, C. J. O.; Seldenthuis, J. S.; Thijssen, J. M. “Applicability of the Wide-

Band Limit in DFT-Based Molecular Transport Calculations”.  The Journal of 

Chemical Physics 2013, 138 (9). DOI: 10.1063/1.4793259 

[3] Galperin, M.; Ratner, M. A.; Nitzan, A.; Troisi, A. “Nuclear Coupling and 

Polarization in Molecular Transport Junctions: Beyond Tunneling to Function”. 

Science 2008, 319 (5866), 1056. DOI:10.1126/science.1146556 
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Activation volume emerges as a pivotal concept within the realm of 

nanotribology, playing a decisive role in shaping the response of 

interfacial bond formation/breaking reaction rates to applied 

mechanical force. Currently, activation volume primarily functions as 

a fitting parameter in reaction-rate theory, presenting a formidable 

challenge in fully grasping its physical connotations and theoretical 

computation. In this study, we introduce the innovative concept of 

inherent stress difference between initial and transition states, 

originating from the displacement of reacting atoms. Through this 

introduction, we unveil a universal formula for activation volume. This 

formula distinctly elucidates the physical significance of activation 

volume, representing the volume change from initial to transition states. 

Subsequently, our first-principles calculations of a dehydration bonding 

reaction system at silica/silica interface successfully validate the 

proposed activation volume formula across a spectrum of reactions. In 

summary, this work provides a lucid physical depiction of activation 

volume and its computational methodology, making a substantial 

contribution to the foundational understanding of mechanochemical 

reactions and advancing the field. 
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Organic electrode materials (OEMs) combine high-energy density with 

cost-effectiveness and environmental compatibility which makes them 

currently a target of intense research. Depending on the ease of 

reduction and oxidation, OEMs are used either as cathodes or as anodes 

in metal-ion batteries but the bipolar OEMs contain both reducible and 

oxidizable fragments and thus can serve as symmetric electrodes. 

Naphthalimide derivatives occupy a special place among OEMs due to 

their intriguing redox–switchable properties [1]. Recently, peri-disulfo 

derivatives were synthesized and tested as successful bipolar OEMs for 

Li-ion batteries [2]. Given that selenium is a better nucleophile than 

sulfur [3], peri-diselenolo analogues were designed and their 

implementation in electrochemical cells with LiTFSI in ionic liquid as 

electrolyte was analyzed both experimentally (by ex-situ XRD, 

SEM/EDS and EPR analyses) and computationally (by means of 

molecular modelling with DFT). Structural, electronic and 

electrochemical characteristics were quantified to supplement and 

interpret the experimental findings. Comparison with the performance 

of previously designed coordination polymers is made. 

The research was funded by the Bulgarian Science Fund, project 

CARiM/VIHREN, КП-06-ДВ-6/2019 and project КП-06-Н69/1/2023.  

[1] A. Bhardwaj, Ch. Hussain, P. Dewangan and P. Mukhopadhyay. “Naphthalene 

diimide–Annulated Heterocyclic Acenes: Synthesis, Electrochemical and Semiconductor 

Properties and their Multifaceted Applications”. Chem. Eur. Journal (2024) 30, 

e202400208. https://doi.org /10.1002/chem.202400208 

[2] M. Mutovska et al. “Naphthalene Monoimides with Peri-Annulated Disulfide Bridge – 

Synthesis and Electrochemical Redox Activity”. MDPI Materials (2023) 16, 7471. 

https://doi.org/10.3390/ma16237471 

[3] H. Reich and R. Hondal. "Why Nature Chose Selenium”. ACS Chem. Biol. (2016) 11, 

821-841. https://doi.org/ 10.1021/acschembio.6b00031 
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Device engineering is a key link in determining the performance of 

organic photovoltaic (OPV). How to efficiently optimize OPV device 

engineering to maximize the theoretical performance limit of 

photoactive materials is a major bottleneck in the development of this 

field. To this end, based on large-scale experimental/theoretical data, 

and combining quantum chemistry and machine learning, the potential 

correlation between organic photoactive materials, important device 

engineering parameters and photovoltaic performance, as well as the 

quantitative structure-property relationships of OPV systems are 

systematically investigated. Moreover, the device engineering 

parameters of potentially unexplored materials are reverse-optimized 

using the constructed theoretical model. Through the data- and 

computation-driven research mode, the favorable range of device 

process parameters values for new photoactive materials can be 

efficiently discovered before the experiment, which is of great 

significance for the practical development of high-performance OPV. 
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The integration of scanning tunneling microscopy (STM) and electron 

spin resonance (ESR) spectroscopy has emerged as a powerful and 

innovative tool for discerning spin excitations and spin-spin 

interactions within atoms and molecules adsorbed on surfaces. 

However, the origin of the STM-ESR signal and the underlying 

mechanisms that govern the essential features of the measured spectra 

have remained elusive, thereby significantly impeding the future 

development of the STM-ESR approach. Here, we construct a model to 

carry out precise numerical simulations of STM-ESR spectra [1,2] for 

a single hydrogenated Ti adatom and a hydrogenated Ti dimer, 

achieving excellent agreement with experimental observations. We 

further develop an analytic theory that elucidates the fundamental 

origin of the signal as well as the essential features in the measured 

spectra. These new theoretical developments establish a solid 

foundation for the on-demand detection and manipulation of atomic-

scale spin states, with promising implications for cutting-edge 

applications in spin sensing and quantum computing. 

 

[1] L. Ye, X. Zheng, and X. Xu. “Theory of electron spin resonance spectroscopy 

in scanning tunneling microscopy”. Phys. Rev. Lett. (Accepted) (2024). 

[2] D. Zhang, L. Ye, J. Cao, Y. Wang, R.-X. Xu, X. Zheng, and Y. Yan. “HEOM-

QUICK2: A general-purpose simulator for fermionic many-body open quantum 

systems—An update”. WIREs Comput. Mol. Sci. (2024) pp. e1727. 
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In this study, we conducted a comprehensive computational 

investigation into the emissive properties of a series of representative 

near-infrared (NIR) luminescent materials. The molecular systems 

studied include various structures (Figure 1): compounds 1-3 are 

flavylium polymethine derivatives with different substituents, 

compounds 4 and 5 vary in conjugation length (odd versus even 

numbers), and compounds 6 and 7 feature symmetrical versus 

asymmetrical configurations. Utilizing in-house computational 

protocols, we calculated vertical emission energies for the first bright 

electronic state, as well as radiative and non-radiative decay rates, 

through time-dependent density functional theory (TD-DFT) and 

vibronic calculations. Additionally, we computed the inner 

reorganization energies and fluorescence quantum yields (FQY) of 

these molecules. By comparing the computational results with 

experimental data, we identified key parameters that show a strong 

agreement with experimental observations. Notably, our analysis 

revealed that molecules with an even number of double bonds and 

symmetrical structures possess lower inner reorganization energies and 

higher FQYs, indicating enhanced photophysical performance.  

 

Figure 1. The chemical structure of the NIR investigated molecules. 
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Singlet fission (SF) is a down-conversion photophysical process 
involving transforming a high-energy singlet state into two lower-
energy triplet excitons. It has attracted extensive attention over the past 
two decades due to its potential to break the power conversion limit in 
photovoltaic devices. Typically, ultrafast singlet fission occurs through 
intermolecular processes (xSF), but precisely controlling molecular 
packing in experiments is challenging and is further complicated by 
defects, crystallinity, and morphology. In contrast, intramolecular 
singlet fission (iSF) materials allow for fine-tuning their electronic 
structure through different bridging groups. However, the question of 
how to design these bridging groups rationally to maintain the proper 
interaction between chromophores is worth exploring. 

 

In this study, we propose a novel SF molecular design strategy: 
employing a macrocyclic structure to maintain π-π packing between 
two pentacene units and optimize through-space interactions, using the 
inherent molecular control advantages of iSF to address the challenges 
of controlling packing in xSF. Before designing the bipentacene 
macrocycle, it is necessary to understand how iSF occurs within 
macrocycles and what drives it. Considering that the active layer of 
solar cells usually employs films rather than solutions, it's crucial to 
explain the aggregation behavior of SF molecules in the solid state and 
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its impact on SF dynamics. However, the SF dynamics in films or 
concentrated solutions can become complex as intra- and 
intermolecular SF may occur. This work combines various theoretical 
calculation methods, including density functional theory, multi-
reference wave function methods, and molecular dynamics, to study 
and reveal the iSF mechanism of bipentacene macrocycles in dilute 
solutions, clarify the aggregation behavior of bipentacene macrocycles 
in concentrated solutions or films and their iSF/xSF behavior, and then 
design a series of efficient SF bipentacene macrocycles. This study 
provides a theoretical foundation for the design of future iSF materials 
and the development of SF-based photovoltaic devices. 

 

Figure 1. Simultaneous Intra- and Intermolecular Singlet Fission in 
Bipentacene Macrocycle Aggregates 

 

 

[1] Zhangxia Wang, Xuexiao Yang, Haibo Ma* and Xiaoyu Xie*. “Optimizing 
through-space interaction for singlet fission by using macrocyclic structures”. J. 
Mater. Chem. C 11.21 (2023), pp. 6856-6866. DOI: 10.1039/D3TC01077E. 

[2] Zhangxia Wang, Xiaoyu Xie* and Haibo Ma*. “Simultaneous intra- and 
intermolecular singlet fission in bipentacene macrocycle aggregates”. J. Phys. 
Chem. Lett. 15.13 (2024), pp. 3523–3530. DOI: 10.1021/acs.jpclett.4c00300. 
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Layer-by-layer (LBL) process has emerged as a promising method in 

the advancement of organic photovoltaics (OPVs), emphasizing 

scalability and reproducibility. More importantly, it provides enhanced 

morphological control for boosting carrier mobility (µ) and power 

conversion efficiency (PCE). By employing a multiscale approach that 

combined first-principles calculations, molecular dynamics simulations, 

and kinetic Monte Carlo methods, we elucidated the relationship 

between LBL morphology engineering and carrier mobility in 

donor/acceptor (PM6/L8-BO) thin films. During solvent evaporation, 

the order of solid-phase formation in LBL films was top surface, bottom 

region, and then the middle region. The early solid precipitation from 

precursor solutions was acceptor, resulting in a well-ordered molecular 

arrangement and reducing energy disorder of acceptor LUMO levels. 

Furthermore, the difference in energy disorders between the A/D blend 

region and the pure A or D domains enabled LBL morphology 

engineering to balance electron and hole mobilities, thereby mitigating 

charge accumulation and recombination. LBL-manufactured films 

presented higher carrier mobility (𝜇𝑒
LBL = 𝜇ℎ

LBL = 1.9×10-3 cm2∙V-1∙s-1) 

compared to bulk heterojunction (BHJ) films (𝜇𝑒
BHJ

 > 𝜇ℎ
BHJ = 0.1×10-3 

cm2∙V-1∙s-1). These mechanisms provided insights into strategies for 

enhancing charge extraction of photo-generated charge carriers through 

LBL engineering, driving the development of efficient OPV materials. 

 

 

469

Posters Sessions



 

Machine learning-assisted dual-atom sites design with 

interpretable descriptors unifying electrocatalytic reactions 

Xiaoyun Lin1, Zhi-Jian Zhao1*, Jinlong Gong 1* 

1School of Chemical Engineering and Technology, Tianjin University, 

Tianjin 300072, China 

*zjzhao@tju.edu.cn, jlgong@tju.edu.cn 

This work describes an interpretable descriptor model to unify activity 

and selectivity prediction for multiple electrocatalytic reactions (i.e., 

O2/CO2/N2 reduction and O2 evolution reactions), utilizing only easily 

accessible intrinsic properties. This descriptor, named ARSC, 

successfully decouples the atomic property (A), reactant (R), 

synergistic (S), and coordination effects (C) on the d-band shape of 

dual-atom sites, which is built upon our developed physically 

meaningful feature engineering and feature selection/sparsification 

(PFESS) method. We can rapidly locate optimal catalysts for various 

products instead of over 50,000 density functional theory calculations. 

The model’s universality has been experimental validated. This work 

opens the avenue for intelligent catalyst design in high-dimensional 

systems linked with physical insight [1]. 

 

Figure 1. General workflow of our work. 

 

[1] Xiaoyun Lin, et. al. “Machine learning-assisted dual-atom sites design with 

interpretable descriptors unifying electrocatalytic reactions”. Nature 

Communications. In press. 
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Machine-learning-based interatomic potentials have become powerful tools for
simulating large systems with ab initio accuracy. However, a universal model for
various materials is still needed. We introduce the DPA-Semi model[1], a unified
deep-learning potential trained on DFT data for 19 semiconductors ranging from
groups IIB to VIA, including Si, Ge, SiC, BAs, BN, AlN, AlP, AlAs, InP, InAs,
InSb, GaN, GaP, GaAs, CdTe, InTe, CdSe, ZnS, and CdS. Independent models
for each semiconductor were also prepared. We systematically compare the
structural, electronic, and thermodynamic properties of solid and liquid phases
across different machine-learning models. Our results show that the DPA-Semi
model achieves GGA-level accuracy and can be regarded as a pre-trained model
towards a universal semiconductor model for group IIB to VIA materials.

Figure 1. Development process of the DPA-Semi model: (a) Generate atomic datasets
with ABACUS using NAO basis sets; (b) Train the DPA-Semi model via a gated self-
attention mechanism using DFT datasets; (c) Apply DPA-Semi to various semiconductors,
reducing computational costs; (d) Use DPA-Semi for large-system property calculations
with GGA-level accuracy.

[1] Jianchuan Liu and Xingchen Zhang et.al. “Machine-Learning-Based Interatomic
Potentials for Group IIB to VIA Semiconductors: Toward a Universal Model”. J. Chem.
Theory Comput. 2024, 20, 13, 5717–5731.
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Scanning tunneling microscopy (STM) provides atomic-level resolution of solid 

surfaces, nanomaterials, and molecular systems, offering unique insights into their 

geometric and electronic structures[1]. Thereinto, the research of graphene related 

low-dimensional carbon nanomaterials using STM has caused widespread interests 

[2,3]. However, the structural complexity of carbon conjugated system makes 

traditional STM image analysis both time-consuming and error-prone. This 

highlights the need for an advanced framework capable of swiftly and accurately 

discerning these intricate structures, thereby improving the efficiency and reliability 

of STM-based research. Here, we adopted a state-of-the-art machine vision 

algorithm to facilitate the rapid identification of carbon conjugated structures from 

STM images. The model was trained on a comprehensive dataset comprising nearly 

50,000 molecules and 700,000 theoretical STM images, aiming to translate STM 

images into annotated representations of atomic positions. We integrated this model 

directly into the STM measurement, enabling in-situ detection and identification of 

various carbon nanostructures synthesized on surfaces. This algorithm marks a 

significant advancement in aotomated STM analysis, accelerating the discovery of 

complex nanostructures and enhancing the automation of surface science research. 

 

 
Figure 1. Automated STM analysis accelerates in-situ identification of complex 

carbon nanostructures. 

 

[1] Binnig, G.; Rohrer, H. Scanning Tunneling Microscopy. Surface Science 1983, 126 

(1), 236–244. 

[2] Fan, Q.; Yan, L.; Tripp, M. W.; Krejčí, O.; Dimosthenous, S.; Kachel, S. R.; Chen, M.; 

Foster, A. S.; Koert, U.; Liljeroth, P. Biphenylene Network: A Nonbenzenoid Carbon 

Allotrope. Science 2021, 372 (6544), 852–856. 

[3] Ruffieux, P.; Wang, S.; Yang, B.; Sánchez-Sánchez, C.; Liu, J.; Dienel, T.; Talirz, L.; 

Shinde, P.; Pignedoli, C. A.; Passerone, D. On-Surface Synthesis of Graphene 

Nanoribbons with Zigzag Edge Topology. Nature 2016, 531 (7595), 489–492. 
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Carboncones and fullerenes are renowned for their π-conjugated, 
positively curved surfaces, which facilitate the attachment of various 
atoms and functional groups. However, the complexity of predicting 
addition patterns poses a significant challenge due to the intricate 
regioselectivity exhibited by these materials [1]. In this contribution, we 
present an innovative incremental deep learning approach to predict 
regioselectivity in atomic additions to carboncones and fullerenes [2]. 
Our deep neural network (DNN) models utilize graph-based features, 
relying solely on atomic connectivity without the need for 3D molecular 
coordinates or iterative optimization. This approach circumvents the 
risk of producing chemically unreasonable structures, particularly in 
highly distorted adducts. Our DNN models accurately predict 
regioselectivity in hydrogenated carboncones of C70H20 and C62H16, 
accommodating up to 40 and 30 additional hydrogen atoms, 
respectively. Moreover, the model successfully predicts experimental 
addition patterns in C50Cl10 and C76Cln (n = 18, 24, and 28), 
outperforming all other known methods. The predictive power and 
generalization ability of our approach represent a significant 
advancement over previous methods, making it a powerful tool for 
exploring complex addition patterns in carbon nanomaterials. 

[1] (a) Y. Wang, S. Díaz-Tendero, M. Alcamí, and F. Martín. “Relative Stability of 
Empty Exohedral Fullerenes: π Delocalization versus Strain and Steric Hindrance”. 
J. Am. Chem. Soc. (2017), 139, pp. 1609–16172. (b) “Topology-Based Approach 
to Predict Relative Stabilities of Charged and Functionalized Fullerenes”. J. Chem. 
Theory Comput. (2018), 14, pp. 1791–1810. 

[2] Z. Li, X. Chen, and Y. Wang. “Deep Learning-Driven Prediction of Chemical 
Addition Patterns for Carboncones and Fullerenes”. ChemRxiv. (2024), DOI: 
10.26434/chemrxiv-2024-6wgbl. 
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Active Learning for Fast and Robust Dynamics Simulations
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Quantum mechanical calculations can be greatly accelerated by
machine learning potentials (MLPs) [1], where the sampling of points
on the potential energy surface (PES) can affect the accuracy of the
MLPs [2]. As a result, several active learning schemes have been
developed that use geometrical or statistical sampling criteria [2].
Here we introduce the data-efficient active learning that produces
robust machine learning potentials by automatic sampling of the data
[3]. Our implementation allows us to perform simulations on
commodity hardware with affordable time investment and minimum
human interference. Our active learning scheme is robust and general
enough as we showed in several application scenarios, e.g., vibrational
spectra simulation, conformer search, and reaction mechanism
elucidation. Our calculations were done with MLatom [4] that can be
also used online at https://XACScloud.com.

[1] Hou, Y. F.; Dral, P. O. In Quantum Chemistry in the Age of Machine Learning,
Dral, P. O. Ed.; Elsevier, 2023; pp 295–312.

[2] Shang, C.; Liu, Z.-P. In Quantum Chemistry in the Age of Machine Learning,
Dral, P. O. Ed.; Elsevier, 2023; pp 313–327.

[3] Hou, Y.-F.; Zhang, L.; Zhang, Q.; Ge, F.; Dral, P. O. Accepted in J. Chem.
Theory Comput. 2024, DOI: https://doi.org/10.48550/arXiv.2404.11811.

[4] Dral, P. O.; Ge, F.; Hou, Y.-F.; Zheng, P.; Chen, Y.; Barbatti, M.; Isayev, O.;
Wang, C.; Xue, B.-X.; Pinheiro Jr, M.; et al. J. Chem. Theory Comput. 2024, 20
(3), 1193.
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Stability Prediction of Gold Nanoclusters with Different 

Ligands and Doped Metals by Deep Learning 

Yuming Gu, Shisi Tang, Yan Zhu, Jing Ma* 

School of Chemistry and Chemical Engineering, Nanjing University, 

Nanjing, 210023 

majing@nju.edu.cn 

 

The stability and experimental accessibility of gold nanoclusters, 

modulated by various ligands and doped metal atoms, are crucial 

prerequisites for their potential applications across energy materials, 

catalysis, sensors, bio-imaging, and therapy. To effectively screen 

stable candidates from the intricate combination space formed by 

different metal cores and ligands, predicting the stability of Au 

nanoclusters before experimental synthesis is necessary. A 

comprehensive dataset is established by determining the formation 

energies (Eform) of diverse Au nanocluster structures, encompassing 21 

distinct core sizes, 22 types of ligands, and 7 varieties of doped metal 

atoms, through density functional theory (DFT) calculations. [1] Deep 

learning techniques, specifically the graph convolutional neural 

network (GCNN), is found to be effective in predicting formation 

energies of Au nanoclusters. The efficiency of deep learning model is 

further supported through external test sets, which include synthesized 

nanoclusters of particular interest due to their responsiveness to stimuli 

and biocompatibility. The predictive power of the deep learning model 

also facilitates the successful synthesis of novel structures, such as 

Au10(PPh3)7Cl3 and Au38OT24 (OT = octane-1-thiol), with predicted 

formation energies closely matching those of known nanoclusters. This 

proposed machine learning approach holds considerable promise in 

expediting the high-throughput discovery and synthesis of nanoclusters 

in experiment. 

 

 [1] Yuming Gu, Shisi Tang, Xu Liu, Xinyi Liang, Qin Zhu, Hongfeng Wu, Xiao 

Yang, Weihao Jin, Hongwei Chen, Chunyan Liu, Yan Zhu, and Jing Ma*, Stability 

Prediction of Gold Nanoclusters with Different Ligands and Doped Metals: Deep 

Learning and Experimental Tests. J. Mater. Chem. A, 2024, 12, 4460-4472. 
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UAIQM – the New Generation of Universal AI Models 
Yuxinxin Chen,1 Yi-Fan Hou,1 Olexandr Isayev,2 Pavlo O. Dral1* 

1PCOSS, IKKEM, FTCC, College of Chemistry and Chemical Engineering, Xiamen 
University, Xiamen 361005, China. 
2Department of Chemistry, Carnegie Mellon University, Pittsburgh, Pennsylvania 
15213, United States. 

Email: dral@xmu.edu.cn 

Neither traditional QM methods nor state-of-the-art AI models can 
successfully solve the dilemma between accuracy and cost on their own 
and the selection of a suitable method often require human expertise.  
Thus, we propose a paradigm shift from a single QM or AI method to 
an online platform where a library of general-purpose methods, which 
we named UAIQM (Universal and Updatable Artificial Intelligence-
Enhanced Quantum Mechanical Foundational Models), is hosted [1]. 
Given the chemical system and resources available, the best solution 
can be provided. Moreover, our library is continuously improved with 
the joint effort of the community and users worldwide. We demonstrate 
that UAIQM enables accurate and fast simulations of reaction barriers, 
energetics, infrared spectra, etc. Calculations with UAIQM can be done 
using MLatom [2] at https://XACScloud.com. 

 
Figure 1. a) New paradigm. b) Simulating bifurcating reaction with UAIQM. 

[1] Y. Chen, Y. Hou, O. Isayev, and P. O. Dral. 2024, submitted. DOI: 
https://doi.org/10.26434/chemrxiv-2024-604wb 

[2] P. O. Dral, F. Ge, Y. Hou, P. Zheng, Y. Chen, M. Barbatti, O. Isayev, C. 
Wang, B. Xue, M. P. Jr, Y. Su, Y.     Dai, Y. Chen, L. Zhang, S. Zhang, A. Ullah, 
Q. Zhang, Y. Ou. J. Chem. Theory Comput. 2024, 20: 1193 
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Performance prediction for all small-molecule-based organic
solar cells

Zhi-Wen Zhao1,2
1College of Chemical Engineering, Hubei University of Arts and Science, Xiangyang, Hubei

441053, P. R. China
2Qingdao Institute of Theoretical and Computational Science, School of Chemistry and

Chemical Engineering, Shandong University, Qingdao 266237, China
E-mail: zwzhao77@outlook.com

A large database of small molecule OSC containing their experimental
characteristics and a broad set of computed properties was constructed.[1] Also, a
method based on a leave-one-group-out cross-validation, in which an ML model
to accurately perform extrapolations on unseen families of compounds was
proposed.[2] Besides, ML models of predicting properties, screening candidates,
and optimizing devices discussed in OSC systems were summarized.[3] Moreover,
a donor and acceptor pairwise molecular embedding representation algorithm is
proposed and packaged into a tool for ML modeling power conversion efficiency
of OSCs.[4] In addition, the database (Figure 1) of all small-molecule-based
organic solar cells has been updated for further ML works in OSC systems.

Figure 1. The database for all small-molecule-based organic solar cells

[1] Z. W. Zhao, M. d. Cueto, Y. Geng, A. Troisi,* Effect of increasing the descriptor set on
machine learning prediction of small-molecule-based organic solar cells, Chemistry of
Materials, 2020, 32, 18, 7777–7787. DOI: 10.1021/acs.chemmater.0c02325
[2] Z. W. Zhao, M. d. Cueto,* A. Troisi, Limitations of machine learning models when
predicting compounds with completely new chemistries: possible improvements applied to
the discovery of new non-fullerene acceptors, Digital Discovery, 2022, 1, 266–276. DOI:
10.1039/d2dd00004k
[3] Z. W. Zhao, Y. Geng, A. Troisi, and H. Ma,* Performance Prediction and Experimental
Optimization Assisted by Machine Learning for Organic Photovoltaics, Adv. Intell. Syst.
2022, 4, 2100261. DOI: 10.1002/aisy.202100261
[4] T. Gao, X. Zhang, X. Dong, Y. Qiu, Y. Liu, Z. W. Zhao,* Y. Geng, Zhong-Min Su,
LiHong Hu,* Synergic D-A Pair Fingerprint-embedding Generation for Organic Solar Cells
with Text Convolutional Neural Network, preparation
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 DC-PUHF: Toward large-scale quantum chemical 

calculation including static correlation 
Masatsugu Nishida, Sousei Kasaya, Masato Kobayashi,  

Tetsuya Taketsugu 
Hokkaido University, Japan 

nishida.masatsugu.n3@elms.hokudai.ac.jp 

 

1. Introduction 
Various large-scale quantum chemical calculation methods have been developed 

so far. In particular, large-scale correlation methods are important for the 
quantitative description of chemical reactions. However, previous studies mainly 
focus on dynamical correlation  (e.g. Møller-Plesset and coupled-cluster theories), 
and their extensions to static correlation theories remain frontier. Scuseria group 
has developed the projected UHF (PUHF) method[1], which extracts a pure spin 
state of interest from the UHF wavefunction. This method opens up the possibility 
of treating static correlation in a more transparent manner.  

We have applied the divide-and-conquer (DC) method, one of the linear scaling 
schemes, to various calculation methods[2]. This study aims to apply the DC 
scheme to the PUHF method and to enable large-scale static correlation calculation. 

2. Theory 
In the DC method, a system is divided into subsystems, and eigenvalue problems 

for each subsystem are solved. The total density/Fock matrix is constructed from 
subsystem ones. We applied the total density/Fock matrices obtained by the DC 
scheme to the projection scheme. We implemented the DC-PUHF method into the 
modified version of the GAMESS program. 

3. Result 
The figure shows the potential energy 

curves of poly-(phenoquinodimethane) 
(n=10) over the dihedral angle. The 
DC-PUHF method can reproduce the 
PUHF result when adopting sufficient 
buffer size.  

 

[1] C. A. Jimenez-Hoyos, T. M. 
Henderson, T. Tsuchimochi, and G. E. 
Scuseria, J. Chem. Phys. 136, 164109 
(2012). 

[2] H. Nakai, M. Kobayashi, T. 
Yoshikawa, J. Seino, Y. Ikabata, and Y. 
Nishimura, J. Phys. Chem. A 127, 589-
618 (2023).  

 

Figure. Potential energy curve for p-
PQDMs (n=10) to the dihedral angle.  
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Accurate and efficient CCSD(T)/CBS: development and
application for complicated molecules up to 1000 atoms
Péter R. Nagy, László Gyevi-Nagy, Balázs Lőrincz, Bernát Szabó

Budapest University Of Technology And Economics, Hungary
nagy.peter@vbk.bme.hu

Our  recent  development  efforts[1,2]  and  large-scale
applications[3,4]  are  presented,  illustrating  the  accuracy  and
efficiency  of  the  local  natural  orbital  (LNO)  coupled-cluster  (CC)
family  of  methods.  We implemented  highly-optimized  and  parallel
closed- and open-shell,  linear-scaling MP2, LNO-CCSD(T) [1]  and
general-order LNO-CC in the MRCC program suite, www.mrcc.hu [2].

The accuracy of  the LNO and AO basis  convergence can be
systematically  improved  and  extrapolated  toward  the  canonical
CCSD(T)/CBS limit, also yielding robust uncertainty estimates.[1,3]
We also developed a general floating Gaussian (FOG) basis approach,
bringing the cost of the CBS limit ca. one cardinal number lower [2b].

In all existing, mostly independent comparisons of popular local
CCSD(T) variants covering energetic properties of ca. 1000 systems
in 14 test sets (reviewed in [3]), LNO-CCSD(T) was found to be the
most accurate. Since LNO-CCSD(T)/CBS(T,Q) usually takes about an
order of magnitude more time than HF/CBS(T,Q), it is affordable also
in protocols using hybrid DFT, e.g., for structures, vibrations, etc. The
exceptionally low minimal memory and disk requirement (few tens of
GBs) of the LNO method make it routinely applicable for molecules
of a few 100 atoms even with a single CPU.[1,3] 

Our recent LNO-CCSD(T) applications of unique accuracy over
cost performance include: challenging supramolecular complexes[4a],
matching CC with experiments for CO adsorbed on MgO surface[4b],
and enzyme catalysis/protein interactions up to 1000 CC-level atoms.
[1,3] We recently reviewed the state of local CC methods[3] including
50+ advanced LNO-CCSD(T) applications for realistic, large systems
across main group, transition metal, bio-, and surface chemistry.

[1] J. Chem. Theory Comput. 19, 8166 (2023); 15, 5275 (2019); 14, 4193 (2018)  
[2] a) J. Chem. Phys. 152, 074107 (2020), b) J. Chem. Phys. A (2024)
[3] Chemical Science (2024) 10.1039/D4SC04755A
[4] a) Nature Commun 12, 3927 (2021), 4b) J Am. Chem. Soc. 145, 25372 (2023)
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Accurate Chemical Reaction Modeling on Noisy 

Intermediate-Scale Quantum Computers Using a Noise-

Resilient Wavefunction Ansatz 

Xiongzhi Zeng, †  Huili Zhang, Shizheng Zhang, Pei Liu, Kehuan 

Linghu, Jiangyu Cui, Xiaoxia Cai, Jie Liu, Zhenyu Li, and Jinlong 

Yang, 

†Hefei National Research Center for Physical Sciences at the 

Microscale, University of Science and Technology of China, Hefei, 

230026,China. 

xzzeng@ustc.edu.cn 

 

Quantum computing holds great potential for simulating chemical 

systems. In this study, we propose an efficient protocol for quantum 

computer-based simulations of chemical systems, enabling accurate 

chemical reaction modeling on noisy intermediate-scale quantum 

(NISQ) devices. In this protocol, we combine a correlation energy-

based selection to define the active space, the driven similarity 

renormalization group (DSRG) method to account for the electron 

correlation effect, and a noise-resilient wavefunction ansatz to mitigate 

errors. This combination provides a quantum resource-efficient way to 

accurately simulate chemical systems. The power of this protocol is 

demonstrated by numerical results for systems with up to tens of atoms. 

Additionally, modeling a Diels-Alder (DA) reaction using this protocol 

is performed on a cloud-based superconducting quantum computer. 

These results represent an important step forward in realizing quantum 

utility in the NISQ era. 
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Figure 1. Workflow of the hybrid quantum-classical algorithm 

 

 

[1] Arute, F.; Arya, K.; Babbush, R.; Bacon, D.; Bardin, J. C.; Barends, R.; 

Biswas, R.; Boixo, S.; Brandao, F. G.; Buell, D. A.; others Quantum supremacy 

using a pro-grammable superconducting processor. Nature 2019, 574, 505–510. 

[2] Zhong, H.-S.; Wang, H.; Deng, Y.-H.; Chen, M.-C.; Peng, L.-C.; Luo, Y.-H.; 

Qin, J.;Wu, D.; Ding, X.; Hu, Y.; others Quantum computational advantage using 

photons. Science 2020, 370, 1460–1463. 

[3] McArdle, S.; Endo, S.; Aspuru-Guzik, A.; Benjamin, S. C.; Yuan, X. Quantum 

computational chemistry. Reviews of Modern Physics 2020, 92, 015003. 

[4] Zeng, X.; Fan, Y.; Liu, J.; Li, Z.; Yang, J. Quantum neural network inspired 

hardware adaptable ansatz for efficient quantum simulation of chemical systems. 

Journal of Chemical Theory and Computation 2023, 19, 8587–8597. 

[5] Fan, Y.; Liu, J.; Zeng, X.; Xu, Z.; Shang, H.; Li, Z.; Yang, J. Q2Chemistry: A 

quantum computation platform for quantum chemistry. JUSTC 2022, 52, 2–1. 
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Variational quantum computation for large molecules using
matrix product state inspired ansatz

Yi Fan, Jie Liu, Zhenyu Li and Jinlong Yang

University of Science and Technology of China, Hefei, Anhui 230026,
China

fanyi@ustc.edu.cn

Variational quantum eigensolver (VQE) has been successfully applied
in quantum chemistry applications, while conventional VQE ansatzes
require  a  large number of  qubits  exceeding the capacity  of  current
NISQ devices.  In this research[1],  we proposed to use the recently
developed quantum circuit matrix product state (QCMPS) ansatz[2] to
simulate large molecules in a qubit-efficient way. Adopting a fully-
entangled  circuit  structure  in  combination  with  proper  orbital
localization,  QCMPS reaching  comparable  accuracies  with  DMRG
using only a maximum number of 6 qubits in simulating the ground
state of linear hydrogen chain with up to 50 orbitals.  The QCMPS
ansatz presented in this study provides an promising way to perform
quantum simulations for large-scale molecular systems with limited
qubit resources.

Figure 1. A schematic graph of QCMPS ansatz.
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[1] Yi Fan, Jie Liu, Zhenyu Li, and Jinlong Yang. “Quantum circuit matrix 
product state ansatz for large-scale simulations of molecules”. Journal of 
Chemical Theory and Computation. 16, 5407-5417, 2023.

[2] Reza Haghshenas, Johnnie Gray, Andrew C. Potter, and Garnet Kin-Lic Chan.
“Variational Power of Quantum Circuit Tensor Networks”. Physical Review X. 
12, 011047, 2022.
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Quantum Equation-of-Motion Method with Triple Excitations 

Reduced by Perturbation and Symmetry 

Yuhan Zheng, Jie Liu, Zhenyu Li  

Department of Hefei National Research Center for Physical Sciences at 

the Microscale, University of Science and Technology of China, Hefei 

City, Anhui Province, 230026 

Zhengyuhan@mail.ustc.edu.cn 

According to the development of quantum computer and the notable 

achievements of the equation-of-motion (EOM) [1] method, the quantum 

EOM (qEOM) [2] method has been proposed for the study of electronically 

excited states. However, the standard qEOM method, which includes only 

single and double excitations, struggles to accurately describe states that 

are primarily influenced by double excitations. To overcome this limitation, 

we first reformulate the qEOM method using an effective Hamiltonian 

framework and then introduce an optimized implementation that 

incorporates single, double, and triple excitations (qEOM-SDT). By 

applying point group symmetry and perturbation theory, we achieve a 

significant reduction in the number of triple excitations. Additionally, a 

perturbative correction is applied to account for the impact of the omitted 

triple excitations on excitation energies. Our method demonstrates energy 

deviations of less than 0.18 eV while requiring fewer than 9% of the triple 

excitations for complex cases, such as the 21∆ state of CH+ and the 21Σ 

state of HF. Furthermore, we extend the operator screening approach to the 

quantum subspace expansion method for the computation of excitation 

energies. 

[1] Stanton, John F., and Rodney J. Bartlett. “The equation of motion coupled‐cluster 

method. A systematic biorthogonal approach to molecular excitation energies, 

transition probabilities, and excited state properties”. The Journal of chemical 

physics 98.9 (1993), 7029-7039. DOI:10.1063/1.464746. 

[2] Ollitrault P J, Kandala A, Chen C F, et al. “Quantum equation of motion for 

computing molecular excitation energies on a noisy quantum processor”. Physical 

Review Research 2.4 (2020), 043140. DOI: 10.1103/PhysRevResearch.2.043140. 
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Quantum structure search for molecular ground-state energy 

computation 

Yunong Li1, Zhenyu Li 

1Department of Chemistry, University of Science and Technology of 

China, 96 Jinzhai Road, Hefei City, 230026  
 

Email: lyn0906@mail.ustc.edu.cn 

 

This paper explores a novel approach to extend the natural architecture 

search algorithm (NAS) from the classical machine learning domain to 

quantum circuits, for finding a universal quantum circuit capable of 

computing the ground-state energy of molecules. Initially, a universal set 

of quantum gates is constructed, comprising the types of gates used in the 

ansatz typically employed for computing the ground-state energy of 

molecules. Analogous to the training set in machine learning, we construct 

a set of quantum gates from these gates and search for quantum circuits 

using three methods: Monte Carlo algorithm, random algorithm, and 

genetic algorithm. Our goal is to apply the obtained circuits to several 

typical chemical systems, and after computation using the variational 

quantum eigensolver (VQE) algorithm, obtain ground-state energy 

solutions close to full configuration interaction (FCI). We also study 

further optimization of circuits by adding ancillary qubits. The research 

findings indicate that when circuits obtained through genetic algorithm 

search are augmented with an appropriate number of ancillary qubits, 

optimal results in terms of circuit depth and entanglement (measured by 

the number of CNOT gates) are achieved. These results demonstrate that 

our method not only exhibits good scalability but also facilitates parameter 

optimization, offering new insights and approaches for the application of 

quantum computing in chemical calculations. 

 

[1] Wu W, Yan G, Lu X, et al. International Conference on Machine Learning. 

PMLR, 2023: 37745-37764. 

[2] Chivilikhin D, Samarin A, Ulyantsev V, et al. arXiv preprint arXiv:2007.04424, 

2020. 

[3] E. Grant, L. Wossnig, M. Ostaszewski, and M. Benedetti, Quantum 3, 214 

(2019). 
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A Hybrid Framework for Simulating Molecular Systems on

Quantum Computers

Zhanou Liu1, Yingjin Ma2,3, Yuxin Deng1 Xiao He1

1East China Normal University, 2National Super-Computing Center in CAS, 3Computer

Network Information Center of CAS

52255902003@stu.ecnu.edu.cn, yingjin.ma@sccas.cn, yxdeng@sei.ecnu.edu.cn,

xiaohe@phy.ecnu.edu.cn

Simulating the electronic structure of molecules on real quantum devices remains very

challenging. We propose a hybrid quantum-classical framework for the simulation of

molecular systems. It is realized by combining the variational quantum eigensolver (VQE)

with multi-state density functional theory (MSDFT) [1], but is flexible to incorporate

other SCF approaches. Furthermore, we put forward two techniques to address the critical

challenges associated with hardware imperfection. First, a way of partitioning quantum

circuits is designed to characterize the static correlation between different electronic con-

figurations, so as to scale up the capacity of active space. Second, a DFT correlated error

mitigation method is developed, which contributes to a high-precision illustration about

dynamic correlation. The utility of our framework is evaluated on molecular systems of

interest via the computation of bond breaking, intrinsic reaction coordinates and coni-

cal intersections. We performed quantum simulation with up to 86 qubits on the Quafu

quantum computing platform [2]. The results show that the accuracy of our approach

is in close agreement with classical multi-reference methods. In addition, dynamic cor-

relation is well treated through MSDFT and hence the approach produces lower conical

intersection energy than existing hybrid quantum-classical works [3].

References

1. Z. Qu and Y. Ma. ”Variational Multistate Density Functional Theory for a Balanced

Treatment of Static and Dynamic Correlations”. Journal of Chemical Theory and Com-

putation 16(8) (2020), pp. 4912–4922. DOI: 10.1021/acs.jctc.0c00208.

2. Quafu quantum computing cloud platform http://quafu.baqis.ac.cn.

3. S. Zhao, D. Tang, X. Xiao, R. Wang, Q. Sun, Z. Chen, X. Cai, Z. Li, H. Yu and W.

Fang. ”Quantum computation of conical intersections on a programmable superconduct-

ing quantum processor”. The Journal of Physical Chemistry Letters 15(28) (2024), pp.

7244–7253. DOI: 10.1021/acs.jpclett.4c01314.

486

Posters Sessions



 

Integrating Self-initialized Local Thermalizing Lindblad 

Operators for Variational Quantum Algorithm with Quantum 

Jump: Implementation and Performance 

Zhihao Lan, Wanzhen Liang* 

College of Chemistry and Chemical Engineering, Xiamen University, 

Xiamen 361005, 

Fujian Province, Peoples’ Republic of China 

lanzhihao@stu.xmu.edu.cn 

 

Using quantum computers to simulate quantum systems such as 

molecular systems is one of the most promising short-term applications 

of quantum computing, and the similarity between the unitary evolution 

of quantum circuits and the time evolution of quantum systems inspires 

us to simulate the dynamics of quantum systems on a quantum 

computing device. However, unlike the unitary evolution of a closed 

quantum system, the time evolution of the quantum state of the vast 

majority of practical open quantum systems, such as the electron-

phonon coupled molecular systems, is non-unitary. This makes the 

evolution process difficult. Here we present a scheme, denoted as VQA-

QJ-LTLTME, which adopts the trajectory average of quantum jump 

Monte Carlo wave function variational evolution to evolve the system’s 

density matrix and local thermalizing Lindblad operators to describe the 

electron-phonon coupling effect. This combination allows the quantum 

circuit to be initialized after a period of evolution, thereby eliminating 

the accumulation of errors, and it requires only log2(n) qubits for system 

size n and a time complexity of O(Tn3), indicating that it is very suitable 

for operation on noisy intermediate-scale quantum devices. The VQA-

QJ-LTLTME algorithm has been implemented on superconductor 

quantum computers. To demonstrate its performance, we simulate the 

dynamics of two-level spin-boson model and four-level Fenna-

Matthews-Olson complex systems with both quantum and classical 

simulators. 
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Figure 1. General scheme of VQA-QJ-LTLME algorithm.  
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Circuit-Efficient Qubit-Excitation-based Variational 

Quantum Eigensolver 

Zhijie Sun, Jie Liu, Zhenyu Li 

Department of Chemical Physics, University of Science and 

Technology of China 

zjsun@mail.ustc.edu.cn 

 

Classical algorithms encounter an "exponential wall" when addressing 

problems in quantum chemistry, but quantum computers offer 

promising solutions to these challenges. One key problem in quantum 

chemistry is the time-independent Schrödinger equation. The Quantum 

Phase Estimation (QPE) algorithm is known to be exponentially faster 

than classical methods. However, QPE requires substantial quantum 

resources, which exceed the capabilities of current Noisy Intermediate-

Scale Quantum (NISQ) devices. 

To address this, the Variational Quantum Eigensolver (VQE), a 

quantum-classical hybrid algorithm, has been proposed. VQE leverages 

quantum computers in the NISQ era by preparing a parameterized 

quantum state and measuring its energy on a quantum device. A 

classical computer then optimizes the parameters to minimize the 

energy. The variational principle ensures that the calculated energy will 

never be lower than the ground state energy, so a lower energy 

approximation will be closer to the true ground state energy. 

The parameterized quantum state, known as the ansatz, is crucial to 

VQE. The ADAPT-VQE algorithm provides a systematic framework 

for constructing the ansatz from a predefined pool of operators. The 

performance of the ansatz heavily depends on this operator pool. Some 

pools, like FEB and QEB, converge quickly but require substantial 

quantum resources. Others, such as QCC and qubit-ADAPT-VQE, are 

more resource-efficient but converge more slowly. 

Here, we propose a new operator pool that balances resource efficiency 

with rapid convergence, marking a significant step toward the effective 

utilization of NISQ devices. 
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Kylin-V: An Open-source Package Calculating the Dynamic 

and 

Spectroscopic Properties of Large Systems  
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Quantum dynamics simulation and computational spectroscopy serve 

as indispensable tools for the theoretical understanding of various 

fundamental physical and chemical processes, ranging from charge 

transfer to photophyscical and chemical reactions. When simulating 

realistic systems, the main challenge arises from the huge number of 

degrees of freedom and the many-body correlations. Here, we present 

Kylin-V, an innovative quantum dynamics package designed for 

accurate and efficient simulations of dynamics and spectroscopic 

properties of vibrational systems with tensor train (TT). For qunatum 

dynamics, Kylin-V supports TT methods such as time-dependent 

density matrix renormalization group (TD-DMRG) and our recently 

proposed stochastic single-site (SS) [1] and hierarchical mapping 

(HM)[2,3] approaches. However, unlike the vibronic problems, the 

pure vibrational systems usually have lower excited energy and 

vibrational spectra requires higher resolution. Here Kylin-V supports 

state-average DMRG and non-TT vibrational heat-bath configuration 

interaction (VHCI)[4] to calculate the anharmonic frequencies and 

make assignments for the spectral peaks. 

[1] Xu Y., Xie Z., Xie X., Schollwöck U. and Ma H. JACS Au 2, 335-340 (2022). 

[2] Xu Y., Liu C. and Ma H. J. Chem. Theory Comput. 19, 426–435 (2023).  

[3] Xu Y., Cheng Y., Song Y. and Ma H. J. Chem. Theory Comput. 19, 4781–4795 

(2023). 

[4] Xu Y., Liu C. and Ma H. J. Chem. Phys. 161, 052501 (2024). 
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Department of Chemistry, Southern University of Science and Technology, Shenzhen 518055, China 
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Molecules with high point-group symmetry are interesting prototype 

species in textbook. As transition metal-centered boron clusters tend to 

have highly symmetric structures to fulfil multi-center bonding and 

high stability, new boron clusters with rare point-group symmetry may 

be viable.1,2 Through in-depth scrutiny over the structures of 

experimentally already observed transition metal-centered boron-wheel 

complexes, geometric and electronic design principles are summarized, 

based on which we studied M©B11
k− (M = Y, La; Zr, Hf; k = 1, 2) 

clusters and found that a Y©B11
2− boron-wheel complex has an 

unprecedented D11h point-group symmetry.3 The remarkable stability of 

planar Y©B11
2− complex is illustrated via extensive global-minimum 

structural search as well as comprehensive chemical bonding analyses. 

Similar to other boron-wheel complexes, the Y©B11
2− complex is 

shown to possess σ and π double aromaticity, indeed following the 

electronic design principle previously summarized. This new 

compound is expected to be experimentally identified, which will 

extend the currently known largest possible planar molecular symmetry 

and enriches the metal-centered boron-wheel class. 
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Figure 1. A schematic diagram to illustrate the electronic structure and 

double aromaticity of Y©B11
2− complex briefly. 

 

 

[1] Chen, T.-T.; Li, W.-L.; Bai, H.; Chen, W.-J.; Dong, X.-R.; Li, J.; Wang, L.-S., J. 

Phys. Chem. A 2019, 123 (25), 5317-5324. 

[2] Romanescu, C.; Galeev, T. R.; Li, W.-L.; Boldyrev, A. I.; Wang, L.-S., 

Transition-Metal-Centered Monocyclic Boron Wheel Clusters (M©Bn): A New 

Class of Aromatic Borometallic Compounds. Acc. Chem. Res. 2013, 46 (2), 350-

358. 

[3] Dong, X.-R.; Zhang, J.-X.; Chen, T.-T.; Xu, C.-Q.; Li, J. Metal-Centered Boron-

Wheel Cluster of Y©B11
2– with Rare D11h Symmetry. Inorg. Chem. 2024, 63 (14), 

6276–6284. 
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Theoretical Studies on Strong Coupling Mechanism Between
Surface Plasmon and Molecules

Xueyang Zhen, Huijie He, Sibing Chen, Zefei Zheng,

Zhaoyang Liu, Xing Chen*

Institute of molecular plus, Tianjin University, Tianjin, 300072

Email: xing_chen@tju.edu.cn

The strong coupling between surface plasmons and molecules
has broad applications in nanophotonics, ultrafast spectroscopy, and
quantum optics. Understanding the mechanism behind this strong
coupling is crucial for precise control of light-matter interactions at
the nanoscale. To explore this, we employed a discrete interaction
model to investigate the coupling mechanism of molecules near
plasmonic nanocavities. Our results show that the coupling strength
increases as the distance between molecules and nanoparticles
decreases, and it is directly proportional to the electric field strength.
Additionally, smaller mode volumes generate stronger near fields,
further enhancing the coupling strength. Increasing the size of
plasmonic nanoparticles and the number of molecules also boosts the
coupling strength. However, intermolecular interactions and their
impact on cavity modes may limit the extent of this enhancement. The
orientation and lifetime of both molecules and plasmonic
nanoparticles significantly influence the coupling strength as well.
These insights are essential for designing and optimizing
nanotechnological devices that rely on plasmon-molecule interactions.

Keywords: plasmons; strong coupling; discrete interaction model
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Analytical Derivative Approaches for Vibro-Polaritionic 
Structures and Properties 

Xunkun Huang, WanZhen Liang* 

State Key Laboratory of Physical Chemistry of Solid Surfaces, 
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Fujian Provincial Key Laboratory of Theoretical and Computational 
Chemistry, and Department of Chemistry, College of Chemistry and 

Chemical Engineering, Xiamen University, Xiamen 361005, P. R. 
China. 

huangxunkun@stu.xmu.edu.cn 

 

Vibro-polaritons are hybrid light-matter states that arise from the strong 
coupling between molecular vibrations and the electromagnetic field in 
an optical resonator. The study of the related phenomena has spurred 
the emergence of a new field, now known as polaritonic chemistry. To 
fully understand the precise mechanisms underpinning polaritonic 
chemistry and provide a deeper understanding of the underlying 
quantum mechanical processes, developing useful theoretical models 
and advanced computational frameworks to describe and predict the 
behavior of these hybrid states is crucial. Here we present advanced 
analytical energy derivative approaches within the framework of the 
cavity Born-Oppenheimer[1,2] density functional theory (CBO-DFT) 
to efficiently calculate the vibro-polaritonic spectra and explore the 
critical points on the cavity potential energy surface. We not only 
demonstrate the formulation and implementation of analytical energy 
gradient and Hessian as well as the infrared (IR) and Raman scattering 
spectral intensities into the electronic structure software package, but 
also proposes a classical model that helps us to understand the spectral 
signatures. 

 

[1] T. Schnappinger and M. Kowalewski. “Ab initio vibro-polaritonic spectra in 
strongly coupled cavity-molecule systems”. J. Chem. Theory Comput. 19.24 
(2023), pp. 9278–9289. DOI: 10.1021/acs.jctc.3c01135. 

[2] J. Bonini and J. Flick. “Ab initio linear-response approach to vibro-polaritons 
in the cavity Born-Oppenheimer approximation”. J. Chem. Theory Comput. 18.5 
(2022), pp. 2764–2773. DOI: 10.1021/acs.jctc.1c01035. 
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Electronic Absorption and Circular Dichroism Spectra of 

One-Dimensional Bay-Substituted Chiral PDIs: Effects of 

Intermolecular Interactions, Vibronic Coupling and 

Aggregate Size 

Yuchuan Xu, Yi Zhao, WanZhen Liang 

State Key Laboratory of Physical Chemistry of Solid 

Surfaces,Collaborative Innovation Center of Chemistry for Energy 

Materials,Fujian Provincial Key Laboratory of Theoretical and 

Computational Chemistry, and Department of Chemistry, College of 

Chemistry and Chemical Engineering, Xiamen University, Xiamen 

361005, P. R. China. 

yuchuanxu@stu.xmu.edu.cn, yizhao@xmu.edu.cn, 

liangwz@xmu.edu.cn 

Electronic circular dichroism (ECD) spectroscopy is the preferred tool 

for studying organic chiral supramolecules. However, it is a great 

challenge to experimentally clarify the contributions to ECD spectra 

from molecular vibrational motions and the intermolecular interactions, 

key factors for an efficient system architecture design of chemical 

sensors, catalysts or optoelectronics. Focusing on this issue, here, we 

perform theoretical studies on the vibrationally-resolved absorption and 

ECD spectra of the one-dimensional bay-substituted chiral perylene 

diimides (PDIs) by employing the non-Markovian stochastic 

Schrödinger  equation (NMSSE) with respect to the model Hamiltonian 

in the diabatic representation, which includes the intramolecular 

localized excitations (LEs), inter-molecular change transfer excitations 

(CTEs) and the electron-vibration coupling as well. The calculated 

results unveil the structure-property relationship of chiral aggregates, 

and imply that the adopted approach can qualitatively forecast the 

experimentally observed spectral lineshapes. We also make a 

comparison among the pure electronic spectra yielded by the time-

dependent density functional theory (TD-DFT) calculation and the 

mixed exciton model with and without the couplings between the LEs 

and CTEs. It is shown that the LE-CTE mixture results in the emergence 
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of new peaks or trough in the high-energy band, and a significant 

deviation between the calculated ECD spectrum and that predicted by 

the exciton chirality rule. It is further shown that the oligomers' ECD 

spectra exhibit an odd-even alternation pattern with changes in 

aggregate size. The experimental supermolecular ECD spectra seem to 

be a average of the oligomers' spectra with odd and even number of 

PDIs. 
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Quantum chemical approaches based on renormalized states 

for strongly correlated systems 

Yifan Cheng1, Zhaoxuan Xie2, Xiaoyu Xie3,*, Haibo Ma3,* 

1School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210023, China  
2Department of Physics and Arnold Sommerfeld Center for Theoretical Physics，Ludwig-Maximilians-

Universität München，München，D-80333, Germany 
3Qingdao Institute for Theoretical and Computational Sciences, School of Chemistry and Chemical 

Engineering, Shandong University, Qingdao 266237, China 
*haibo.ma@sdu.edu.cn 

The efficient compression of Hilbert space is one of the most crucial problems in modern 

quantum simulation of strongly correlated systems. One approach involves using isolated 

states obtained within the system, such as energetically low-lying adiabatic states, to 

describe the Hilbert space of the system, but without considering the interaction between 

the system and its environment. According to quantum information theory, Schmidt 

decomposition can produce two sets of the most compact states representing the 

bipartitioned Hilbert space (system and environment) of a particular wave function. 

However, such procedures require knowledge of the total wave function and are hindered 

by the enormous degrees of freedom in the environment. In this work, we propose 

performing the decomposition within a model system composed of the system of interest 

and a defined bath space, compressed from the real environment space, to obtain 

renormalized states. Two novel approaches based on this idea—renormalized-residue-

based multireference configuration interaction (RR-MRCI) and block interaction product 

state density matrix renormalization group (BIPS-DMRG)—are proposed to achieve 

accurate descriptions of molecules and larger systems, including polymers and molecular 

aggregates, respectively. Benchmarking results across several chemical systems show that 

these renormalized states, which consider the effects of system-environment interaction, 

significantly improve Hilbert space compression compared to those isolated states, which 

are utilized in internally contracted MRCI (ic-MRCI) and active space decomposition 

(ASD)-DMRG. As a result, our methods demonstrate higher accuracy and efficiency, 

offering a new opportunity for the accurate description of larger strongly correlated 

chemical systems. 

 

Figure 1. Schematic of obtaining renormalized system states via Schmidt decomposition in a model system 

composed of the system and an auxiliary bath space, which is compressed from the real environment space. 

[1] Cheng, Xie, Ma*,” Post-Density Matrix Renormalization Group Methods for Describing Dynamic 

Electron Correlation with Large Active Spaces”, J. Phys. Chem. Lett. (2022), 13, 904.   DOI: 

10.1021/acs.jpclett.1c04078. 

[2] Xu, Cheng, Song,  Ma*, "New density matrix renormalization group approaches for strongly correlated 

systems coupled with large environments." J. Chem. Theory Comput. 19.15 (2023): 4781-4795. DOI: 

10.1021/acs.jctc.2c01316 

[3] Cheng, Ma*,” Renormalized-Residue-Based Multireference Configuration Interaction Method for 

Strongly Correlated Systems”,  J. Chem. Theory Comput. (2024), 20, 5, 1988–2009. DOI: 

10.1021/acs.jctc.3c01247 

[4] Cheng, Xie, Xie*, Ma*, “Efficient simulation of inhomogeneously correlated systems using block 

interaction product states”, arXiv preprint arXiv:2408.07965 (2024). 
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Towards an exact description of Compound I in P450 

Yifei Huang, Hung Q Pham, Zhiyu Xiao, Changsu Cao, Zhen Guo and Dingshun Lv 

Bytedance Research 

huangyifei.426@bytedance.com 

Studying the reactivity of Cytochrome P450 as an enzyme is crucial for understanding its 

functionality in metabolism [1]. Large-scale calculation beyond the density functional theory 

(DFT) is needed to determine its electronic structure reliably, and reactivity thereafter. 

Auxilary-field quantum Monte Carlo has emerged as a promising method for systems with 

transition metals [2, 3], in terms of efficiency and accuracy [4, 7]. In this work, we exploit the 

advantages of AFQMC [2, 6] and resolve an important problem in the chemistry of P450, i.e., 

the ground state of the iron porphyrin oxo model system, also known as Cpd I. With systematic 

study with respect to different hyperparameters in AFQMC, we conclude that the doublet state 

is the ground state, and we argue that this conclusion is unlikely to change even if one can tackle 

a larger active space. Furthermore, we observe that our calculation provides a A1u-A2u energy 

that reconciles the previous disagreements between MRCI and DFT results. These calculations 

highlight the importance of accurate treatment of dynamic correlation for multi-reference 

systems. Our work represents unprecedented many-body wavefunction calculation beyond the 

active space for an important multi-reference system [5] and reveals the path forward toward 

wide application of beyond-mean-field methods for transition metal catalysis. We also provide 

perspectives on the utility of fault-tolerant quantum computers for large active spaces [5]. 

Keywords: P450, Auxilary-field quantum Monte Carlo, Multi-reference. 

[1] Shaik, S et al. P450 Enzymes: Their Structure, Reactivity, and Selectivity Modeled by

QM/MM Calculations. Chemical reviews 2010, 110, 949–1017

[2] Lee, J et al. Twenty Years of Auxiliary-Field Quantum Monte Carlo in Quantum

Chemistry: An Overview and Assessment on Main Group Chemistry and Bond-Breaking.

Journal of Chemical Theory and Computation 2022, 18, 7024–7042, PMID: 36255074.

[3] Shee, J. et al. On the potentially transformative role of auxiliary-field quantum Monte

Carlo in quantum chemistry: A highly accurate method for transition metals and beyond. The

Journal of Chemical Physics 2023, 158, 140901.

[4] Malone, F. D et al. ipie: A Python-Based Auxiliary-Field Quantum Monte Carlo Program

with Flexibility and Efficiency on CPUs and GPUs. Journal of Chemical Theory and

Computation 2023, 19, 109–121, PMID: 36503227.

[5] Goings, J. J et al. Reliably assessing the electronic structure of cytochrome P450 on

today’s classical computers and tomorrow’s quantum computers. Proceedings of the National

Academy of Sciences 2022, 119, e2203533119.

[6] Mahajan, A.; Lee, J.; Sharma, S. Selected configuration interaction wave functions in

phaseless auxiliary field quantum Monte Carlo. The Journal of Chemical Physics 2022, 156.

[7] Huang Y. et al. GPU-accelerated Auxiliary-field quantum Monte Carlo with multi-Slater

determinant trial states. arXiv preprint arXiv:2406.08314 2024.
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Parallel and GPU-Accelerated Implementation of Density 

Matrix Renormalization Group 

Yingqi Tian1,*, Yifan Cheng2, Yinxuan Song3, Haibo Ma3 

1Institute of Computing Technology, Chinese Academy of Sciences 
2School of Chemistry and Chemical Engineering, Nanjing University 

3School of Environmental Science and Engineering, Shandong University 
4Qingdao Institute for Theoretical and Computational Sciences, School of 

Chemistry and Chemical Engineering, Shandong University 

*tianyingqi@ict.ac.cn 

 

The density matrix renormalization group (DMRG) method is a state-

of-the-art method for solving the strongly correlated systems. In this 

work, a parallel and GPU-accelerated implementation is developed. 

The parallelization focuses on the parallelism over tensor network, 

which can achieve a good parallel efficiency, shown as Fig.1 (a). To 

implement the GPU acceleration, specialized CUDA kernel function 

for three matrices multiplication (3MM) is developed. The 

computational cost can efficiently reduce under this three matrices 

multiplication pattern, shown as Fig.1 (b). 

  

Figure 1. (a) Computational cost and parallel efficiency for tensor 

network parallelism. (b) Computational cost for original and 

optimized 3MM calculation at different bond dimension. 

 

[1] Yingqi Tian, Yifan Cheng, Yinxuan Song, Haibo Ma. “Parallelizing Density 

Matrix Renormalization Group over Matrix Product Operator Network”. In 

preparation. 

[2] Yingqi Tian, Honghui Shang, Haibo Ma. “CPU-GPU hybrid implementation 

of Density Matrix Renormalization Group”. In preparation. 
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Kylin 1.2: An Advanced Ab-initio Density Matrix 
Renormalization Group Program 

Yinxuan Song1,*, Yingqi Tian2,*, Haibo Ma1,* 

1School of Chemistry and Chemical Engineering，Shandong 
University，Qingdao，266237 

2Institute of Computing Technology，Chinese Academy of Sciences，
Beijing，100190 

yxsong@sdu.edu.cn (Yinxuan Song); 

tianyingqi@ict.ac.cn (Yingqi Tian);  

haibo.ma@sdu.edu.cn (Haibo Ma) 

Kylin [1] is an ab-initio quantum chemistry program designed for 
efficient density matrix renormalization group (DMRG) and post-
DMRG calculations. Recently, we further develop Kylin 1.2 version, 
where the DMRG codes are optimized and thus the calculation time is 
remarkably reduced. The major features of Kylin are listed in Table I. 

Table I. Major features of Kylin. 

Feature Notes 

RHF/UHF DIIS/C2-DIIS/EDIIS supported 
MP2 
FCI/CASCI Based on GUGA, ~14 active orbitals 
DMRG Mixed precision [2] supported, ~100 active 

orbitals 
CASSCF/DMRG-SCF Werner-Meyer-Knowles method implemented 
UC-MRCI 
(DMRG-/sCI-)EC-MRCI Spin-adapted [3], ~300 external orbitals 
Geometry optimization HF/CASSCF/DMRG-SCF level supported 

[1] Z. Xie, Y. Song, F. Peng, J. Li, Y. Cheng, L. Zhang, Y. Ma, Y. Tian, Z. Luo
and H. Ma. “Kylin 1.0: An ab-initio density matrix renormalization group
quantum chemistry program”. J. Comput. Chem. 2023, 44, 1316–1328.

[2] Y. Tian, Z. Xie, Z. Luo and H. Ma. “Mixed-precision implementation of the
density matrix renormalization group”. J. Chem. Theory Comput. 2022, 18, 7260.

[3] Y. Song, W. Huang, C. Liu, Y. Lei, B. Suo and H. Ma. “Spin-adapted
externally contracted multireference configuration interaction method based on
selected reference configurations”. J. Phys. Chem. A 2024, 128, 958–971.
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A Multi-reference Random Phase Approximation Theory 

Yuqi Wang, Wei-Hai Fang, Zhendong Li 

Key Laboratory of Theoretical and Computational Photochemistry, 

Ministry of Education, College of Chemistry, Beijing Normal 

University, Beijing 100875, China 

condensed_wang@foxmail.com 

Random phase approximation (RPA) has been widely used to 

compute the electron correlation energy for molecules and materials. 

However, conventional RPA typically breaks down with the presence 

of strong correlation, as it is based on a single determinant reference. 

To handle this problem, we formulated a multi-reference (MR) 

generalization of RPA for electron correlation energy by resumming a 

set of generalized ring diagrams, which are built on an interacting 

zeroth-order Hamiltonian containing strong correlation (e.g. Dyall’s 

Hamiltonian). We also derived an MR second-order screened exchange 

(SOSEX) correction from a coupled-cluster perspective of the resulting 

MR-RPA to further include exchange effects. Numerical results 

demonstrate that MR-RPA/SOSEX resolves the failure of the 

conventional RPA/SOSEX for molecular dissociation. Our work 

bridges diagrammatic techniques in many-body physics and multi-

reference perturbation theory in quantum chemistry, opening up new 

possibilities for computational studies of strongly correlated electrons 

via diagrammatic resummation. 

 

Figure 1. Generalized ring diagrams and resummation 
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Diffusion quantum Monte Carlo studies multi-reference
systems

Zhiru Huang, Fan wang

Institute of Atomic and Molecular physics, Sichuan University,
chengdu, 610065

huangzr22@icloud.com

The diffusion quantum Monte Carlo (DMC) method is crucial for
solving the multi-body problem in quantum mechanics[1]. DMC
offers precise calculations for single reference state systems using
single determinant and Jastrow factor trial wave functions[3].
However, for multi-reference systems, employing CASCI and multi-
determinant wave functions is essential for accurate results[4].
Utilizing untruncated CASCI wave functions in DMC calculations
requires significant computational effort, usually necessitating
truncation[5]. If the same truncation thresholds are used for both the
reactants and the products in the reaction, there may be a large
discrepancy between the dissociation reaction energies derived and the
experimental values. The dissociation reaction energy results can be
improved by lowering the determinant coefficient truncation threshold
or extrapolating to a DMC energy result where the sum of the squares
of the determinant coefficients is one. Besides, the size of the active
space also has an effect on the calculation results, so we explored the
extrapolated dissociation reaction energy results for different active
spaces. For some multi-reference systems, it is difficult to obtain
energy difference results that can be canceled out by systematic errors.
We further use the adaptive variational active space (AVAS) method
to select suitable orbitals to obtain CASSCF or CASCI wave functions
for DMC calculations to get the extrapolated dissociation reaction
energies.
[1] Austin. BM, Zubarev. DY, Lester. WA . “Quantum Monte Carlo and related
approaches”. Chemical Reviews, (2012), pp. 263-288. DOI:10.1021/cr2001564.

[2] Huang. ZR, Wang. ZF, Zhou. XJ, Wang, F. “Diffusion quantum Monte Carlo
study on magnesium clusters as large as nanoparticles”. The Journal of Chemical
Physics. (2023), 224302. DOI: 10.1063/5.0176335.

[3] Kim. J, Esler. KP, McMinis. J, et all. “Hybrid algorithms in quantum Monte
Carlo”. Journal of Physics Conference Series. (2012), pp. 2181−2188.
DOI:10.1088/1742-6596/402/1/012008.

[4] Per. MC, Cleland. DM. “Energy-based truncation of multi-determinant
wavefunctions in quantum Monte Carlo”. Journal of Chemical Physics. (2017),
164101. DOI:164101.10.1063/1.4981527.
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Exact analytic solutions of Schrödinger equations with non-
separable variables: A case study of 1D quartic potential 

Zhiyuan Yin 1, Chen Li 1, * 
1College of Chemistry and Molecular Engineering, Peking University 

*chenlichem@pku.edu.cn

Traditional wavefunction methods based on basis-expansions typically 
express the wavefunction as a summation in Hilbert space, 𝛹𝛹 = ∑ 𝑐𝑐𝑖𝑖𝛷𝛷𝑖𝑖𝑖𝑖 . 
This form merely approximates or fits the wavefunction, failing to 
capture its analytic structure. We argue that a formally exact and 
practically useful analytic structure should be applicable over the entire 
space, reflect clear asymptotic behavior, and isolate easily 
approximable small quantities. We approach wavefunction from a 
novel perspective, transforming the Schrödinger equation into a Riccati 
equation through 𝛹𝛹 = 𝐶𝐶e𝛽𝛽, solving for the derivative of β to obtain the 
wavefunction. We propose that the best representation of the 
wavefunction is an exact factorlization, consisting of a prefactor power 
function, an exponential decay term, and a modulator.[1-2] The 
modulator is a slowly varying, bounded function, which, for general 
Coulomb systems, can be represented as a convergent infinite analytic 
series over the entire space. We extended the new method to non-
separable two- and three-electron problems, using a 1D quartic 
potential model as an example, deriving the analytic expression for the 
ground state wavefunction.[3] Similar to one-electron problems, the 
two- and three-electron wavefunctions exhibit clear analytic structures 
and distinct real-space asymptotic decay behavior.  

[1] C. Li*, Exact analytical solution of the ground-state hydrogenic problem with
soft Coulomb potential, J. Phys. Chem. A. 125, 5146, 2021.

[2] Y. Li, C. Li*, Exact analytical form of diatomic molecular orbitals, ACS Omega,
7, 22594, 2022.

[3] Z. Yin, C. Li*, Exact analytic solutions of Schrödinger equations with non-
separable variables: A case study of 1D quartic potential, In preparation.
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Formally Exact and Practically Useful Analytic Solution of 

Harmonium 

Wenqing Yao, Zhiyuan Yin, Chen Li 

Beijing National Laboratory for Molecular Sciences, College of 

Chemistry and Molecular Engineering, Peking University, Beijing 

100871, China 

2301110460@pku.edu.cn 

We provide a novel exact analytic solution of harmonium with arbitrary 

Coulomb interaction strength, for ground as well as all the excited states, 

using our recently developed method for solving Schrödinger equations. 

By comparing three formally exact analytic representations of the wave 

function including the one that utilizes bi-confluent Heun function, we 

find that the best and practically useful representation for the ground 

state is given by an exact factorized form involving a non-integer power 

pre-exponential factor, an exponentially decaying term and a modulator 

function. For excited states, additional factors are needed to account for 

the nodal information. We show that our method is far more efficient 

than basis-expansion-based methods in representing the wave function. 

With the exact wave functions, we have also analyzed the evolution 

trends of the electron density and natural occupation numbers with 

increasing interaction strength, which gives insight into the interesting 

physics in the strong correlation limit. 

[1] Yao, W.; Yin, Z.; Li, C. Formally Exact and Practically Useful Analytic

Solution of Harmonium. Under review
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Distinct Single-Electron Actinide−Actinide Bonding and 

Fullerene-Enhanced Magnetism in Two-Dimensional 

Diactinide Endohedral Metallofullerene Monolayers 

Xiao-Kun Zhao1, Jing Zhao1, Han-Shi Hu2, *, Jun Li1, 2, * 

1Southern University of Science and Technology, China 

2Tsinghua University, China  

zhaoxiaokun0821@gmail.com 

Recently, a two-dimensional quasi-hexagonal-phase fullerene (2D 

qHPC60) monolayer has been experimentally synthesized.[1] We 

investigated the electronic structure and magnetism of 2D diactinide 

EMFs monolayers, referred to as M2@C60-2D (M2 = U2 or Th2). 

Theoretical studies confirm the kinetic and thermodynamic stability of 

these constructed 2D monolayers, highlighting their significant 

potential for experimental synthesis. We reveal strong actinide–actinide 

bonding, with five one-electron-two-center (OETC) U–U bonds and 

two OETC Th–Th bonds formed inside fullerene. Further calculations 

show that the U2@C60-2D monolayer exhibits an antiferromagnetic 

(AFM) singlet ground state. In contrast, the Th2@C60-2D monolayer 

shows a ferromagnetic (FM) ground state. Our work extends the study 

of the unique bonding motifs and magnetism from isolated EMF to 2D 

EMF monolayers. 

Figure 1. The construction of two-dimensional diactinide endohedral 

metallofullerene monolayers. 

[1] Hou, L.; Cui, X.; Guan, B.; Wang, S.; Li, R.; Liu, Y.; Zhu, D.; Zheng, J.

Synthesis of a Monolayer Fullerene Network. Nature 2022, 606 (7914), 507–510.

DOI: 10.1038/s41586-022-04771-5.
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Molecular Descriptors for High-Throughput Screening of 

Inverted Singlet−Triplet Gap Materials 

Yu Pang, Qian Peng 

School of Chemical Sciences, University of Chinese Academy of 

Sciences, Beijing, 100049, China. 

Email: pangyu21@mails.ucas.ac.cn, qianpeng@ucas.ac.cn 

The new generation of proposed light-emitting molecules for organic 

light-emitting diodes (OLEDs) has raised considerable research interest 

due to its exceptional features—invert singlet-triplet (IST) gap violating 

Hund’s multiplicity rule in the excited S1 and T1 states[1]. It is 

particularly challenging to discover new ones through virtual screening 

because the required wavefunction-based methods are expensive and 

unsuitable for high throughput calculations. Here, we propose a four-

orbital model (FOM) considering both single and double excitation of 

electrons. Based on this model, two simple molecular descriptors 

(orbital difference ∆𝜀 and exchange integral K) are developed to pre-

screen candidate with IST features. Then the complex advanced 

methods are used to further screen the molecules, and finally a group of 

new IST cores are selected, and the state-of-the-art multireference 

method (ENVPT2) is used to verify that the singlet and triplet energy 

of these molecules has a reverse relationship. The discovery of these 

new IST cores provides a new perspective for the development of 

OLED light-emitting layer materials. 

[1] De Silva, P. Inverted Singlet-Triplet Gaps and Their Relevance to Thermally

Activated Delayed Fluorescence. J. Phys. Chem. Lett. 2019, 10, 5674-5679.DOI:

10.1021/acs.jpclett.9b02333
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Employing uncertainty-driven active learning strategies to 

construct full-dimensional intermolecular potential energy 

surfaces within spectroscopic accuracy 

You Li, Hui Li 

Institute of Theoretical Chemistry, College of Chemistry, Jilin 

University, P. R. China 

liyou371390859@gmail.com 

Constructing reliable potential energy surfaces (PESs) is an 

important task for spectroscopic calculation. Normally, the number of 

potential points used for PES fitting will grow dramatically fast with 

the increasing of the dimension of systems, which makes it expensive 

or even unfeasible to calculate the fitting set by high-level electronic 

structure methods. This problem becomes important when we want to 

comprehensively study the monomer-flexibility effects of molecular 

complex systems since the intra-molecular vibrations will no longer be 

restricted and the dimension of intermolecular PES will increase a lot.  

In this work, we employ uncertainty-driven active learning strategies 

to achieve efficient point samplings for MLRNet[1] and the 

permutationally invariant polynomial neural network[2]. This kind of 

sampling method has shown good performance for the PIP-NN to 

construct reactive PES samplings[3], and our results demonstrate that it 

is also reliable for the MLRNet and the PIP-NN to construct 

spectroscopically accurate PES. The model uncertainty is defined as the 

negative of the weighted square difference between two NN models 

trained with the same dataset but started with different initial NN 

parameters. The active learning would then search the maximum 

uncertainty points in a given configuration space. The initial set can be 

generated by quasi-random sampling, or by an optimization procedure 

based on one-dimensional Morse/Long-range (MLR) fitting in order to 

provide an initial estimation of the region of MLR parameter functions. 

For the 6-D H2O-He system, 500 to 600 fitting points are enough to 

achieve a RMSE below 0.1 cm−1 for 38911 test points that energy below 

0.0 cm−1.  The spectroscopic calculation results further support their 

accuracy.  
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[1] You Li, Yu Zhai, Hui Li. “MLRNet: Combining the Physics-Motivated

Potential Models with Neural Networks for Intermolecular Potential Energy

Surface Construction”. Journal of Chemical Theory and Computation. 19 (2023),

pp. 1421–1431

[2] Bin Jiang, Hua Guo.  “Permutation invariant polynomial neural network

approach to fitting potential energy surfaces”. The Journal of Chemical Physics.

139 (2013), pp. 54112

[3] Qidong Lin, Yaolong Zhang, Bin Zhao, Bin Jiang. “Automatically growing

global reactive neural network potential energy surfaces: A trajectory-free active
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Learning Molecular Conformational Energies
Using Semi-Local Density Fingerprints

Zhuofan Shen, Yang Yang, Zachary M. Sparrow, Brian G. Ernst, Trine K. Quady,
Richard Kang, Justin Lee, Yan Yang, Lijie Tu, and Robert A. DiStasio Jr.

Department of Chemistry and Chemical Biology,
Cornell University, Ithaca, NY 14853, USA

zs364@cornell.edu

In this work, we introduce the Semi-Local Density Fingerprint (SLDF), a molecular descriptor that transforms
the most energetically-relevant information in the electron density into feature vectors for machine learning (ML) the
quantum mechanical properties of chemical systems. As a molecular descriptor for ML models, SLDFs offer a number
of advantages, including (but not limited to): (1) a compact and fixed-size representation for each molecule, thereby
enabling straightforward comparisons between different chemical species; (2) a feature vector that intrinsically accounts
for molecular symmetry and is invariant to translations, rotations, and permutations; and (3) a unique atomic-species-
independent representation of each molecule, with the potential for enhanced transferability across the periodic table.
In a series of proof-of-principle tests, we demonstrate that SLDF-based ML models reduce density functional theory
(DFT) conformational energy errors by 1-2 orders of magnitude, resulting in molecular conformational energies with
errors <1 kJ/mol and some approaching spectroscopic accuracy (≈ 1 cm−1). Greatly improved transferability across
different chemical species is also demonstrated by testing SLDF-based ML models under three challenging learning
strategies and illustrating its ability to correct the qualitatively-incorrect semi-local DFT description of the oxirene
potential energy surface.

FIG. 1. Graphical illustration of the SLDF generation process starting from an input density ρ(r). (a) Transformation of ρ(r)
into a continuous ξ(u) function. (b) SLDF construction using B-splines. (c) A visual representation of the exchange-SLDF for
four selected molecules. (d) Exchange-SLDF for four different conformations of the water molecule.

509

Posters Sessions



Development of a Compact Ansatz via Operator
Commutativity Screening to Avoid Local Traps and Barren

Plateaus
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Variational quantum eigensolver (VQE) provides a lucrative platform
to  determine  molecular  energetics  on  noisy  intermediate  scale
quantum (NISQ)  architecture.  VQE relies  on the  construction of  a
wavefunction ansatz that ideally should be expressive yet sufficiently
compact for NISQ realization. To address this, we come up with a
robust  ansatz  construction  protocol[1,2] that  automatically  adapts
itself depending on the degree of correlation of the system through
one and  two parameter  energy optimization,  ordering and operator
commutativity  pre-screening.  Furthermore,  the  construction  can
potentially be done in parallel quantum architecture. We have further
compactified our dynamic ansatz by adaptively increasing the ansatz
length  at  each  step,  investigating  the  effects  of  various  numerical
challenges, such as barren plateaus and numerous local minima. Our
analysis indicates that  the method  COMPASS[1] with optimal block
reordering,  with its dynamic parameter inclusion, effectively avoids
these  local  traps  and  barren  plateaus  by  design.  Further  we  have
introduced  a  strategy  for  the  inclusion  generalized  operators  in
projective  quantum  eigensolver  (PQE)  framework  to  reduce  the
quantum resource requirements. 

[1] D. Mondal, D. Halder, S. Halder, R. Maitra, “Development of a compact
Ansatz via operator commutativity screening: Digital quantum simulation of
molecular systems”. J. Chem. Phys.  159, 014105 (2023), DOI:
https://doi.org/10.1063/5.0153182.

[2] D. Halder, D. Mondal, R. Maitra. “Noise-independent route toward the genesis
of a COMPACT ansatz for molecular energetics: A dynamic approach”. J. Chem.
Phys.  160, 124104 (2024), DOI: https://doi.org/10.1063/5.0198277.
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