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29 Sep–3 Oct, 2025, Vilnius, Lithuania EEDS 2025
WelcomeThe Organizing Committee welcomes you to Extended Hanseatic Workshops on Exciton
Dynamics and Spectroscopy, EEDS2025. It is a continuation and extension of exciton(EXC) workshop, which was held in Rostock, Germany (2011–2018) and in Vilnius, Lithua-nia (2022). The conference attracts researchers and students from the Baltic region (andbeyond) to discuss optical excitation dynamics and relaxation in molecules, nanoparticlesand extended pure and hybrid complex systems, as well as optical spectroscopy in gen-eral, ranging from molecules, molecular aggregates, synthetic devices to photosynthesis inNature.This time, the Workshop is divided into three parts:

September 29 International HPC competence workshop
September 30–October 2 Exciton dynamics and spectroscopy:experiment and theory
October 2–3 Doctoral Network Photosynthetic Antennas in a

Computational Microscope (PhotoCaM) workshop
Organizing Committee (Vilnius University)Darius AbramavičiusMindaugas MačernisVytautas BubilaitisLaura Baliulytė
Program CommitteeTomáš Mančal (Charles University, Czech Republic)Jevgenij Chmeliov (Vilnius University, Lithuania)Darius Abramavičius (Vilnius University, Lithuania)Mindaugas Mačernis (Vilnius University, Lithuania)Ulrich Kleinekathöfer (Constructor University, Germany)
VenueNational Center for Physical Sciences and Technology, Room A101, Saulėtekio Ave. 3,LT-10257 Vilnius, Lithuania
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29 Sep–3 Oct, 2025, Vilnius, Lithuania EEDS 2025
Program

September 29HPC-related presentations and training
10:00–11:00 Registration, HPC consultation, and coffeePresentations11:00–11:30 Stepas Toliautas | Artificial Intelligence11:30–12:00 Vytautas Bubilaitis | Matlab and Julia12:00–12:30 Darius Abramavicius | QCFP12:30–13:00 Juozas Šulskus | HPC tools13:00–14:00 Lunch HPC Training14:00–15:30 Mindaugas Macernis | HPC Examples15:30–16:00 Coffee Break16:00–17:00 HPC Training-Tutorial
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29 Sep–3 Oct, 2025, Vilnius, Lithuania EEDS 2025
September 30

Session 1. Spectroscopy9:00–9:30 Andrius Gelzinis | Fourth Order Corrections for AbsorptionCalculations with Complex Time-Dependent Redfield Theory9:30–10:00 Joachim Seibt | Theory of Photosystem I Single-MoleculeExcitation–Emission Spectroscopy10:00–10:30 Bruno Robert | Structure and Vibrational Landscape of Excitons inPhotosynthetic Proteins10:30–11:00 Coffee Break Session 2. Quantumness11:00–11:30 Thorsten Hansen | Non-Normal Operators in Lindblad Equation forExciton Dynamics, and Modified Redfield Simulation of Photo-InducedElectron Transfer11:30–12:00 Jacob Pedersen | Time-Dependent Particle-Breaking Hartree–FockModel for Electronically Open Molecules12:00–12:30 Nicola Lorenzoni | Full Microscopic Simulations Uncover PersistentQuantum Effects in Primary Photosynthesis12:30–13:00 Leonas Valkunas | Fuorescence Variability of Stilbene Aggregatesand Heterostructured Films13:00–14:00 Lunch Session 3. Crystallites14:00–14:30 Mindaugas Macernis | Trans-stilbene Spectral Property ChangesCompared to Polyene Models and Carotenoids: a Correlated ExcitedState Methods Approach14:30–15:00 Egidijus Vilčiauskas | Modeling of Stilbene Complexes withPolystyrene by Using Molecular Dynamics15:00–15:30 Rokas Dobužinskas | X-ray Diffraction and Exposure Studies onFunctional Materials and Biological Systems: A Collaborative Research15:30–16:00 Coffee Break16:00–18:00 Posters
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29 Sep–3 Oct, 2025, Vilnius, Lithuania EEDS 2025
October 1

Session 4. Multiscale Dynamics9:00–9:30 Thomas L.C. Jansen | Coarse-Grained 2DES Simulations fromFemtoseconds to Nanoseconds9:30–10:00 Ulrich Kleinekathöfer | Multiscale Simulation of Light Harvesting inAlgae and in Porphyrin-Clay Systems10:00–10:30 Maxim S. Pshenichnikov | Exciton Dynamics in ArtificialLight-Harvesting Complexes: Bridging Experiment and Theory10:30–11:00 Coffee Break Session 5. Artificial Systems11:00–11:30 Laura Baliulyte | Theoretical Modelling of TPPS4 Aggregation11:30–12:00 Alytis Gruodis | TPPS4 and TPPS3 Protonation: Molecular StructureModeling Using Quantum Chemistry Methods12:00–12:30 Eimantas Urniežius | Modeling of TPPS4 Nanotubes and theirOptical Spectra12:30–13:00 Free Time13:00–14:00 Lunch14:00–17:00 Free Time / Excursions17:00 Conference Dinner (Novotel Hotel)
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29 Sep–3 Oct, 2025, Vilnius, Lithuania EEDS 2025
October 2

Session 6. Complexity9:00–9:30 Thomas Renger | Theory of Primary Processes in PhotosyntheticReaction Centers9:30–10:00 Vangelis Daskalakis | Intrinsic Conformational Plasticity Fine-TunesLight Harvesting in Diatoms10:00–10:30 Gabrielė Rankelytė | Impact of the Protein Environment on theExcited States of the Pigments in Photosynthetic Complexes10:30–11:00 Coffee Break Session 7. Many-Body11:00–11:30 Pavel Malý | Multi-Exciton Spectra and Dynamics in Fifth-OrderTransient Absorption Spectroscopy11:30–12:00 Malcolm Garrow | Ultrafast Fluorescence-Detected TransientAbsorption Microscopy12:00–12:30 Valdas Šablinskas | Matrix Isolation FTIR Spectroscopy of HydrogenBonding and Conformational Dynamics in Short-Chain MonocarboxylicAcid12:30–12:45 Joel Santos | Multiscale Modeling of Energy Transport forLight-Harvesting and Non-Photochemical Quenching in Higher Plants12:45–13:00 Arunjyoti Baidya | A Unified Framework for Coupled Exciton-PhononDynamics using Generalized Nonlinear Exciton Equations13:00–14:00 Lunch14:00–14:15 Boutheina Zender | Predicting Structure–Function Correlation inLight Harvesting Complexes of Diatoms via Computational Approaches14:15–15:30 Short poster presentations (5–10 min each)15:30–16:00 Coffee Break16:00–18:00 Posters
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29 Sep–3 Oct, 2025, Vilnius, Lithuania EEDS 2025
October 3PhotoCam Entrepreneurship Workshop: From Lab to Market

Student Training9:00–9:15 Welcome & Introduction9:15–10:15 Session 1 | From Invention to Impact(Different ways how inventions could reach their applicability: theoryand case study)10:15–11:15 Session 2 | Intellectual Property 101(Basics of intellectual property and why it is important forresearchers:theory and case study)11:15–11:30 Coffee Break11:30–12:30 Session 3 | Market Thinking for Researchers(Who are the target users of your invention, and how to address them:theory and case study)12:30–13:30 Lunch13:30–14:15 Session 4 | From Research to Startup(Applying research through developing a startup and understandinghow they operate)14:15–15:45 Session 5 | Idea sprint—Pitch Your Idea(Practice: developing concepts around research-based ideas in groupsand preparing short pitches)15:45–16:00 Coffee Break16:00–17:00 Session 6 | Pitching & Feedback(Pitching ideas and exchanging feedback)
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29 Sep–3 Oct, 2025, Vilnius, Lithuania EEDS 2025
Poster Presentations

P1 David V. Rubio | Multiscale Simulation of the Fucoxanthin Chlorophyll a/cProtein Complex from the Diatom C. GracilisP2 Ebru Akkus | Elucidating the Exciton Transfer Mechanism in LHCII throughMachine LearningP3 Mustafa Ozdemir | Quantum Chemical Comparison of Photosynthetic SpecialPairsP4 Gregor Hill | Molecular Determinants of the Mechanism of Action of PSBSunder the Computational MicroscopeP5 Krishna P. Siwakoti | Theory of Charge Transfer and Primary ElectronTransfer in Open and Closed Reaction Centers of Photosystem IIP6 Valentin Gradisteanu | pKa Prediction for LHC Residues, in the Presence ofLHC-Protein and LHC-Carotenoid, Lipid InteractionsP7 Stephanie C.G. Migoni | Fluorescence-Detected Two-DimensionalSpectroscopy of Exciton Dynamics and Annihilation Using Coarse-GrainedSimulationsP8 G.A.H. ten Hoven | Fourth Order Extension of Exciton Population TransferRatesP9 Dongyu Lyu | Protonation State and Structural Control of Exciton Transfer inCryptophytesP10 Maurice Schenker | Shedding Light on the Excited State Dynamics ofDNA-Templated Silver NanoclustersP11 Michal Ptáček | Generalized Description of Non-Adiabatic Dissipative EnergyDynamics in Porphyrin DerivativesP12 Matteo Bruschi | Influence of the Energetic Landscape on Multi-ExcitonEnergy Transfer and AnnihilationP13 Rugilė Žalkauskaitė | Interfacing X-Ray Diffraction (XRD) and MolecularDynamics Modeling for Amorphous Molecular SystemsP14 Austėja Mikalčiūtė | Complete Exciton Hamiltonian for PhotosyntheticPigment–Protein ComplexesP15 Rokas Garbacauskas | Using Transformer Neural Networks to Speed upMolecular Structure Optimization at DFT Level
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Abstracts of

Oral Presentations
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29 Sep–3 Oct, 2025, Vilnius, Lithuania EEDS 2025
Fourth Order Corrections for Absorption Calculations with Complex
Time-Dependent Redfield Theory

Andrius Gelzinis1,2 and Leonas Valkunas1
1Center for Physical Sciences and Technology2Vilnius University
andrius.gelzinis@ftmc.lt
Simulations of absorption spectra for molecular complexes remain important to this day.High accuracy, if compared to exact results, can be obtained using the complex time-dependent Redfield (ctR) theory. Nonetheless, in some cases there are some deviations.The ctR approach is based on the second order cumulant expansion. For Gaussian baths,this approach would be exact if only the diagonal energy fluctuations in excitonic ba-sis were present. For coupled molecular systems, however, there are always off-diagonalfluctuations, which makes the ctR theory approximate. In this contribution, we investigatefourth order ctR corrections. In general, fourth order corrections involve four-dimensionaltime integrals, which increase the computational cost of the approach considerably. To mit-igate this issue, we obtain analytical expressions for the fourth order corrections. This ispossible using an exponential representation for the bath correlation function. To achievethis for any spectral density, we utilize the ESPRIT approach. In the presentation, we willanalyze the accuracy of the fourth order ctR corrections for absorption calculations in avariety of parameter regimes.
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Theory of Photosystem I Single-Molecule Excitation–Emission Spectroscopy

Joachim Seibt1, Xianjun Zhang2, Yutaka Shibata2, and Thomas Renger1
1Institut für Theoretische Physik, Johannes Kepler Universität Linz, Altenberger Str. 69,Linz, 4040, Austria2Department of Chemistry, Graduate School of Sciences, Tohoku University, Sendai980-8578, Japan
joachim.seibt@jku.at
We developed a theoretical description of single-molecule excitation-emission spectroscopy(SMEES) in view of explaining effects observed in SMEES of the photosynthetic complexphotosystem (PS) I, which consists of three PS I monomers with each of them containing96 chlorophyll a (Chl a) pigments.Our model of a PS I monomer involves excitonic coupling among the pigments and quench-ing due to non-radiative decay at the oxidized reaction center. Different regimes of per-turbative treatment, identified by the relative size of excitonic couplings and couplings ofthe local electronic excitations to a heat bath, are accounted for by introducing excitondomains. In SMEES the frequency resolution with respect to excitation and emission isobtained by varying the frequency of an excitation pulse and by Fourier transformation,respectively. Between excitation and emission the excited-state populations created bythe excitation pulse undergo transfer processes, which lead to a redistribution of popula-tions in combination with quenching. Modifications of the local excitation energies (siteenergies) of the pigments due to interaction with the protein environment enter in termsof static disorder. Different mutual orientations between the external field and the singlePS I complexes are taken into account by considering different propagation directions ofthe field.It turned out that a variation of the orientation of PS I has less influence on the variabilityof the excitation-emission spectra (EES) than the variation of site energies, as the orien-tations only influence the relative peak intensities, while the site energies also determinethe peak positions. Moreover, the site energies also gain influence on the preferentialpathways of transfer toward two low-energy terminal emitter domains (TEDs) Low1 andLow2. To reproduce effects observed in SMEES experiments on PS I in different solvents,in particular the appearance of an inclination of the EES measured in polyvinyl alcohol(PVA), we modified the site energies of pigments in a PS I monomer at both interfaces toneighboring PS I monomers. We found that a correlated or anticorrelated appearance ofthe EES depends on whether or not the energetic ordering of the interfaces closer to Low1and Low2 corresponds to the energetic ordering of the TEDs. In this way we demonstratedthat SMEES is a promising tool to monitor energy transfer pathways in pigment-proteincomplexes.
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Structure and Vibrational Landscape of Excitons in Photosynthetic Proteins

Bruno Robert1, Andrew Gall1, Andy Pascal1, James Sturgis2, and Leonas Valkunas3
1Institute of Integrative Biology of the Cell, CEA, CNRS, Université Paris Saclay, CEASaclay 91191 Gif sur Yvette Cedex2Present address: Laboratoire d’ingénierie des systèmes moléculaires, CNRS,Aix-Marseille University, 31 Chemin Joseph Aiguier, Marseille Cedex 9 13402, France3Department of Molecular Compound Physics, Centre for Physical Sciences andTechnology, Sauletekio Avenue 3, LT-10257 Vilnius, Lithuania
bruno.robert@cea.fr
Excitation energy transfers in photosynthesis generally involve excitonically coupled (bac-terio)chlorophyll molecules. It thus consists of exciton migration within and between pho-tosynthetic proteins, the dynamics of which depends on the vibrational modes resonantwith the energy gaps between the involved excited states. The structure and vibrationallandscape of excitons thus constitute an essential knowledge to understand the amaz-ing efficiency of photosynthesis. From fluorescence line narrowing spectra of excitons inlight-harvesting proteins from purple photosynthetic bacteria, we extract information onhow many bacteriochlorophylls the excitons reside and in which proportions, and on theconformation of these molecules.Spectra of bacteriochlorophyll proteins appear to generally contain additional clear con-tributions between 200 and 1000 cm−1 as compared to isolated molecules, which mustopen additional excitation energy transfer channels for excitation transfers.In chlorophyll-based antenna, exciton delocalization at low temperature is only observedwhen electronic coupling is larger than 90 wavenumbers. No additional vibrational modesat frequencies higher than 200 cm−1 are observed any of these proteins, suggesting a fun-damentally different usage of vibrational assistance in excitation energy transfer betweenphotosynthesis of purple bacteria and that of oxygenic organisms.
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Non-Normal Operators in Lindblad Equation for Exciton Dynamics, and
Modified Redfield Simulation of Photo-Induced Electron Transfer

Thorsten Hansen

University of Copenhagen
thorsten@chem.ku.dk
The distinction between normal and non-normal operators in dynamics is finding increasingusage in applied mathematics and engineering. We apply this distinction to the microscopicLindblad equation for exciton dynamics. We use the matrix exponential norm as a proxyobservable that can high-light non-normality. We show that pure dephasing is normal.Relaxation on the other hand is non-normal, meaning that is can be responsible for theemergence of intermediate time-scales in the dynamics. We venture a suggestion for aspectroscopic experiment that can display the non-normality of the dynamics.In addition, we present a modified Redfield simulation of photo-induced charge transferin a triad molecular system. Our simulations capture both of the two time-scales seenexperimentally in the overall charge transfer process.
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Time-Dependent Particle-Breaking Hartree–Fock Model for Electronically
Open Molecules

Jacob Pedersen1,2, Bendik Støa Sannes2, Regina Paul née Matveeva2, Sonia Coriani1,
and Ida-Marie Høyvik2
1Technical University of Denmark2Norwegian University of Science and Technology
jacpe@kemi.dtu.dk
We develop the time-dependent particle-breaking Hartree–Fock (TDPBHF) model to de-scribe excited states and linear response properties of electronically open molecules. Thiswork represents the first step towards building a wave-function-based response theoryframework for electronically open quantum systems equivalent to that of closed quan-tum systems. In the limit of particle conservation, TDPBHF reduces to standard time-dependent Hartree–Fock (TDHF) theory. We illustrate the TDPBHF model by computingvalence absorption spectra and frequency-dependent electric dipole polarizabilities for aset of small- to medium-sized organic molecules. The particle-breaking interactions areobserved to non-uniformly redshift the excitation energies and induce qualitative changesin the absorption profile. In addition, the mixing of multiple excitations in the TDPBHFwave function is observed to dampen the divergence of the response function in the vicinityof resonance energies.
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Full Microscopic Simulations Uncover Persistent Quantum Effects in Primary
Photosynthesis

Nicola Lorenzoni, Thibaut Lacroix, James Lim, Dario Tamascelli, Susana F. Huelga, and
Martin B. Plenio

Institute of Theoretical Physics, Ulm university
nicola.lorenzoni@uni-ulm.de
The presence of quantum effects in photosynthetic excitation energy transfer has beenintensely debated over the past decade. Nonlinear spectroscopy cannot unambiguouslydistinguish coherent electronic dynamics from underdamped vibrational motion, and rigor-ous numerical simulations of realistic microscopic models have been intractable. Experi-mental studies supported by approximate numerical treatments that severely coarse-grainthe vibrational environment have claimed the absence of long-lived quantum effects. Here,we report the first non-perturbative, accurate microscopic model simulations of the Fenna-Matthews-Olson photosynthetic complex and demonstrate the presence of long-lived exci-tonic coherences at 77 K and room temperature, which persist on picosecond time scales,similar to those of excitation energy transfer. Furthermore, we show that full microscopicsimulations of nonlinear optical spectra are essential for identifying experimental evidenceof quantum effects in photosynthesis, as approximate theoretical methods can misinterpretexperimental data and potentially overlook quantum phenomena.
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Fuorescence Variability of Stilbene Aggregates and Heterostructured Films

Leonas Valkunas

Center for Physical Sciences and Technology, Saulėtekio al. 3, Vilnius, Lithuania
leonas.valkunas@ff.vu.lt
Variety of organic molecules, especially diarylethylenes, due to the sensing abilities, isconsidered as promising components of highly sensitive instruments for various applica-tions. A range of this type of molecules demonstrates specific photochemical properties,such as, for instance, trans-cis isomerization or variability of the fluorescence lifetimedepending on environmental conditions. Stilbene is a classic example of such type ofmolecules [1]. For example, stilbene monocrystals have been used in scintillating devices,which demonstrate the ability to distinguish between effects caused by different illumi-nations [2]. In this presentation studies of the excitation dynamics in hot-pressed and insublimated films of stilbene are considered in wide temperature range, from 15 K up toroom temperature. The fluorescence spectra and their kinetics are analysed together withthe time-resolved fluorescence measurements performed for the stilbene solutions in chlo-roform and for stilbene in polystyrene (PS) matrix. In opposite to the results obtainedin solution and in PS matrix, where the excitation dynamics is controlled by molecularisomerization/twisting process, the fast exciton diffusion yields thermalized exciton distri-bution and a small number of fluorescence centres responsible for fluorescence line shapeand timescale and their temperature dependencies of the bulk solids. The relevant theo-retical description explaining these experimental observations based on quantum chemicalcalculations are analysed for the stilbene aggregates. The conclusions are also supportedby purposeful fluorescence studies at different concentrations of stilbene molecules.
[1] D. H. Waldeck, Chem. Rev., 1991, 91, 415-436.[2] S. K. Lee, Prog. Nuclear Sci. Techn., 2011, 292-295.
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Trans-stilbene Spectral Property Changes Compared to Polyene Models and
Carotenoids: a Correlated Excited State Methods Approach

Mindaugas Macernis

Institute of Chemical Physics, Faculty of Physics, Vilnius University
mindaugas.macernis@ff.vu.lt
Stilbenes occur naturally in plants such as grapevines (e.g., resveratrol), while carotenoids(Cars) are abundant pigments in fruits, vegetables, and photosynthetic organisms, but theirproperties differ despite structural similarities [1–5]. This contrast between natural originand structural resemblance forms the central focus of the present study.Stilbene (1,2-diphenylethylene) consists of two aromatic rings bonded to a central carbon-carbon double bond, forming a conjugated polyene-type system. During isomerization, thephenyl rings twist around the single C–C bond, making stilbene molecules promising candi-dates for molecular switches [1]. Unusual temperature-dependent fluorescence of stilbeneswas observed, highlighting the role of aggregation effects on spectral properties [2].In contrast, carotenoids, although also polyene-based, display stronger symmetry distor-tions in their conjugated C=C chains, which significantly affect their electronic properties.According to the polyene model, the S1 excited state has perturbed A−g symmetry andis optically forbidden from the ground state [3–5]. This contradicts predictions based onstilbene-like systems.In this work, correlated excited-state methods were applied, specifically the ADC(n)-xfamily as implemented in the Q-Chem package, to resolve low-lying forbidden states.The approach was successfully benchmarked on short polyenes (N = 5). In addition,methodological aspects of AO basis reduction and normalization [6] were considered toensure reliability in describing subtle differences between polyene and stilbene excitedstates.Detailed results on the differences between stilbene and polyene models, and their con-nections to carotenoid excited-state properties, will be presented at the conference.
[1] V. Nagarajan et al., Condens. Matter Phys. 21, 43010–43012, 2018.[2] R. Karpicz et al., Phys. Chem. Chem. Phys. 23, 3447–3454, 2021.[3] T. Polívka, V. Sundström, Chem. Phys. Lett. 477 (2009) 1.[4] M. Macernis, J. Sulskus, C.D. Duffy, A.V. Ruban, L. Valkunas, J. Phys. Chem. A 116 (2012) 9843.[5] P. Tavan, K. Schulten, J. Chem. Phys. 85 (1986) 6602.[6] M. Macernis, Phys. Chem. Chem. Phys. 27 (2025) 14555.
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Modeling of Stilbene Complexes with Polystyrene by Using Molecular
Dynamics

Egidijus Vilčiauskas, Mindaugas Mačernis, Rokas Dobužinskas, and Darius Abramavičius

Vilnius University, Faculty of Physics
egidijus.vilciauskas@ff.vu.lt
Stilbene is a diarylethene which exhibits fluorescence and reversible photoisomeriza-tion upon UV excitation [1-2]. Despite extensive research, an atomistic examination ofits condensed-phase conformations remains limited. The influence of the environmenton stilbene geometry was investigated in crystalline, disordered, and styrene oligomer–encapsulated states using a combined molecular dynamic (MD) and quantum mechanics(QM) approach.MD simulations with GROMACS revealed distinct dihedral behaviors across systems:pronounced fluctuations (~180° twisting) in disordered stilbene, modest but consistentdeviations in the crystalline phase, and significant, stable offsets in oligomer environments,indicating strong conformational restraint. Potential energy surface scans at the B3LYP/cc-pVDZ and PM6-D3 levels showed a phenyl twist of dihedral angle θ ≈ 162–165° inoligomer environments (vs. 180° in vacuum case) and a dihedral angle of θ ≈ 175° incrystal, with steeper energy gradients under confinement.This twisting behavior suggests the emergence of barriers hindering π–π stacking andcrystallization. BSSE-corrected complexation energies (0.026–0.051 eV) were calculatedfor stilbene between styrene dodecamers, proportional to the degree of twist. Acceleratedweighted histogram (AWH) free-energy simulations yielded a thermodynamically favor-able Gibbs free energy of –0.22 eV for insertion into a dodecamer matrix. Results are con-sistent with experimental observations of suppressed crystallization in low-concentrationstilbene-polystyrene mixtures, and demonstrate the strength of combining MD and QMfor probing multi-phase molecular systems. Detailed results on the differences betweenstilbene-polystyrene models will be presented at the conference.
[1] V. Nagarajan et al., Condens. Matter Phys. 21, 43010–43012, 2018.[2] R. Karpicz et al., Phys. Chem. Chem. Phys. 23, 3447–3454, 2021.
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X-ray Diffraction and Exposure Studies on Functional Materials and
Biological Systems: A Collaborative Research

Rokas Dobužinskas1, Mindaugas Mačernis1, Gytis Sliaužys1, Romualdas Čepas1,
Ūla Marija Lauciūtė2, Mantas Grigalavičius2, Eglė Martinaitytė3, Šarūnas Svirskas3,
Žygimantas Logminas3, Artyom Plyushch3, Gediminas Usevičius3, Mantas Šimėnas3,
Renata Karpič4, and Darius Abramavičius1
1Institute of Chemical Physics, Faculty of Physics, Vilnius University2Laser Research Center, Faculty of Physics, Vilnius University3Institute of Applied Electrodynamics and Telecommunications, Faculty of Physics,Vilnius University4Center for Physical Sciences and Technology
rokas.dobuzinskas@ff.vu.lt
The X-ray Laboratory at the Institute of Chemical Physics serves as a collaborative hub foradvanced research on structural characterization and radiation–matter interactions. Thispresentation summarizes recent results obtained in partnership with multiple scientificgroups, focusing on three interconnected directions: (i) X-ray diffraction studies of advancedfunctional materials, (ii) controlled X-ray exposure of biological systems, and (iii) defectformation in perovskites under hard X-ray illumination.In the first part, we present diffraction-based investigations of lead-free ferroelectric ce-ramics, chemical vapor deposition (CVD) diamond layers, and organic–polymer compositesincorporating stilbene mixtures in polystyrene. High-resolution measurements reveal corre-lations between synthesis conditions, crystallographic features, and functional properties,providing insights into phase stability, lattice distortions, and texture evolution.The second part addresses radiobiological effects of X-ray exposure. Cancerous cell cul-tures were irradiated under controlled conditions to evaluate dose-rate dependencies rel-evant to cancer radiotherapy and to assess post-irradiation viability. These studies con-tribute to understanding cellular response mechanisms and optimizing therapeutic proto-cols.Finally, we explore the impact of hard X-ray illumination on hybrid perovskite materials,where induced structural defects were detected via electron paramagnetic resonance (EPR)spectroscopy. This approach provides a unique perspective on defect dynamics and theirimplications for optoelectronic performance using high dose radiation.By integrating structural, radiobiological, and defect-formation studies, this work demon-strates the dual role of X-rays as both a diagnostic probe and a controlled stimulus. Theresults highlight the importance of shared infrastructure and interdisciplinary collabora-tion in addressing challenges at the interface of materials science, radiation physics, andlife sciences.
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Coarse-Grained 2DES Simulations from Femtoseconds to Nanoseconds

Kai Zhong1,2, Hoang Long Nguyen1,2, Thanh Nhut Do2, Howe-Siang Tan2,
Jasper Knoester1,3, and Thomas L.C. Jansen1
1University of Groningen,2Nanyang Technological University,3Leiden University
t.l.c.jansen@rug.nl
Two-Dimensional Electronic Spectroscopy (2DES) is a powerful technique for probing ex-citon and charge separation dynamics in photosynthetic light-harvesting systems. Whilemany studies focus on isolated complexes, recent work highlights the significant role ofinter-complex interactions within functional super-complexes in modulating energy trans-fer and coherence phenomena [1]. Understanding such multiscale behavior requires bothexperimental and theoretical approaches that span large systems and a wide range oftimescales.We present a novel and efficient coarse-grained spectral simulation protocol [2] that en-ables the calculation of 2DES across diverse dynamical regimes—from ultrafast coherentmotion (∼100 fs) to slower incoherent relaxation and trapping (up to 1 ns)—without anincrease in computational cost when simulating multiple waiting times.The method partitions chromophores into strongly coupled segments, allowing coherentdynamics within each segment and incoherent dynamics between them. Segment dynam-ics are assumed uncorrelated, enabling a hybrid modeling approach: the time-dependentmulti-chromophoric Förster resonance energy transfer (MC-FRET) method [3] is used to de-scribe the waiting time evolution, while response functions based on the doorway-windowformalism capture the coherence periods. This framework allows for a flexible and com-putationally tractable simulation of 2DES that is well suited for large photosyntheticassemblies.We demonstrate the capabilities of the approach on the LH2 complex from purple bacteria,where it reproduces key features of the anisotropy decay from femtoseconds to picosec-onds [2], validating both accuracy and efficiency. We also discuss its application to thelarger PSII super-complex from higher plants, showing how the method can guide spectralinterpretation, identify energy transfer pathways, and reveal exciton traps and sinks.This coarse-grained approach opens the door to systematic simulations of 2DES on ascale and timespan previously inaccessible, enabling new insights into light-harvestingdynamics in complex biological systems.
[1] Sci. Adv. 2024, 10, eadh0911.[2] J. Chem. Theory Comput. 2024, 20, 6111–6124.[3] J. Chem. Theory Comput. 2025, 21, 254–266.
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Multiscale Simulation of Light Harvesting in Algae and in Porphyrin-Clay
Systems

Ulrich Kleinekathöfer

Constructor University, Bremen
ukleinekathoefer@constructor.university
Natural light-harvesting antenna complexes efficiently capture solar energy mostly usingchlorophyll molecules, i.e., magnesium porphyrin pigments, embedded in a protein matrix.This is also the case in diatoms which are one of the most abundant photosynthetic organ-isms on earth and contribute largely to atmospheric oxygen production. At the same time,and inspired by such natural configurations, artificial clay-porphyrin antenna structureshave experimentally been synthesized and demonstrated to exhibit remarkable excitationenergy transfer properties. The current study presents a state-of-the-art multiscale simu-lation protocol which can be applied to both biological and man-made light-harvestingsystems. Diatoms contain fucoxanthin and chlorophyll-a/c binding proteins (FCPs) aslight-harvesting complexes with a remarkable adaptation to the fluctuating light on oceansurfaces. To understand the basis of the photosynthetic process in diatoms, the excitationenergy funneling within FCPs was analyzed in detail. A similar technique was employedto simulate a synthetic light-harvesting system that emulates natural mechanisms by ar-ranging cationic free-base porphyrin molecules on an anionic clay surface. To improvethe accuracy of our results, we incorporated an innovative multifidelity machine learningapproach, which allows the prediction of excitation energies at a numerically demandingtime-dependent density functional theory level.
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Exciton Dynamics in Artificial Light-Harvesting Complexes: Bridging
Experiment and Theory

Alexey V. Kuevda, Pieter J. Brongers, Mónica K. Espinoza Cangahuala,
Sundar Raj Krishnaswamy, Carlo Fasting, Steffen Ernst, Kai Licha, Richard Hildner,
Thomas L.C. Jansen, and Maxim S. Pshenichnikov

University of Groningen, the Netherlands
m.s.pchenitchnikov@rug.nl
Natural light-harvesting antennae, ubiquitous in photosynthetic organisms such as greenalgae and bacteria, are renowned for their exceptional energy transfer efficiency, enabledby densely packed, strongly interacting chromophores. This structural organization fa-cilitates the formation of delocalized Frenkel excitons, which migrate coherently alongthe antenna complex, enabling highly efficient excitation energy transfer [1]. Moleculardouble-walled nanotubes (DWNTs), self-assembled from amphiphilic C8S3 dye moleculesin aqueous solution, serve as a well-defined biomimetic model system for investigating suchexcitonic processes. Despite their soft molecular nature, DWNTs exhibit an exceptionallylow degree of structural disorder, allowing for exciton delocalization across hundreds ofchromophores.To fully harness the potential of these systems, two central challenges must be addressed.First, quantum-classical theoretical models must accurately capture the underlying exci-tonic structure and dynamics in order to predict experimentally accessible optical observ-ables. Second, experimental techniques must be designed to yield spectroscopic data thatenable direct and quantitative comparison with theoretical predictions.Here, we present two recent examples that bridge theory and experiment. First, by combin-ing theoretical analysis with polarization-resolved photoluminescence microscopy of indi-vidual DWNTs, we demonstrate that the transition dipole moments of the emitting excitonsare confined within a narrow angular range aligned along the nanotube axis. This behaviorarises from negative intermolecular couplings that produce exciton states with wavefunctioncoefficients all in phase, yielding a reduced linear dichroism approaching unity [2]. Second,using two-dimensional and time-resolved photoluminescence spectroscopy, we show thatFrenkel excitons in DWNTs maintain extensive delocalization even in the presence of em-bedded molecular substitutional dopants acting as deep energetic traps. Theoretical sim-ulations reproduce the observed dynamics and reveal that excitons adaptively redistributeto circumvent trap sites [3]. These findings underscore the robustness of supramolecular ar-chitectures for supporting efficient exciton transport under fabrication-relevant conditions.
[1] Jansen et al., J. Chem. Phys. Rev. 5, 041305 (2024).[2] Kuevda et al., JACS 147, 6171 (2025).[3] Kuevda et al., under review (2025).
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Theoretical Modelling of TPPS4 Aggregation

Laura Baliulyte1, Eimantas Urniezius1, Vytautas Bubilaitis1, Mindaugas Macernis1,
Lorenzo Cupellini2, and Darius Abramavicius1
1Institute of Chemical Physics, Faculty of Physics, Vilnius University2Department of Chemistry and Industrial Chemistry, University of Pisa
laura.baliulyte@ff.vu.lt
Recently, there has been growing interest in TPPS4 for applications in photodynamictherapy as photosensibilizator [1]. The monomers of this porphyrin efficiently self-associateinto H- and J-aggregates in aqueous media. It is not fully understood what kind of TPPS4configurations are building blocks of molecular aggregates. The goal of this study is todetermine the most stable TPPS4 dimers and tetramers.The structures of TPPS4 monomers and dimers were determined using DFT CAM-B3LYP/6-31G(d,p) method. PCM was used to evaluate the influence of water. In this research, theGaussian 16 C.01 program [2] was used.Based on our results, it can be said that the formation of zwitterionic dimers is the mostprobable. Due to this reason, the next part of this research was to determine zwitterionictetramers. First of all, QM and MM calculations of TPPS4 were performed. GAFF hasparameters for most organic molecules [3]. However, for some molecular systems, the pa-rameters must be revised due to the extended conjugation of C=C bonds in pigments [4].Since TPPS4 has a complex electron delocalization, it is necessary to adjust the FF pa-rameters. In the present case [5], several parameters were adjusted for bonded interactionsfor both Z1 and Z2 zwitterions.The second step was to construct Z1 and Z2 tetramers. The obtained tetramers weresolvated with water boxes. Then, an MD simulation was performed with the AMBER 22program. It was determined that there were two Z1 and Z2 linear tetramers. A comparisonwas performed of Z1 and Z2 tetramers’ absorption spectra with the measured spectra fromthe previously published article [6]. Our analysis of results demonstrates that larger peakshifts of the Z1 tetramer’s spectra are more similar to the experimental data; however,other configurations can be possible as well.
[1] Q. Xiao et al, Curr. Med. Chem. 2018, 25(7), 839–860.[2] M. J. Frisch et al, Gaussian 16, Revision C.01, Gaussian, Inc., Wallingford, CT (2016).[3] C. I. Bayly et al J. Phys. Chem., 1993, 97(40), 10269–10280.[4] J. Wang et al, J. Mol. Graphics Model, 2006, 25(2), 247–260.[5] L. Baliulyte et al MSDE, 2025, 10, 635 -648.[6] L. Baliulyte et al, 2023, AIP Advances 13(10).
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Modeling of TPPS4 Nanotubes and their Optical Spectra

Eimantas Urniežius, Laura Baliulytė, and Darius Abramavičius

Institute of Chemical Physics, Faculty of Physics, Vilnius University, Saulėtekio av. 9,LT-10222 Vilnius, Lithuania
eimantas.urniezius@ff.vu.lt
Large organic molecular aggregates have promising applications as nonlinear optical el-ements, active materials in photodynamic therapy, and other photonic technologies [1]. Inparticular, the porphyrin TPPS4 forms two zwitterionic species (Z1 and Z2) at pH=1, whichself-assemble into molecular nanotubes that can exist in left-handed (M) or right-handed(P) forms, exhibiting notable optical properties [2]. Although the macroscopic structure ofthese nanotubes is well studied, their microscopic structure - including the molecular ori-entation - remains poorly understood. This study develops a theoretical model of thesenanotubes and employs the Frenkel excitonic framework to optimize their microscopic ar-rangement by reproducing their linear optical spectra.The nanotube is modeled by constructing a 2D crystal lattice with a constant of a = 9.3 Å,which is then rolled into a cylinder to form a tubular lattice of equally spaced points. Amolecule is assigned to each point, each with four optical transition energies (two for theB band and two for the Q band), characterized by optical transition dipole vectors. Dueto the molecule’s planar symmetry, all dipole vectors lie within a defined molecular plane,whose orientation is described by a normal vector n. Optical spectra are calculated byconstructing the nanotube’s Hamiltonian and solving the stationary Schrödinger equationto determine transition energies and wavefunctions. Optimization of the molecular plane’sorientation is achieved by introducing two parameters, α1 and α2, which rotate the planeof each molecule relative to its lattice site.By fitting simulated absorption spectra to experimental data, optimal values of α1 = 32°and α2 = 26° were obtained. In addition to absorption, circular dichroism (CD) spectra werecalculated for both M and P-type nanotubes in the B band, yielding results that closelymatch experimental measurements. Furthermore, spectra of partially formed nanotubeswere simulated, revealing the dynamic evolution of spectral peaks with increasing tubesize and number of windings. To improve the model’s accuracy, the effects of diagonaldisorder were also incorporated into the spectral calculations.
[1] A. D. Schwab, D. E. Smith, B. Bond-Watts, D. E. Johnston, J. Hone, A. T. Johnson, J. C. dePaula, and W. F. Smith, Photoconductivity of self-assembled porphyrin nanorods, Nano Lett. 4(7),1261–1265 (2004).[2] J. M. Short, J. A. Berriman, C. Kübel, Z. El-Hachemi, J. V. Naubron, and T. S. Balaban, Electroncryo-microscopy of TPPS2·HCl tubes reveals a helical organisation explaining the origin of theirchirality, Chem. Phys. Chem. 14(14), 3209–3214 (2013).
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TPPS4 and TPPS3 Protonation: Molecular Structure Modeling Using
Quantum Chemistry Methods

Alytis Gruodis1, Skaistė Talanovaitė2,3, Vilius Poderys2, and Ričardas Rotomskis2,3
1Institute of Chemical Physics, Vilnius University, Vilnius, Lithuania2Biomedical Physics Laboratory of National Cancer Institute, Vilnius, Lithuania3Biophotonics Group of Laser Research Centre, Vilnius university, Vilnius, Lithuania
alytis.gruodis@ff.vu.lt
In photodynamic therapy, 5,10,15,20-tetrakis(4-sulfonatophenyl) porphyrin (TPPS4) and5,10,15-tris(4-sulfonatophenyl)-20-phenylporphyrin (TPPS3) are well-known as nonlinearoptic materials and photosensitizers. Optical absorption in the phototherapeutic windowis sensitive due to various pH and pKa values of the surrounding in aqua media, whereTPPS protonation and TPPS self-aggregations processes take place. Intermolecular inter-actions between SO3– group and protonated central core lead formation of a simple dimer.Following interactions (dimer + monomer etc.) form J-aggregates (trimers, quarters, etc).Quantum chemical simulation of the TPPS structure have been provided using Gaussian16 package. For simulation purposes, different TPPS monomers, dimers, trimers and sex-tamers were constructed using different protonation level related to the surrounding mediapH: a) core and tails unprotonated (pH=7), b) core protonated, tails unprotonated (pH=4),c) core and tails protonated (pH=–1). Optimization of the ground electronic state has beenprovided using semiempirical CAM-B3LYP method and 6-31G(d) basis set consisting ofpolarization function (d). Electronic excitations were calculated using semiempirical TDmethod for singlets only. Environmental effects were included using PCM (water) routinefor structure simulations as well as for excitations. Successful result of ground state energyoptimization procedure allows us concluding that after protonation of the molecular core,molecular conformation (in the core pentaring area) changes from planar to the non-planarorientation (long pentaring axis from 0 deg to 25 deg). Phenyl ring orientation is chaotic,as located in the interval (40, 60) deg without strongly defined direction. Aggregates ofcore-to-tail type (dimers, trimers etc) could be formed using two TPPS monomers (coreprotonated, tails unprotonated) due to electrostatic interactions. Simulation of electronicexcitations allows concluding excitation localization area. For transitions (population ofexcited “spectroscopic” state) corresponding to the well-known Soret band and Q-band,localization area is limited by three monomer unit in the sextamer aggregate.
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thomas.renger@jku.at
Certain cyanobacteria adopt to far-red light by incorporating a few chlorophyll f (Chl f )pigments in their photosystems. It has been controversially discussed in the literature,whether there is a Chl f in the reaction center (RC) of photosystem I (PSI). Although froma functional point of view, a low-energy Chl in the RC would be beneficial, earlier cryo-EMstudies did not find any evidence for a Chl f in the RC. I will present such evidence fromcalculations of optical difference spectra (light-minus-dark) and note that the Rutherfordgroup (Imperial College London, UK) has found independent evidence from cryo-EM, usingan improved analysis.In the second part of my talk I want to discuss primary electron transfer in open and closedphotosystem II reaction centers. From QM/MM calculations on the Pheo-D1/Chl-D1 dimerand a subsequent diabatization, charge transfer, local excited states and their couplingsare obtained.These quantities are used to predict time constants for primary electron transfer, whichare in good qualitative agreement with values predicted earlier based on time-resolvedfluorescence data and structure-based energy transfer calculations.
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Intrinsic Conformational Plasticity Fine-Tunes Light Harvesting in Diatoms

Theofani-Iosifina Sousani1, Boutheina Zender1, Sayan Maity2, Ulrich Kleinekathöfer2,
and Vangelis Daskalakis1
1Department of Chemical Engineering, University of Patras, Patras 265 04, Greece2School of Science, Constructor University, 28759 Bremen, Germany
vdaskalakis@upatras.gr
Diatoms, photosynthetic eukaryotic phytoplankton, contribute a substantial portion (~25%)of global oxygen production. Their light-harvesting complexes (LHCs) exhibit diverse forms –from monomers to oligomers – yet the functional basis for this diversity is not clear. In thisstudy, we explore the configurational landscape of LHCs from Phaeodactylum tricornu-
tum and Chaetoceros gracilis using microsecond-scale all-atom molecular dynamics andMarkov state modeling. Our analysis reveals distinct conformations that correspond to allexperimentally resolved structures to date. By combining these structural ensembles withmachine learning predictions, we show that conformational switching fine-tunes pigment–pigment exciton couplings, thereby modulating transitions between light-harvesting andphotoprotective states via scaffold contraction and expansion – an intrinsic property thatmay be engineered. Overall, our findings support the idea that conformational differences inresolved LHCs across diatom species reflect proteins captured in different light acclimationstates, advancing our understanding of photosynthetic regulation.This project has received funding from the European Union’s Horizon Europe Research andInnovation Program under the Marie Skłodowska-Curie grant agreement No 101119442.
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Impact of the Protein Environment on the Excited States of the Pigments in
Photosynthetic Complexes

Gabrielė Rankelytė1, Jevgenij Chmeliov1,2, Andrius Gelzinis1,2, and Leonas Valkunas1
1Department of Molecular Compound Physics, Centre for Physical Sciences andTechnology, Vilnius, Lithuania2Institute of Chemical Physics, Faculty of Physics, Vilnius University, Vilnius, Lithuania
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The most efficient organisms that carry out photosynthesis are higher plants. Photosystem I(PSI) is the most efficient light-to-energy conversion apparatus where almost all light,absorbed by the light harvesting antenna LHCI, is converted to chemical energy. In plants,light harvesting antenna of PSI is composed of four species of LHCI complexes. They allhave very similar structure; however, their spectral properties are different. The excitationdynamics in LHCI are highly affected by the charge-transfer (CT) states that occur betweenthe pigments. Known charge-transfer sites in LHCI do not completely explain the spectralproperties of this antenna suggesting the presence of more CT states. The energy of thesestates is affected by the surrounding environment (pigments and protein). In our work, weinvestigated the LHCI of PSI complex structure, available at Protein Data Bank (PDBID: 5L8R). Properties of the excited states of the pigments were calculated using “VUHPC” Saulėtekis supercomputer. Charge-density coupling method was used to evaluateexcited state energy shifts, caused by the electrostatic environment. The results of theCDC method were compared to the results of QC calculations performed directly in thefield of electrostatic charges. Our findings demonstrate the sensitivity of pigment excitedstate properties to changes in the surrounding environmental geometry (charge placement)and protein protonation pattern.
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Recent developments in highly nonlinear transient absorption and two-dimensional elec-tronic spectroscopy have brought renewed interest in multi-exciton dynamics and inter-action [1]. Utilizing phase or intensity modulation or interferometric scanning, spectra ofincreasingly nonlinear order in interaction with light can be acquired simultaneously. Theperturbative description is thus not merely a theoretical approach but a feature of theexperiment, systematically probing increasingly higher number of excited particles.Several points have been discussed in the recent literature, such as the 5th-order transientdynamics directly reflecting the exciton–exciton annihilation (EEA) [2], the EEA beingcoherently modified in H/J aggregates [3], or multi-excitonic states exhibiting quantumentanglement beyond simple change of basis [4]. Furthermore, EEA is often used as aprobe of long-range exciton diffusive transport [2], described by bulk excitation densityand with assumptions regarding exciton interaction [5].Combining fifth-order nonlinear response theory with open-quantum system dynamics,we investigate these points, and the manifestation of such effects in highly nonlineartransient absorption. We focus on the influence of the aggregate geometry and the resultingelectronic transition coupling on the bi-exciton state structure, transport dynamics andinteraction. We find that spectrally-resolved highly-nonlinear transient absorption probesup to three-exciton states, is sensitive to the multi-exciton state structure, and reflectsthe interplay of exciton transport and EEA. The trends in the calculated transient spectraare directly compared to those observed in experimental data on molecular aggregates ofvarying geometry and disorder.
[1] Malý et al., Nature 616, 280 (2023), Luettig et al., J. Phys. Chem. Lett. 14, 7556 (2023).[2] Zhang et al., J. Chem. Phys. 162, 164201 (2025), Shi et al., PNAS 122, e2413850122 (2025).[3] Tempelaar et al., J. Phys. Chem. Lett. 8, 6113 (2017), Huang et al., Nature Chem. 15, 1118(2023).[4] Mukamel, J. Chem. Phys. 132, 241105 (2010).[5] Gharbi et al., Nanoscale 16, 11550 (2024).
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Recently, our group has developed an extension to the technique of fluorescence lifetimeimaging microscopy (FLIM) by introducing a broadband interferometric two-pulse exci-tation [1]. This allows for a spatially resolved measurement of the sample by correlatingthe excitation spectrum with the emission lifetime using an approach well known fromFourier transform spectroscopy. Thus, the experimental technique of interferometric excita-tion fluorescence lifetime imaging microscopy (ixFLIM) was created. Due to the possibilityof correlating the excitation spectrum with the fluorescence lifetime, ixFLIM can enjoythe advantages of being able to monitor the formation of complexes or energy transfermechanisms within a complex, for example.Now, we have developed a new variant of fluorescence pump-probe (F-PP) spectroscopythat incorporates the advanced imaging offered by the ixFLIM technique, which we havecalled fluorescence-detected transient absorption microscopy (FluoTRAM). This was achie-ved with the addition of a wavelength-tuneable pump beam, using an optical parametricoscillator (OPO), to the ixFLIM setup. This presentation will thus discuss the main fea-tures and design of this new experimental setup, including the ixFLIM foundation. Twoproof-of-concept measurements will also be presented, the first being a mixture of twofluorescent dyes in aqueous solution, cresyl violet and oxonol VI. This dye mixture makesfor a good test for the experiment. Firstly, as the two dyes have very similar absorption andemission wavelengths within the visible range of light, but have two significantly differentemission lifetimes, the ixFLIM part of the setup can distinguish them individually withinthe sample. The F-PP can then produce the pump-probe signals from each individual dye,so the ultrafast dynamics (such as ultrafast Stokes shifts, for example) can be determinedwhere the photon counting method from the ixFLIM could not. The second proof-of-conceptmeasurement presented will be the imaging of ultrafast excitation dynamics within a sin-gle chloroplast in a spinach leaf. This further explores the potential offered by the spatialresolution offered by the FluoTRAM instrument, as the xyz positioning of the imaging isoffered by the microscopy along with the fluorescence lifetimes and transient excitationspectra. Finally, a brief discussion of potential applications of this setup will be offered.
[1] P. Malý et al., Nat. Commun. 15, 8019 (2024).
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It is widely accepted that hydrogen bonding and conformational transitions in molecularcompounds can be efficiently investigated by means of infrared spectroscopy. Such stud-ies relay on unique spectral signatures of vibrational spectra of different conformers ormolecular complexes. Unfortunately, the spectral differences in many cases are difficult toobserve due to overlapping of the vibrational spectral bands. Low temperature matrix iso-lation spectroscopic technique in many cases allows to suppress such overlapping. Someresults of studies of conformational dynamics and self-association of mono-carboxylic acidsby means of low temperature matrix isolation FTIR spectroscopy will be presented.
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Photosystem II (PSII) light-harvesting complexes (LHCs) are able to collect sunlight andtransfer energy to reaction centers with high efficiency through excitation energy trans-fer (EET). While the photophysics of isolated LHCs has been extensively investigated,their behavior in native assemblies remains poorly understood [1–4]. Recent ultrafast spec-troscopy of the M-CP2 subdomain of PSII—comprising LHCII, CP29, and CP24—revealedits EET dynamics, but there is disagreement on how the assembly affects EET comparedto isolated complexes [5,6]. These discrepancies highlight the challenge of disentanglingoverlapping EET processes experimentally.We employ a multiscale computational approach combining molecular dynamics simula-tions with quantum mechanics/polarizable molecular mechanics (QM/MMPol) calculationsto capture M-CP2’s conformational ensemble in membrane [7–9]. To efficiently calculateexcitonic parameters for this 67-chlorophyll system, we utilize machine learning modelstrained on QM/MMPol data, generating thousands of Frenkel exciton Hamiltonians thataccurately capture environmental effects [10,11]. Following validation against absorptionspectra, we simulate EET dynamics using Redfield–Förster theory [12,13].By comparing the full M-CP2 assembly with its isolated components, we reveal howsupra-molecular organization modulates energy transfer pathways and efficiency, providingmechanistic insights into this key PSII antenna subdomain involved in photoprotection.
[1] R. Croce, H. Van Amerongen, Nat. Chem. Biol., 10, 492–501 (2014).[2] L. Cupellini, M. Bondanza, M. Nottoli, B. Mennucci, Biochim. Biophys. Acta, Bioenerg., 1861(2020).[3] T. Kondo, Y. Shibata, Biophys. Physicobiol., 19 (2022).[4] R. Berera, R. van Grondelle, J. T. M. Kennis, Photosynth. Res., 101, 105–118 (2009).[5] T. N. Do, H. L. Nguyen, P. Akhtar, K. Zhong, T. L. C. Jansen, J. Knoester, S. Caffarri, P. H.Lambrev, H. S. Tan, J. Phys. Chem. Lett., 13, 4263–4271 (2022).[6] E. Elias, C. Hu, R. Croce, Cell Rep. Phys. Sci., 102198 (2024).[7] E. Cignoni, V. Slama, L. Cupellini, B. Mennucci, Journal of Chemical Physics, 156 (2022).[8] D. Loco, E. Polack, S. Caprasecca, L. Lagardère, F. Lipparini, J.-P. Piquemal, B. Mennucci,Electronic Excitations. J. Chem. Theory Comput., 12, 3654–3661 (2016).[9] M. Bondanza, M. Nottoli, L. Cupellini, F. Lipparini, B. Mennucci, Phys. Chem. Chem. Phys., 22,14433–14448 (2020).[10] E. Cignoni, L. Cupellini, B. Mennucci, J. Phys. Cond. Matt., 34 (2022).[11] E. Cignoni, L. Cupellini, B. Mennucci, J. Chem. Theory Comput., 19, 965–977 (2023).[12] P. Saraceno, V. Sláma, L. Cupellini, J. Chem. Phys. 2023, 159.[13] A. Harriman, Phys. Chem. Chem. Phys., 12, 7317–7318 (2010).
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Accurately modeling the coupled electronic and vibrational dynamics in molecular ag-gregates is crucial for understanding energy transfer and nonlinear optical phenomena.We present a theoretical framework based on the Nonlinear Exciton Equations (NEE),derived non-perturbatively from the Heisenberg equation of motion for a Frenkel excitonHamiltonian. A central feature of our model is the introduction of generalized commu-tation relations for excitonic operators, allowing for a continuous interpolation betweenpure Bosonic and Paulionic statistics via a single parameter, η. This provides a flexibledescription of molecular excitations that do not strictly conform to either limit.The framework is extended to include a harmonic vibrational bath linearly coupled tothe electronic system. We systematically derive the hierarchy of equations governing thetime evolution of not only the pure excitonic variables (populations and coherences) butalso the mixed exciton-phonon correlation functions. A key analysis explores the physicalmeaning of common approximations. We demonstrate that a full factorization of the exciton-phonon expectation values is equivalent to a mean field model, where quantum excitonsinteract with a classically treated vibrational bath. This work establishes a rigorous andflexible foundation for simulating complex, non-perturbative vibronic dynamics in molec-ular systems, providing a pathway to explore phenomena beyond the semiclassical limit.The method is particularly well suited for modeling ultrafast spectroscopy in molecularaggregates, photosynthetic complexes, and other multi-chromophore systems.
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Diatoms via Computational Approaches
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Diatoms are unicellular photosynthetic eukaryotic algae that play a fundamental role inmarine ecosystems, contributing significantly to global oxygen production and forming thefoundation of aquatic food chains. Their ability to survive under diverse and challengingenvironments, characterized by fluctuating light conditions, depends on a highly adaptablephotosynthetic machinery capable of switching between efficient light harvesting (LH) andphotoprotective (PP) mechanism. This regulation is primary mediated by fucoxanthin andchlorophyll-a/c binding proteins (FCPs), the main light-harvesting complexes in diatoms.However, the molecular mechanism that enables these complexes to switch between cap-turing light energy and dissipating excess energy as heat remains unclear. In this study,we investigate the fundamental structure-function correlation in diatom FCPs, particularlyhow this relationship enables an intrinsic transition between LH and PP modes. By em-ploying a computational framework that integrates molecular dynamic simulations withMachine learning algorithms, we identified distinct interconverting structural states thatare linked to intrinsic transition between light harvesting and photoprotection. Further-more, we explore the synergistic contribution of the photoprotective protein LHCX1, to-gether with xanthophyll cycle pigments diadinoxanthin (Ddx) and diatoxanthin (Dtx) whichare key modulators of these acclimation sates. Our finding provides novel atomic-level in-sights into the dynamic regulation of photosynthesis in diatoms and lay the foundationfor potential bioengineering strategies to enhance light utilization efficiency and stressresilience in these ecological and biotechnologically organisms.
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Multiscale Simulation of the Fucoxanthin Chlorophyll a/c Protein Complex
from the Diatom C. Gracilis

David Varas Rubio1, Sayan Maity1, Boutheina Zender2, Vangelis Daskalakis2, and
Ulrich Kleinekathöfer1
1School of Science, Constructor University, Bremen, Germany2Department of Environmental Science and Technology, Cyprus University of Technology,Limassol, Cyprus
dvarasrubi@constructor.university
Diatoms are a diverse group of algae with an important biological role, producing at least20% of the oxygen in our atmosphere through photosynthesis. Recently, the crystal struc-ture of Chaetoceros gracilis was resolved, making it a valuable model system to investigatelight harvesting and energy transfer processes. Particular attention has been given to thefucoxanthin chlorophyll protein (FCP) antenna complexes, which contain pigments suchas chlorophyll a (Chl a) and chlorophyll c (Chl c). Building on previous studies [1], amulti-scale computational approach has been employed to bridge the classical and quan-tum perspectives by combining molecular mechanics (MM) simulations with hybrid quan-tum/molecular mechanics (QM/MM) methods using the computationally efficient DensityFunctional Tight Binding (DFTB) approach for the ground state dynamics and excitedstate energy calculations. This framework enables the exploration of the conformationaldynamics of the system and the molecular interactions involved in photosynthesis, whilealso assessing the influence of environmental and structural changes. Furthermore, theeffect of pH variation is being investigated, as earlier research [2] has shown that a de-creased pH value can significantly impact the role of Chl c, resulting in shifts in the energylevel landscape within the complex.Based on these simulations, excited state properties have been analyzed using multi-scalecomputational methods to predict the excitation energies, excitonic couplings, and spec-troscopic features such as spectral densities and absorption spectra, which are comparedto experimental results for validation. Additionally, the electric field effect induced on theChl c pigments by the protein environment is being investigated, following previous work[2] that emphasizes its importance in the energy transfer process.In conclusion, this work aims at deepening our understanding of the quantum mechanicalprinciples that govern photosynthesis and the light harvesting process.
[1] S. Maity, V. Daskalakis, T. L. C. Jansen, and U. Kleinekathöfer: Electric field susceptibility ofchlorophyll c leads to unexpected excitation dynamics in the major light-harvesting complex ofdiatoms, J. Phys. Chem. Lett.,15, 2499 (2024).[2] V. Daskalakis, S. Maity, and U. Kleinekathöfer: An unexpected water channel in the light-harvesting complex of a diatom: Implications for the switch between light harvesting and photopro-tection, ACS Phys. Chem. Au, 5, 47 (2025).
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Understanding excitation energy transfer (EET) mechanism in light-harvesting complexes(LHCs), particularly in light-harvesting complex II (LHC II), is fundamental to explain howphotosynthetic systems capture and direct light energy with high efficiency. EET dynamicsare determined by site energies, excitonic couplings, and structural rearrangements, all ofwhich require accurate modeling. To describe the coupled electronic and nuclear motionsinvolved in these processes, we use non-adiabatic molecular dynamics (NAMD) combinedwith the long-range corrected time-dependent density functional tight binding (TD-LC-DFTB) method, within a quantum mechanical/molecular mechanical (QM/MM) framework.However, the computational cost of such simulations is significant, particularly for largesystems. To overcome this limitation, we utilize neural network (NN) models trained on TD-LC-DFTB data, allowing for rapid and reliable predictions of site energies, couplings, andforces. By integrating NNs, we aim to accelerate the investigation of EET processes anddeepen our understanding of the structural and functional interactions that drive energytransfer in light-harvesting complexes.
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Photosynthetic reaction centers (RCs) are pigment–protein complexes responsible for con-verting excitation energy from sunlight into chemical potential through ultrafast chargeseparation and electron transfer. RCs contain centrally positioned tightly coupled pigmentdimers known as special pairs (SPs), consisting of two stacked chlorophylls or bacte-riochlorophylls. Their coupling enables their unique function in charge separation anddetermines their optical and redox properties. There is a variety of RCs and SPs in photo-synthetic organisms. For example, in oxygenic photosynthesis two photosystems (II and I)operate in series to drive the linear electron flow that powers water oxidation and NADP+reduction. Each has its own chlorophyll-based SP, known as “P680” and “P700” (thenumbers denote absorption maxima), with limited variants of the latter. Anoxygenic photo-synthetic bacteria have bacteriochlorophyll-based SPs that include P800 (heliobacteria),P840 (green sulfur bacteria), P870 (green/purple non-sulfur bacteria) and P890 (purplesulfur bacteria), and P960 (Blastochloris viridis). What differentiates photosynthetic SPsis the chemical nature of the two pigments and the precise way they interact, which isprimarily affected by their stacking (distance, orientation, and overlap of the macrocycles).Our goal is to provide a detailed quantum chemical comparison of all different photosyn-thetic special pairs, with particular emphasis on structural, electronic, spectral, and redoxproperties. To this end, we utilize high-resolution structures to create accurate models foreach SP, and probe their ground-state and excited-state electronic structures with quantumchemical methods in order to correlate specific structural parameters with spectroscopicand redox properties. Among others, we explore the applicability of the local energy de-composition (LED) scheme that utilizes domain-based local pair natural orbital coupledcluster calculations, DLPNO-CCSD(T), as a way of obtaining new insight into the natureof the interactions that stabilize the SPs and differentiate their properties.
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Plants require sunlight to survive. However, upon a sudden increase of light intensity, anexcess of photoexcitations in the photosynthetic membrane (thylakoid) may cause damagevia photooxidation. To avoid this, photosynthetic organisms activate a mechanism calledenergy dependent quenching (qE) to protect themselves [1].The sites of this activation are Light Harvesting Complexes (LHCs), membrane protein com-plexes that bind chlorophylls and carotenoids and are located in the thylakoid membrane[2]. The activation of qE in the LHCs is triggered by the acidification of the thylakoid lu-men. As the LHCs are not able to sense the acidification, they require external triggers [3].In plants the trigger is the pigment-less protein PsbS [4] which is able to sense and re-spond to changes of pH via conformational changes [6]. However, what is the mechanismof interaction of PsbS with the LHCs? How does PsbS-LHCs interaction activate qE?We here used a combination of state-of-the-art molecular dynamics methods to study themechanism of action of PsbS on the LHCs across different levels of resolution. We findthat instead of a simple binary switch, PsbS acts with a more nuanced mechanism to finetune its effects on the membrane and the LHCs.
[1] Müller, P.; Li, X.-P.; Niyogi, K. K. Non-Photochemical Quenching. A Response to Excess LightEnergy. Plant Physiol. 2001, 125 (4), 1558–1566.[2] Ruban, A. V; Johnson, M. P.; Duffy, C. D. P. The Photoprotective Molecular Switch in thePhotosystem II Antenna. Biochim. Biophys. Acta 2012, 1817 (1), 167–181.[3] Liguori, N.; Roy, L. M.; Opacic, M.; Durand, G.; Croce, R. Regulation of Light Harvesting inthe Green Alga Chlamydomonas Reinhardtii: The C-Terminus of LHCSR Is the Knob of a DimmerSwitch. J. Am. Chem. Soc. 2013, 135 (49), 18339–18342.[4] Li, X. P.; Björkman, O.; Shih, C.; Grossman, a R.; Rosenquist, M.; Jansson, S.; Niyogi, K. K.A Pigment-Binding Protein Essential for Regulation of Photosynthetic Light Harvesting. Nature2000, 403 (6768), 391–395.[5] Liguori, N; Campos, S. R. R; Baptista, A. M; Croce, R. Molecular Anatomy of Plant Photopro-tective Switches: The Sensitivity of PsbS to the Environment, Residue by Residue. J. Phys. Chem.Lett. 2019 10 (8), 1737-1742.
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Photosystem II (PSII) is the sole biological system known to date that can oxidize water tomolecular oxygen via a series of electron transfer (ET) steps. Building on earlier research,the aim of the present work is to gain insight into mechanistic details of primary electrontransfer in open and closed PSII reaction centers (RC). It is predicted [1] that the rate ofprimary electron transfer will be in the range of 1/18 ps for the closed reaction centerand 1/300 fs for the open reaction center. The slower transfer rate of the closed reactioncenter is suggested to lead to the protection of reaction center pigments by allowing theexcitation energy to escape into the antenna, thus preventing the formation of harmfultriplet states.Molecular dynamics (MD) simulations of the PSII monomer (PDB ID: 3WU2) were conduc-ted for 150 ns. The snapshots obtained from the MD simulations are employed in the calcu-lation of vertical excitation energies of the ChlD1-PheoD1 dimer via time-dependent den-sity functional theory (TD-DFT) with quantum mechanics/molecular mechanics (QM/MM).A subsequent Multi-FED-FCD diabatization [2] is used to assess the energies of chargetransfer (CT) states, local excited (LE) states, and the coupling between them. Marcus’theory is applied to calculate the rate constant for primary electron transfer between theexcited ChlD1 and PheoD1.The results thus far show that the electronic coupling between the LE state and the CTstate is essentially constant for all conformers. Furthermore, the CT state energy is stronglydependent on conformations, showing an increase of circa. 4000 cm−1 for closed RC whichleads to a strong suppression of primary electron transfer. Sub 100 fs time constants areobtained for the primary ET of open reaction centers.
[1] Raszewski, G. and Renger, T., 2008. Light harvesting in photosystem II core complexes is limitedby the transfer to the trap: can the core complex turn into a photoprotective mode? J. Am. Chem.Soc. 130, 4431-4446.[2] Nottoli, M., Jurinovich, S., Cupellini, L., Gardiner, A.T., Cogdell, R. and Mennucci, B., 2018.The role of charge-transfer states in the spectral tuning of antenna complexes of purple bacteria.Photosynt. Res.137, 215-226.
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Accurate prediction of pKa in Light-Harvesting Complexes (LHCs) is essential for eluci-dating their functions in photosynthesis or photoprotection. However, important pKa shiftsoccur due to the presence of nearby molecules (residues, lipids, pigments or water) andenvironmental factors (ionic strength) which difficults the quantitative determination ofpKa.From a structural point of view, pKa is the pH at which a titratable residue is observed in a1:1 ratio between its deprotonated and protonated states. As such, pKa can only be consid-ered as an ensemble average property. Nevertheless, pKa is generally determined withoutconsidering the conformational flexibility associated to the switch in the protonation state.To overcome this challenge, we employ constant-pH Molecular Dynamics (CpHMD) sim-ulations, which make use of λ-dynamics performed in a grand canonical ensemble for thetitratable protons. With this approach, we explore the conformational landscape at severalpH conditions, producing titration curves from which pKa can be extracted.For this poster presentation, we present our ongoing work toward developing a robust,data-driven model that connects experimental data with structural information derivedfrom CpHMD simulations. In particular, we focus on determining the effect that the localenvironment has on the pKa shifts of titratable residues. We show how to gain insight byclustering CpHMD trajectories based on interaction types, as given by PDBe-arpeggio.This characterization is versatile, which makes it valuable to future implement in thedescription of de-novo LHCs protein structures.
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A fluorescence-detection approach to two-dimensional electronic spectroscopy (2DES) of-fers higher sensitivity when compared to traditional techniques. Despite its advantagessuch as background-free signal, compatibility with microscopy, and single-molecule ap-plications, theoretical modelling is still required to interpret the spectra and draw solidconclusions from Fluorescence-detected two-dimensional spectroscopy (F-2DES) exper-iments [1]. Widely sought for its ability to study excitation energy transfer in complexmolecular assemblies, even the traditional 2DES technique remains computationally chal-lenging for large systems. Recently, a coarse-grained approach to model 2DES [2] wasdeveloped aiming to overcome such computational difficulties.Here, we extend this coarse-grained method, enabling us to investigate the spectroscopicsignatures of exciton annihilation events. We performed coarse grained simulations ofthe F-2DES for the light-harvesting II (LH2) complex of purple bacteria as a broadlytested system. In contrast to coarse-grained simulations of the 2DES for LH2, this newfluorescence-detected simulation technique reveals cross peaks at zero and early waitingtimes, in accordance with experiments [1].Parameters like the fluorescence and radiative lifetimes as well as exciton-exciton an-nihilation (EEA) time can be given as input as taken from literature or used as modelparameters. We observe that when setting the EEA rate as zero, we recover the resultsfrom regular coarse grained simulation of the 2DES. This indicates that the cross-peaksobserved in F-2DES correspond to EEA events, confirming the interpretation put forwardpreviously [3]. New waiting time dynamics studies and application of this F-2DES methodto other photosynthetic systems are underway.
[1] Nat. Commun. 9, 4219 (2018).[2] J. Chem. Theory Comput. 20, 6111–6124 (2024).[3] J. Phys. Chem. B 123, 394-406 (2019).
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The excited state energy transfer (EET) is an essential process in photosynthetic systems,optoelectronic devises and many systems investigated with (optical) spectroscopy. De-scribing the EET in complex open quantum systems is difficult, especially in intermediateparameter regimes. In the limit where the population transfer between molecular aggre-gates is incoherent, one can make use of the recently implemented Time Domain FörsterResonant Energy Transfer [1,2] (TD-MCFRET) method to determine the population trans-fer rates between the aggregates. In this work we present a fourth order perturbationtheory that extends the TD-MCFRET method and allows for the more precise calcula-tion of population transfer rates between molecular aggregates in intermediate regimesof coupling and system memory. The fourth order correction can also be used to improvethe accuracy of FRET models. We present a computationally tractable way of determiningthese higher order corrections and demonstrate their relevance and validity for a set ofrealistic systems. This new theoretical refinement may improve the interpretation of variousexperimental techniques such as absorption, fluorescence and 2DES spectroscopies andwill deepen our understanding of EET in photosynthetic systems, synthetic devises andbeyond.
[1] Zhong, K., Nguyen, H. L., Do, T. N., Tan, H. S., Knoester, J., Jansen, T. L. C. (2023). An efficienttime-domain implementation of the multichromophoric Förster resonant energy transfer method. J.Chem. Phys., 158(6), 1710–1722. https://doi.org/10.1063/5.0136652.[2] Zhong, K., Erić, V., Nguyen, H. L., van Adrichem, K. E., ten Hoven, G. A. H., Manrho, M., Knoester,J., Jansen, T. L. C. (2025). Application of the Time-Domain Multichromophoric Fluorescence Reso-nant Energy Transfer Method in the NISE Programme. J. Chem. Theory Comput., 21(1), 254-266.https://doi.org/10.1021/acs.jctc.4c01135.[3] G.A.H. ten Hoven, T.L.C. Jansen, J. Knoester. In preparation.

43



29 Sep–3 Oct, 2025, Vilnius, Lithuania EEDS 2025
Protonation State and Structural Control of Exciton Transfer in Cryptophytes

Dongyu Lyu, Sayan Maity, and Ulrich Kleinekathöfer

Constructor University
dlyu@constructor.university
Cryptophytes are unicellular algae found in diverse aquatic environments, capable of cap-turing sunlight underwater and transferring energy via tunable straight-chain tetrapyrrolechromophores known as bilins. Their unique phycobiliproteins exhibit strong photosyn-thetic activity under low-light conditions, which has attracted significant interest in re-vealing their electronic energy transfer mechanisms. In this study, we employed multiscalesimulations using a computationally efficient density functional tight-binding frameworkto investigate the energy transfer processes in the PC645 and PC612 complexes, whichcorrespond to the so-called closed and open forms, respectively. The insertion of a sin-gle aspartic acid residue in the protein induces an approximately 73-degree rotation ofthe monomer, creating a cavity at the center of the complex. This conformational differ-ence significantly influences the electronic interactions between the central pigments andthe spectral properties of the system. More interestingly, the protonation states of cer-tain bilins in the closed form complex remain uncertain, and our results demonstrate amechanism to modulate the excitation energies, excitonic couplings, and intra-molecularvibrational modes with different protonation states. As a result, the exciton transfer rateschange, leading to different energy transfer pathways within the complex.

44



29 Sep–3 Oct, 2025, Vilnius, Lithuania EEDS 2025
Shedding Light on the Excited State Dynamics of DNA-Templated Silver
Nanoclusters

Maurice Schenker1, Junsheng Chen2, Ajeet Kumar1, Julian Lüttig3, Cecilia Cerretani2,
Tom Vosch2, and Donatas Zigmantas1
1Division of Chemical Physics and NanoLund, Lund University, Sweden2Nano-Science Center & Department of Chemistry, University of Copenhagen, Denmark3Department of Physics, University of Michigan, Ann Arbor, United States
maurice.schenker@chemphys.lu.se
DNA-templated silver nanoclusters (DNA-AgNCs) are fluorescent nanomaterials of smallsilver clusters (8–30 atoms) stabilized and templated by short DNA strands. DNA-AgNCsexhibit unique optical properties, including strong absorption, efficient emission with broadspectral bands (even in the near-IR), and large Stokes shifts [1,2]. These features arebroadly tunable by the change in DNA sequence, making them promising for diversebiosensing applications. However, the exact role of DNA in influencing the excited-stateenergy landscape and its site-selective binding to metal clusters, which leads to ultra-fast relaxation processes and a very high fluorescence quantum yield, remains largelyunexplored.In this study, we investigate a DNA-AgNC composed of three single-stranded DNA se-quences and 21 silver atoms with a total charge of +15 (DNA3-Ag21NC) [3], using two-dimensional electronic spectroscopy (2DES). At room temperature, the system exhibits anotably high fluorescence quantum yield of 73% with an emission maximum at 721 nm. Weobserve a continuous relaxation of the stimulated emission within <100 fs, spanning thecomplete Stokes shift and extending slightly beyond, followed by a slight blue shift overthe next ~300 fs. This unusual dynamic behavior raises questions about the involvement ofstructural changes and wave packet motion in the excited state. Additionally, coherent beatanalysis reveals multiple low-frequency vibrational modes around 100 cm−1, not reportedin previously measured DNA-AgNCs [4].
[1] Gonzàlez-Rosell, A.; Cerretani, C.; Mastracco, P.; Vosch, T.; Copp, S. M. Nanoscale Advances2021, 3 (5), 1230-1260.[2] Gonzàlez-Rosell, A.; Copp, S. M. Accounts of Chemical Research 2024, 57 (15), 2117-2129[3] Neacşu, V. A.; Cerretani, C.; Liisberg, M. B.; Swasey, S. M.; Gwinn, E. G.; Copp, S. M.; Vosch,T. Chemical Communications 2020, 56 (47), 6384-6387.[4] Thyrhaug, E.; Bogh, S. A.; Carro-Temboury, M. R.; Madsen, C. S.; Vosch, T.; Zigmantas, D.Nature Communications 2017, 8 (1), 15577.
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Theoretical spectroscopic models involving diabatic coupling between excited electronicstates have proven to be successful in describing the static and time-resolved opticalspectra of porphyrin molecule derivatives—notably of various chlorophylls which havea vital role in pigment–protein complexes of the majority of photosynthetic organisms.The current modeling approach is based on the addition of selected vibrational modesthat facilitate the diabatic coupling into the system Hamiltonian. However, this approachhas severe scaling limitations. The system Hamiltonian of a single molecule increasesexponentially in size with the number of vibrational modes added and linearly with thenumber of vibrational levels included, i.e. the extent of truncation. Propagating such a modelin time and optimizing its physical parameters to fit the experimental data is a challengingtask even in the case of a single molecule. Large molecular complexes composed of dozensof molecules become intractable.We propose a new approach to alleviate this limitation by returning the diabatically cou-pling modes to the thermodynamic bath and performing normal mode analysis on themintroducing new effective spectral densities. This procedure substantially reduces the sys-tem Hamiltonian size while preserving all non-adiabatic effects present in the originalmodel. Besides, it also lowers the overall coupling strength between the system and thebath rendering perturbative approaches—like the Redfield theory that operates in the limitof weak system-bath coupling—more appropriate.On a variety of physical systems, we compare the new approach with the one that explicitlyincludes vibrational modes in the system Hamiltonian. We investigate its validity in a broadrange of physical parameters such as diabatic coupling strength, number of vibrationalmodes, energy gap sizes, and system–bath interaction strengths. In the long run, the newmodel should enable us to study the dynamical properties of large molecular complexesin greater detail and shed light on the role of non-adiabatic effects in photosyntheticcomplexes as well as in other systems.
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Excitation Energy Transfer (EET) in photosynthetic complexes and organic solar cellsis typically rationalized within a single-exciton picture, in which energy is transferredbetween the lowest-excited states of individual chromophores. However, at high photonfluences, multiple excitons can be simultaneously generated, whose encounter may resultin the net loss of an exciton through a process known as Exciton–Exciton Annihilation(EEA).Multi-exciton EET and EEA processes are commonly described using phenomenologicalmodels which are limited by several underlying assumptions [1,2], e.g., normal exciton diffu-sion, uniform random distribution, and instantaneous EEA within the so-called annihilationradius. Instead, recent advances in ultrafast nonlinear optical spectroscopy have revealedthat exciton diffusion is anomalous rather than normal [3], annihilation can be suppressedby quantum interference [4], and excitons can meet several times before eventually annihi-lating [5]. Although some microscopic theories have been proposed [6-8], a comprehensiveunderstanding of multi-exciton EET and EEA processes is still lacking.To fill this gap, we developed a multi-exciton description of EET and EEA in molecularsystems by extending the Frenkel exciton model to explicitly include higher-excited statesof each chromophore. Focusing on molecular chains with a varying number of sites, weinvestigate how static disorder, many-body interactions, energy mismatch and excitoniccoupling act in shaping the energetic landscape of the manifold. Depending on the degreeof delocalization between two-exciton and higher-excited states, we employ three differentmicroscopic theories, i.e., Förster, Redfield, and combined Förster–Redfield theories, todetermine under which conditions EEA rates are enhanced or suppressed.Our findings will provide the foundation for interpreting spectral features observed inhigher-order optical responses and for establishing novel design principles for improvingphotovoltaic efficiency.
[1] Suna, A. Phys. Rev. B 1970, 1, 1716–1739.[2] Valkunas, L. et al. Biophys. J. 1995, 69, 1117–1129.[3] Malý, P. et al. Chem. Sci. 2020, 11, 456–466.[4] Kumar, S. et al. Nat. Chem. 2023, 15, 1118–1126.[5] Malý, P. et al. Nature 2023, 616, 280–287.[6] Ryzhov, I. V. et al. J. Chem. Phys. 2001, 114, 5322–5329.[7] Brüggemann, B.; May, V. J. Chem. Phys. 2002, 118, 746–759.[8] May, V. J. Chem. Phys. 2014, 140, 054103.
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X-ray diffraction (XRD) is a powerful analytical technique widely used in material scienceand crystallography to study the structural properties of crystalline materials [1]. Modelingof XRD spectra of materials, followed by comparison with experimental data, providesvaluable insights into their potential applications in advanced technologies and offers adeeper understanding of the arrangement within crystals. Molecular systems are oftenamorphous, and the molecular organization at finite temperature can be tackled by usingmolecular dynamics simulations. This study focuses on the development of a computationalalgorithm designed to calculate the XRD spectra of amorphous materials based on theatomic arrangement within their structures. For this objective, the research utilized theknowledge of numerical and analytical orientational averaging methods and used the VonLaue diffraction formalism to calculate the orientation-averaged intensity distribution ofthe diffracted radiation for the selected nanocrystals. Calculations of XRD from moleculardynamics simulations and direct comparison to XRD experiments allow direct inspectionof molecular organization within molecular systems.
[1] Jun Zhang, Haoke Zhang, Junkai Liu, Jacky Wing Yip Lam, and Ben Zhong Tang. Visualizingchanges of molecular conformation in solid-state by a common structural determination technique:single crystal x-ray diffraction. Electronic Supplementary Material (ESI) for Materials ChemistryFrontiers, 2020.
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One of the core processes of photosynthesis is the “collection of the light energy” throughexcitations of multi-pigment light-harvesting antenna complexes. A vast diversity of photo-synthetic pigments and light-harvesting complexes has evolved, what adapted the processto occur both in water and on land, and it can be found in many bacteria, algae, and plantspecies. In this work, we extend the standard exciton model typically used to calculate var-ious types of spectra of the light-harvesting complexes. The standard exciton theory usedfor describing the spectroscopy of molecular complexes usually assumes an infinite exci-ton lifetime, coming from complete isolation of Hamiltonian blocks describing a differentnumber of excitations. We focus on extending the model by including environment-inducednon-resonant couplings in the Hamiltonian, which couple different numbers of excitons.We analyze their impact on the absorption spectra of two small light-harvesting complexesfrom their crystallographic structure: Fenna–Matthews–Olson and fucoxanthin–chlorophyllprotein. Quantum mechanics calculations of the pigment properties, combined with electro-static description of the protein, allowed us to construct the full Hamiltonian and calculatethe exciton lifetimes and the absorption spectra using the secular Redfield theory. Theresults of the research indicated that off-resonant terms in the Hamiltonian are significantand should be included in the calculations of linear (or non-linear) spectra. Therefore, asthe results proved to be significant, the methodology of this model was advanced: molecu-lar dynamics simulations have been performed for the protein and its ligands to get closerto the real-life conditions than the single crystallographic structure. The molecular dy-namics simulations allowed us to obtain correlation functions and spectral densities ofthe Fenna–Matthews–Olson complex with the off-resonant terms and to focus on develop-ing the complex Redfield theory extension including the off-resonant terms for absorptioncalculations.
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Optimization at DFT Level
Rokas Garbacauskas and Stepas ToliautasVilnius Universityrokas.garbacauskas@ff.stud.vu.ltTransformer neural networks are a relatively recent innovation in machine learning [1],which have enabled the development of the now widely popular large language models(ChatGPT, LlaMA, etc.) and achieved excellent results in translation and image generationtasks. With certain modifications, this architecture has also proven highly effective in pre-dicting protein structures from amino acid sequences [2]. The main strength of transformerNNs lies in encoding data into descriptive numerical vectors and the attention mechanism,which allows the model to recognize even very subtle correlations within the data. Thistype of network is particularly well suited for modeling one-dimensional, i.e., sequential,systems. On the other hand, their effective application to data in higher-dimensional spacesremains an actively investigated question. Molecular structures are usually optimized inthree-dimensional space, thus applying this architecture efficiently to model molecularstructure is a non-trivial task. Various neural networks are already used in quantum chem-istry calculations and allow optimization of molecular structures, as well as calculationof forces and dipole moments, on personal hardware much faster than performing densityfunctional theory (DFT) calculations on supercomputer nodes [3, 4]. The main drawbacksof neural network–based methods compared to DFT are empirically derived energy val-ues not grounded in the variational principle, the "black-box" effect, and relatively poorgeneralization to molecular compounds not present in the training dataset.In this study, using the transformer neural network architecture, we aim to evaluate whetherit is possible to obtain DFT-accuracy molecular structures in the ground state, while re-quiring only a fraction of the usual computational resources for new structure calculations,by leveraging existing datasets of quantum mechanical calculation results. As a startingpoint, we selected an open-access dataset [4] containing about 3.9 million molecular struc-tures optimized using the B3LYP 6-31G(d) DFT method. From this dataset, we removedmonoatomic and non-interacting diatomic systems, generated SMILES and SELFIES de-scriptors of these molecules, and determined their point symmetry groups using the SOFI [5]algorithm with certain modifications. We also trained a transformer neural network on thesedata to predict molecular point symmetry groups and other geometric properties, such asplanarity and mirror symmetry.[1] Vaswani et al., Attention is All you Need, Advances in Neural Information Processing Systems(2017).[2] Jumper et al., Highly accurate protein structure prediction with AlphaFold, Nature (2021).[3] Unke et. al., PhysNet: A Neural Network for Predicting Energies, Forces, Dipole Moments, andPartial Charges, Journal of Chemical Physics and Computation (2019).[4] Xu et. al., Molecule3D: A Benchmark for Predicting 3D Geometries from Molecular Graphs,arXiv (2021).[5] Gunde et. al., SOFI: Finding point group symmetries in atomic clusters as finding the set ofdegenerate solutions in a shape-matching problem, The Journal of Chemical Physics (2024).
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