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Nanoparticles growth mechanisms, morphology
and electronic properties

Magali Benoit *T !

1 Surfaces, Interfaces et Nano-Objets — Centre d’élaboration de matériaux et d’études structurales —
France

The Surface, Interface and Nano-object (SINanO) group at CEMES (Toulouse) conducts a

multidisciplinary research (physics, chemistry, biology) devoted to the growth and the study of
the structural, physical and chemical properties of i) surfaces and interfaces, ii) nanoobjects and
iii) their interactions with atoms or molecules (adsorption, self-organization, ligand-driven growth
and functionalization). Our research is fundamental, but often addresses functional devices or
materials that aim to become functional, such as lasers, devices for spintronics or nanoparticles
for hyperthermia or antibiotic therapy, for example. An originality of the SINanO group is to
combine experimental and theoretical approaches on a large number of topics.
In this context, I will present examples of coupled experimental /theoretical studies carried out in
our group on the growth mechanisms of metallic nanoparticles, as well as on the relative stability
of their different morphologies and on the effect of the environment on their properties (1-5). I
will also discuss how machine learning approaches can be used in these investigations (6,7).

REFERENCES

(1) N. Tarrat and D. Loffreda, Environmental Science: Nano, 10, 1754 (2023)

(2) S. Combettes, et al., Nanoscale, 12 (35), 18079 (2020).

(3) A. Ponchetet al., Journal of Applied Physics 128 (5), 055307 (2020)
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(5) X. Fenouillet, M. Benoit, and N. Tarrat, Adsorption, 26 (4), 579-586 (2020).

(6) M. Benoit, et al., Mach. Learn. : Sci. Technol. 2, 025003 (2021).
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Mesoscopic simulations of coatings using the
electrophoretic process in aqueous suspensions

Mélina Noblesse * 12, Lisa Pin !, Eric Bouillon !, Sandrine Duluard 2,
Céline Merlet 2, Florence Ansart

! Safran Ceramics [Mérignac| — Safran Ceramics [Mérignac] — France
2 Centre interuniversitaire de recherche et d’ingénierie des matériaux — CNRS (UMR, 5085), Université
Toulouse 1T - Paul Sabatier, Institut National Polytechnique (Toulouse) — France

The carbon footprint caused by industrial processes, technological developments and pop-
ulation growth has only increased over the last decades. In the aeronautical sector, improving
the performance of turbomachines is a major challenge in the face of growing environmental
constraints, as this sector is known for its strong environmental impact linked to the emission of
greenhouse gases, including carbon dioxide (1). One of the solutions explored by engine manufac-
turers to improve the performance of turbomachines is the replacement of the primary material
by a ceramic matrix composite made of silicon carbide SiC/SiC. This solution would make it
possible to respond to various aspects identified by the sector: lightening of structures, improve-
ment of the primary cycle (in temperature and pressure) and increase in propulsive efficiency.
Despite the stabilization of thermomechanical performance compared to nickel-based superalloys,
silicon carbide presents an increased sensitivity to water vapor at high temperatures, raising the
necessity of protecting it for example through coatings.

Electrophoretic deposition (EPD) is a process that has been used for many years in the field
of wet deposition techniques, ensuring low temperature shaping, a deposit with controlled stoi-
chiometry, as well as the development ofeasier coatings on parts with complex geometry, which
is easier thancompared with dry processes. In Tthis process consists of two steps: the first is
thecharged particles migrationeof particles under the application of an electric field, and the
second is the coagulation and deposition on the chosen substrate. Electrophoretic deposition is
mainly used in the presence of organic solvents because of their wide electrochemical stability
window, the absence of electrochemical reactionand the absence of heating at the electrodes (3).
However, these solvents canoften present constraints related to their volatility and toxicology
which need to be controlled. Using water as a solvent would reduce, or even suppress, environ-
mental and toxicological constraints. HoweverNevertheless, two consequences are observed at
the electrodes due to the water electrolysis: a local variation of pH that which can destabilize
the suspension, and the formation of bubbles at the electrodes which can create porosity and
deteriorate the coating. In addition, only few studies exist on the understanding of relationships
between the process parameters, the structure and properties of the resulting coating.

This talk will detail the strategy we follow to simulate coatings using the electrophoretic pro-
cessdeposition of mullite particles in aqueous suspensions. This work is based on the work of
B.Gieraet al. (4) whichostudied coatings using EPD infocused on polystyrene in organic suspen-
sions. The method used to study this process is theWe use Brownian Mmolecular Ddynamics
simulations which allow us to vary (BMD). The material studied is mullite (reference material)
resulting from the first generation of Environmental Barrier Coatings (EBC) in suspension with

*Intervenant



water. Ttwo categories of parameters can be studied through these simulations. There are the:
i) suspension parameters such as particle size, mass fraction, density or zeta potential. Finally,
there are the and ii) process parameters such as the applied voltageelectric field. The character-
isticsWe then characterizeconcerning the mass fraction, the coating thickness with time, and the
particles packing compacity, the the porosity and the microstructure of the simulated deposits
coatings which will be compared to the experimentally obtained coatingal results.

References:

(1) CANDEL, S. et al. EPD Science. 2012. Chapitre 7.

(2) PRIOUX, M., Thése de I’Université de Toulouse. 26 novembre 2020.
(3) AMMAN, M. RSC Advances. 2012. 7633- 7646

(4) GIERA, B et al. Langmuir. 2017.33, 652-661.



Molecular simulations study of the adsorption
dynamics of ions on carbon electrodes

Nicolas Gaudy * ', Céline Merlet! !, Mathieu Salannet 2

! Centre interuniversitaire de recherche et d’ingénierie des matériaux — CNRS (UMR 5085), Université
Toulouse IIT - Paul Sabatier, Institut National Polytechnique (Toulouse) — France
2 PHENIX - Laboratoire de PHysico-chimie des Electrolytes et Nanosystémes InterfaciauX (PHENIX
UMR 7195, UPMC-CNRS), Université Pierre et Marie Curie, 4 place Jussieu, 75252 Paris — France

Molecular dynamics simulations are a method of choice to study, at microscopic scales, the
adsorption processes of ions from an electrolyte onto the electrodes of capacitive storage systems
such as supercapacitors. Here, we use all-atom molecular dynamics simulations to model a pure
ionic liquid electrolyte [EMIM]||TFSI| in contact with graphite electrodes. When applying a po-
tential difference between the two carbon electrodes, a migration of counter ions is observed,
ultimately leading to a compensation of the charges carried by the electrode atoms. The adsorp-
tion dynamics depend on several parameters (electrostatics interactions, coordination number,
viscosity of the electrolyte, size of the ions etc.) and influence the power of these capacitive
systems. In order to improve the performance of supercapacitors, it is then important to de-
scribe and understand the interfacial properties at a molecular scale. Here, thanks to molecular
simulations, we have access to the adsorption rate of ions, to their reorientation, to the variation
of charge of the electrode atoms during adsorption etc. This allows us to study in detail the
mechanisms governing the electrolyte-electrode interface during the charging of supercapacitors.
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Dynamics of hydrogen adsorption and
dissociation on nitrogen covered tungsten
surface

Norhan Omar * !, Oihana Galparsoro 2, Cédric Crespos !, Lionel
Truflandier !, Pascal Larregaray !

! Institut des Sciences Moléculaires — Université de Bordeaux (Bordeaux, France) — France
2 Donostia International Physics Center (Donostia, Espagne) — Espagne

The reactivity of surface processes is influenced by various parameters, notably the type of

the molecules interacting with it and its intrinsic characteristics. For instance, as tungsten is a
metallic surface, which makes it reactive to adsorbents, its reactivity varies considerably between
a clean tungsten surface and one covered with impurities, the type and quantity of which, have
substantial impact on the processes involved.
In a previous study conducted by our research team, theoretical analysis of the dynamics of the
hydrogen (Hz) dissociation on the clean tungsten surface W(110) and on an oxygen (O)-covered
surface was performed (1,2). The approach revealed a significant decrease in the adsorption
and dissociation of He molecules in the presence of oxygen on the surface compared to a clean
tungsten surface, resulting in a reduced sticking coefficient in agreement with experiment.

We here investigate the impact of nitrogen (N) covering the W(110) surface on the dynam-
ics of Hg dissociation. The Pfniir team experimentally examined the chemisorption of No on the
W (110) surface back in 1986, observing a surface reconstruction (3). Our goal is to investigate
more in the details the influence of the surface reconstruction on the Hs dissociation process. We
therefore examine Hs dissociation on two distinct tungsten surfaces, both coated with nitrogen.
The first surface involved nitrogen adsorption on the W(110) surface, while the second surface
involved nitrogen in-Plane tungsten, as experimentally observed by the Pfniir research group.
This reconstruction numerically led to a significant increase in Hg dissociation compared to other
W(110) surfaces covered either with oxygen or nitrogen adsorbed on the surface. Consequently,
the sticking coefficient of Hy is considerably increased, even at low collision energies as experi-
mentally (4) suggested in polycrystalline tungsten.

(1) Rodriguez-Fernandez, et al. Phys. Chem. Chem. Phys. 23.13 (2021): 7919-7925.
(2) Rodriguez-Fernandez, et al. J. Phys. Chem. Lett. 14.5 (2023): 1246-1252.

(3) Ptniir, et al. J. chem. Phys. 85.12 (1986): 7452-7466.

(4) Ghiorghiu, et al. Nucl. Fusion 61.12 (2021): 126067.
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Theory of Spin Crossover Molecules on Metal
Surfaces : the effect of Ligand doping

Rémi Pasquier * !

! Institut de Physique et Chimie des Matériaux de Strasbourg — université de Strasbourg, Centre
National de la Recherche Scientifique, Matériaux et Nanosciences Grand-Est, Réseau nanophotonique et
optique — France

We will present here several results of our study of the simulation of spin-crossover molecules
adsorbed on metallic surfaces. We will focus on our study of the effects of doping the Fe(phen)2(NCS),
molecule on the energetics of the spin-transition phenomenon. We show that the molecule un-
dergoes a switch from the original low spin state to the high spin state, caused by a significant
amount of electron redistribution in the molecule as we will demonstrate using several tools
such as Bader charge analysis. We also compute STM images and show that they allow one to
discriminate between the fluorinated and unfluorinated systems. This theoretical prediction is
awaiting future experimental confirmation.

*Intervenant
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A system-bath model to investigate the
interaction of a molecule with its environment

Loise Attal *T 1, Cyril Falvo 12, Florent Calvo 2, Pascal Parneix !

! Institut des Sciences Moléculaires d’Orsay — Université Paris-Saclay, Centre National de la Recherche
Scientifique — France
2 Laboratoire Interdisciplinaire de Physique [Saint Martin d’Heéres| — Centre National de la Recherche
Scientifique, Université Grenoble Alpes, Centre National de la Recherche Scientifique : UMR5588 —
France

Addressing the dynamics of molecular systems coupled to an environment is a challenging

task, especially when considering finite-size environments that can be affected by their inter-
actions with the smaller system. In such cases, the usual open quantum system methods and
approximations might fail as they assume that the environment (or "bath") is infinite, always at
thermodynamical equilibrium, and not perturbed by the system (1). In particular, they do not
take into account the fact that finite environments can be heated by the excitation of the system
and evolve out of equilibrium. For example, such situations may occur when studying molecules
in clusters or matrices (2), or when probing small molecules trapped in fullerenes (3).
In this context, we are developing a new theoretical model based on a system-bath approach
where we consider a one-dimensional system (e.g. one vibrational mode) interacting with a large
harmonic bath (_ 7100-1000 modes). The system and its coupling to individual bath modes
are treated as rigorously as possible but the bath part of the Hamiltonian is simplified with its
modes being replaced by a ladder of effective quantum energy states which describes the energy
stored in the bath. This model allows us to study the relaxation dynamics of the system at
finite temperature and to analyze the response of the bath to the system’s excitation. In this
contribution, we will present the first results obtained by using this method on a system taken
from (4), where an O-H stretching mode interacts with a "surface" modeled by a set of 40 to
600 harmonic oscillators.

References:

1) A. Riera-Campeny, A. Sanpera, and P. Strasberg, Phys. Rev. E 105, 2022

2) Z. Bacic, D. Benoit, M. Biczysko, J. Bowman, et al., Faraday Discussions 212, 2018

3) S. Iwamatsu, T. Uozaki, K. Kobayashi, S. Re, et al., J. Am. Chem. Soc. 126, 2004
)

(
(
(
(4) F. Bouakline, F. Liider, R. Martinazzo and P. Saalfrank, J. Phys. Chem. A 116, 2012
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Theories and simulations of ultrafast processes
in molecules

Federica Agostini *T !

I Université Paris-Saclay, CNRS, Institut de Chimie Physique UMRS000, 91405 Orsay, France — CNRS
: UMRS000 — France

In this talk I will present various methodologies to simulate the excited-state dynamics in
molecules, underlying ultrafast processes typically encountered in photochemistry. I will focus in
particular on trajectory-based techniques, comparing those derived from the exact factorization
(1), and thus based on coupled trajectories (2, 3), with those based on independent trajectories,
as the well known Ehrenfest method and surface hopping.

After presenting the theory, I will give an overview on several applications ranging from iso-
lated molecular models (4) and molecules (5, 6) undergoing ultrafast internal conversions and
intersystem crossings (7), to systems in the presence of external time-dependent fields (8, 9).

(1) Abedi, Maitra, Gross, Phys. Rev. Lett. (2010); Agostini, Gross, Eur. Phys. J. B (2021).
(2) Min, Agostini, Gross, Phys. Rev. Lett. (2015).

(3) Pieroni, Agostini, J. Chem. Theory Comput. (2021).

(4) Marsili, Olivucci, Lauvergnat, Agostini, J. Chem. Theory Comput. (2020).

(5) Min, Agostini, Tavernelli, Gross, J. Phys. Chem. Lett. (2017).

(6) Sangiogo Gil, Persico, Granucci, Agostini, in preparation.

(7) Talotta, Morisset, Rougeau, Lauvergnat, Agostini, Phys. Rev. Lett. (2020).

(8) Ibele, Curchod, Agostini, J. Phys. Chem. A (2022).

(9) Schiro, Eich, Agostini, J. Chem. Phys. (2021).
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Non-adiabatic dynamics with trajectory
surface hopping: benchmarking electronic
structure methods on azomethane
photoisomerization

T 1

Thomas Papineau , Denis Jacquemin 2, Morgane Vacher? !

! Chimie Et Interdisciplinarité : Synthése, Analyse, Modélisation — Institut de Chimie du CNRS, Centre

National de la Recherche Scientifique, Nantes université - UFR des Sciences et des Techniques — France

2 Institut Universitaire de France — Ministére de I'Education nationale, de ’Enseignement supérieur et
de la Recherche

Mixed quantum-classical non-adiabatic dynamics allows to obtain theoretical insights into ul-

trafast phenomena that occur at the femtosecond scale. The most popular approach is trajectory
surface hopping (TSH), which requires an electronic structure method for describing quantum
mechanically the electrons. The most suited electronic structure methods for describing a photo-
chemical reaction are multi-configurational. Because these are computationally expensive, TSH
studies are often limited to small molecular systems and/or short simulation time.
In this presentation, I will explore a panel of other popular electronic structure methods and
assess their suitability for TSH. Most of the electronic structure methods commonly available
in quantum chemistry software are mono-configurational (i.e., they use a single Slater determi-
nant). Because of this, they are expected to give an incorrect description in regions of strong
non-adiabatic couplings, such as the so-called conical intersections that can be encountered dur-
ing electronic deexcitation.

This presentation focuses on the azomethane molecule (H3C-N=N-CH3), which is known for
undergoing a fast cis-to-trans photoisomerization upon light excitation. This molecule provides
an interesting model for studying the behavior of the different methods in terms of both the
excited states population decay and the geometrical changes undergone during isomerization.
A highly accurate XMS-CASPT?2 reference dynamic is compared to various post-Hartree-Fock
methods (namely MS-CASPT2, CASSCF, CC2, ADC(2), and CIS), as well as several function-
als used in TD-DFT and its Tamm-Dancoff approximation. The different relaxation pathways
are identified, and the ability of the different methods to quantitatively reproduce them will be
discussed.

*Intervenant
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Dissociation and isomerization upon ionisation
of ethylene: a non-adiabatic dynamics
perspective

Lina Fransen * !, Morgane Vacher! !

! Chimie Et Interdisciplinarité : Synthése, Analyse, Modélisation — Centre National de la Recherche
Scientifique, Nantes université - UFR des Sciences et des Techniques — France

Ionised ethylene CQH2+ can dissociate via H™ and Hs-loss, where the latter has been hypoth-
esized to be preceded by isomerization to the ethylidene form (1). Being the smallest pi radical
system, CQH; has been studied extensively theoretically and experimentally. Yet key questions
regarding its photodynamics remain unanswered. What are the dissociation and isomerization
mechanisms and their respective time scales? What factors govern the competition between iso-
merization, H™ and Hs-loss? In this contribution, we aim to shed light on these questions using a
semiclassical non-adiabatic dynamics method, namely surface hopping. We simulate the dynam-
ics of ethylene following ionisation and excitation to the four lowest-energy cationic states. The
electronic structure is treated at the CASSCF level, using an active space comprising all valence
electrons. The large active space allows us to - in contrast to previous dynamics studies - observe
a significant number of dissociation events and reproduce the experimentally observed pathways
(ethylene-ethylidene isomerization, H-loss and Hs-loss). The electronic relaxation is ultrafast; re-
gardless of the initial electronic state, more than 50% of the population decays within 50 fs to the
cationic ground state, where most dissociation and isomerization events take place. Multiple con-
ical intersections at planar and twisted geometries act as funnels between the low-lying cationic
states, and their implications on the photochemistry have previously been hypothesized (2). Our
simulation results allow us to test these hypotheses. The simulations suggest that Ho-loss occurs
mainly from the ethylidene isomer CH3CH™. The time scale of ethylene-ethylidene isomerization
has previously been extracted from indirect experimental measurements in which neutral ethy-
lene was ionised and excited by an extreme-ultraviolet attosecond pulse train (pump) and the
ensuing relaxation dynamics were monitored at varying time delays with intense near-infrared
light (probe) (3, 4). We find an order-of-magnitude discrepancy between the experimentally in-
ferred and the simulated isomerization time scales and suggest an explanation for this difference.

(1) Sannen, C; Raseev, G.; Galloy, C.; Fauville, G.; Lorquet, J. C. J. Chem. Phys.1981, 7/,
2402.

(2) Joalland, B.; Mori, T.; Martinez, T. J.; Suits, A. G. J. Phys. Chem. Lett. 2014, 5, 1467.
(3) Van Tilborg, J.; Allison, T. K.; Wright, T. W.; Hertlein, M. P.; Falcone, R. W.; Liu, Y.;
Merdji, H.; Belkacem, A. Journal of Physics B: Atomic, Molecular and Optical Physics 2009,
42, 081002.

(4) Ludwig, A., Liberatore, E.; Herrmann, J.; Kasmi, L.; Lopez-Tarifa, P.; Gallmann, L.; Roth-
lisberger, U.; Keller, U.; Lucchini, M. J. Phys. Chem. Lett. 2016, 7, 1901.
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An exact factorization perspective on dynamics
around conical intersections: On the nature of
topological and geometric phases in molecules
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The exact factorization of the electron-nuclear wavefunction proposes to represent the dynam-
ics of a molecule in the excited state as a single time-dependent nuclear wavefunction, evolving
under the action of a single time-dependent potential energy surface and a single time-dependent
vector potential (1). Concepts, such as conical intersections and transition dipole moment, do
not exist in this formalism. In this work, I will discuss processes in the vincinity of a conical
intersection within the standard Born-Oppenheimer representation and the exact factorization
picture (2,3). We compare the influence of the conical intersections on the dynamics of the
wavepacket when passing around the conical intersection (4). The observable nature of topo-
logical phases related to conical intersections in molecules is addressed, highlighting numerically
the fundamental difference between topological and geometric phases. Such topological phases
should be ubiquitous in molecular physics, but their elusive character has made them a topic of
extensive discussion in recent years. Topological phases are related to the adiabatic representa-
tion of the electrons and are, thus, not observable. In contrast, geometric phases naturally arise
from the coupled electron-nuclear dynamics and are robust physical observables.

(1) Abedi, A.; Maitra, N. T.; Gross, E. K. U. Phys. Rev. Lett. 2010, 105, 123002.

(2) Ibele, L. M.; Curchod, B. F. E.; Agostini, F. J. Phys. Chem. A 2022, 126, 1263-1281.

(3) Ibele, L. M.; Sangiogo Gil, E.; Curchod, B. F. E.; Agostini, F., submitted, 2023.

(4) Valahu, C. H.; Olaya-Agudelo, V. C.; MacDonell, R. J.; Navickas, T.; Rao, A. D.; Millican,
M. J.; Pérez-Sanchez, J. B.; Yuen-Zhou, J.; Biercuk, M. J.; Hempel, C.; Tan, T. R.; Kassal, I.
Nat. Chem. 2023, 1-6.
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Quantum Dynamics around PPE’s conical
intersections for spectroscopic and real-time
studies
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In this presentation, we discuss the use of non-adiabatic quantum dynamics for the study
of different poly(phenylene)ethynylenes (PPEs), building blocks of light-harvesting dendrimers.
PPEs exhibit strongly non-adiabatically coupled electronic excited states. Because of this and
of the presence of conical intersections in the potential energy surfaces (PESs) of the molecules,
the Born-Oppenheimer approximation breaks down, which requires molecular dynamics to take
into account the coupling between the electronic excited states. We propose linear and quadratic
vibronic coupling (L/QVC) diabatic model Hamiltonians for reproducing the PESs of the simple
PPEs. Next, we use this diabatic potential and inter-state couplings to run quantum dynamics
calculations using the Multi Configuration Time-Dependent Hartree (MCTDH) formalism. Here,
quantum dynamics calculations serve different purposes depending on the molecule studied, such
as spectroscopic studies (absorption and emission spectra calculations in the UV-visible domain)
or real-time dynamics (excitation-energy transfer and population transfers).

The first building block of interest is the symmetrical meta-substituted phenylene (m22, Fig.
1, upper left). The absorption spectra of m22 and its localized fragment (p2, Fig. 1, upper right)
are analogous, with similar vibrational structure, which have been measured(1) and reproduced
numerically(2,3). However, their emission spectra are different, with m22 exhibiting an unusual
Stokes shift of about 2000 cm~!. In a recent work(4), we identified this Stokes-shifted spectrum
as a contribution resulting from the strong inter-state coupling in the first two electronic excited
states (Fig. 2). We hereby provide a reasonable explanation for the unusual Stokes shift in the
stationary spectroscopy experiments.

The second building block of interest in an asymmetrical meta-substituted PPE (m23, Fig.
1, bottom) and its symmetrical counterpart with two p2 branches, for which excitation-energy
transfer (EET) occurs thanks to different branch lengths hence a significant energy gradient.
Using analogous Hamiltonian models, we are able to reproduce the expected ultra-fast (~ 25 fs)
EET from an excitation on the shortest branch to the longest branch.
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Deciphering the Secrets of Madder Molecules
through Computational Chemistry
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The captivating diversity and remarkable colour properties of natural dyes, used for paint-
ings, textiles, statues, and other objects of cultural heritage, have long fascinated researchers,
especially chemists. Among them, one of the most renowned dye plant in Europe, and particu-
larly in South of France is Madder. Madder is the origin of the famous "Adrianople red" (or red
Turkish) giving a bright red on cotton, in a long and tedious recipe. Its dyes are extracted from
its roots, with Alizarin and Purpurin being the most important (1). Prior to the advent of com-
putational chemistry, even though researchers worked diligently, deciphering the experimental
spectroscopic properties of Madder’s colorants posed a persistent challenge. This was primarily
due to the extraction difficulty, impurities, the instability of some compounds, and their high
price. Now, we can overcome this challenge with a new approach. Thanks to the application
of computational spectroscopy techniques (2), we can reproduce, understand and predict the
spectra of compounds that were previously unknown or inaccessible experimentally.

In this investigation, we have studied several Madder’s dyes at the Density Functional Theory
(DFT) and Time Dependent Density Functional Theory (TD-DFT) level. We have designed a
computational workflow to predict their UV-Vis and NMR spectra. Nevertheless, their spectro-
scopic properties are influenced by external factors like pH, solvent effects, or metallic cations
(1). We have focused on the impact of solvation models such as implicit, explicit, or multilevel
techniques (Quantum Mechanic/Molecular Mechanic QM/MM). We have also considered the
possible deprotonated forms of the dyes for different pH. For UV-Vis spectrum calculations, on
top of the vertical excitation energies, we have also taken into account the vibrational effects,
using Vertical Gradient or Adiabatic Hessian approximation. The workflow has been validated
for Alizarin and Purpurin, and extended to other molecules inaccessible experimentally. Our
analysis emphasizes the importance of considering the solute-solvent interactions to reproduce
the experimental measurements. These results will serve as a new database to help understand
complex experimental data, particularly in the field of cultural heritage. These findings can also
establish a groundwork for exploring more complex systems, such as pigments or dyeing pro-
cesses, involving the interaction between a metallic cation, notably Aluminium, and a colorant
like Alizarin or Purpurin(1). This investigation will help gain insight into the correlation between
structural properties with functional performance. It will provide assistance to conservators and
historians in their efforts to safeguard the preservation of cultural heritage objects. Furthermore,
it can help researchers increase natural dye’s performance.

(1) Safapour, S.; Mazhar, M.; Abedinpour, S. Broadening Color Shade Range of Rubia Tincto-
rum L. Journal of Natural Fibers 2022.

(2) Barone, V.; Alessandrini, S.; Biczysko, M.; Cheeseman, J. R.; Clary, D. C.; McCoy, A. B.;
DiRisio, R. J.; Neese, F.; Melosso, M.; Puzzarini, C. Nat Rev Methods Primers 2021, 1 (1), 38.
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Lara Ziberna * !, Philippe Guilbaud 2, Magali Duvail !

! Institut de Chimie Séparative de Marcoule — Commissariat & I’énergie atomique et aux énergies
alternatives, Institut de Chimie du CNRS, Centre National de la Recherche Scientifique, Université de
Montpellier, Ecole Nationale Supérieure de Chimie de Montpellier — France
2 CEA-Direction des Energies (ex-Direction de I'Energie Nucléaire) — Commissariat & 1’énergie atomique
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Lanthanide ions recycling has grown in importance in recent years as the demand for these
elements has increased, and the rate of extraction from rare metals has decreased (1). One of
the approaches for recycling metals is liquid-liquid extraction, which separates solutes based on
the difference in their solubility between two liquids. In the nuclear industry, many processes
based on liquid-liquid extraction are employed for recycling nuclear fuel, where lanthanide ions
are separated from nuclear waste. DIAMEX (DIAMide Extraction) process is one such technique
(2), where the reference molecule for separation of smaller lanthanides between two liquid phases
is N-N’-DiMethyl-N-N’dioctyl-2-hexylethoxymalonamide (DMDOHEMA) (3).

In our research, we use classical Molecular Dynamics (MD) to investigate the structural proper-
ties of the liquid-liquid interface between aqueous and organic phases with amphiphilic extractant
(DMDOHEMA or DMDBTDMA). The main objective is to characterize and describe the species
distribution at the interface and in the bulk. First, we examined how the initial box configuration
impacts the formation of the interface, as well as how the ratio between the two phases affects
the shape and structure of the interface in comparison with experimental and theoretical data.
Further, we characterize and describe the distribution of extractant at the interface and in the
bulk organic phase at various extractant concentrations, comparing the behavior of two different
extractants. We will also investigate the distribution of extractants, salts and micelles formed in
the system during extraction.

(1) Binnemans, K. et. al. Recycling of rare earths: a critical review. J. Clean. Production
2013, 51, 1-22.

(2) Modolo, G. et al. DI- AMEX Counter-Current Extraction Process for Recovery of Trivalent
Actinides from Simulated High Active Concentrate. Sep Sci Technol . 2007, 42, 439-452.

(3) Baron, P. et al.Separation of the minor actinides: the DIAMEX-SANEX concept. GLOBAL
2001. Paris, France, 2001.
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Liquid-liquid extraction is a key hydrometallurgical process used to selectively separate the
lanthanide cations, such as in the SANEX process (Selective ActiNide EXtraction) (1) devel-
oped by CEA for the recycling of spent nuclear fuels. In this process, the lanthanide cations
are transferred from an acid-enriched aqueous phase to an organic phase containing malonamide
extractants, like DMDOHEMA, diluted in a mixture of alkanes. This ion transfer between the
two phases is governed by the Gibbs energy of transfer which is measured experimentally by the
distribution coefficients of the ions (2).

This work deals with the prediction of the Gibbs energies of transfer of lanthanide cations using
Steered Molecular Dynamics (SMD), an out-of-equilibrium simulation technique for Molecular
Dynamics. The SMD methodology uses a moving biasing harmonic potential to steer the lan-
thanide cations from the aqueous phase to the organic phase, allowing for accurate sampling of
the free energy landscape of the interface (3,4).

We simulated water—octanol interfaces as a model system for liquid-liquid extraction. In nu-
clear hydrometallurgy, octanol (octan-1-ol) is used as a phase modifier to prevent the formation
of a heavy organic third phase associated with criticality risks. Calculating the molecular orien-
tation revealed that the octanol molecules at the interface organize themselves in a rigid bilayer
structure, as previously observed (5), preventing the water transfer toward octanol. SMD simula-
tions will be used to determine the Gibbs energy barrier of this interface, allowing the calculation
of the water solubility in octanol.

(1) Madic, C. et al. PARTNEW. CEA Report 6066. 2004

(2) Spadina, M. et al. Langmuir 2021, 87 (36), 10637-10656.

(3) Jami, L. et al. J. Chem. Phys. 2022, 157 (9), 094708.

(4) Jarzynski, C. Phys. Rev. E 1997, 56 (5), 5018 5035.

(5) Benay, G.; Wipfft, G. J. Phys. Chem. B 2013, 117 (4), 1110-1122.
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Molecular Dynamics Simulations.

Luis Acevedo Fernandez * 12, Jimmy Castillo’ ', Germain Vallverdu® 2

! Universidad Central de Venezuela — Venezuela
2 Institut des sciences analytiques et de physico-chimie pour I’environnement et les materiaux —
Université de Pau et des Pays de I’Adour, Institut de Chimie du CNRS, Centre National de la
Recherche Scientifique — France

Complex mixtures are challenging systems for both experimental and theoretical investiga-
tions. To go further in the understanding of the molecular behavior of such systems at the
atomic scale, computational approaches such as molecular dynamics simulations are powerful
methodologies that can be implemented in a synergetic way along with experimental techniques.
Crude oil and new feedstock systems are arguably good examples of complex mixtures. Particu-
larly, asphaltenes, the heavy-weight fraction of crude oil that is insoluble in n-alkane but soluble
in aromatics solvents, has been intensively investigated over the last years (1-3)

Experimental data indicates that asphaltenes have the ability to adsorb and occlude other oil
fractions, namely resins, biomarkers, radicals, and even metals. For a thorough comprehension
of asphaltene aggregation phenomenon, it is crucial to consider the presence of these so-called
trapped compounds. Nevertheless, there is a notable lack of research from a computational point
of view regarding this aspect. Hence, our investigations aim to propose computational strategies
designed to provide not only an in-depth description of the aggregates structure and the aggrega-
tion mechanism, but also a more precise perspective on the influence of these trapped compounds
on the aggregation phenomenon and the type of interactions involved. Within this framework,
we implemented all-atoms molecular dynamic simulations and developed a methodology using
an annealing procedure to generate ensembles of aggregates with the required sizes and several
compositions that include trapped compounds. The structure and stability of these aggregates
were then analyzed and compared with experimental data. The results show a tendency for
most of these trapped compounds to be adsorbed on the surface of the aggregates, while a small
fraction is being “occluded”.

References:

(1) O. Villegas, G. Salvato Vallverdu, B. Bouyssiere, S. Acevedo, J. Castillo, and I. Baraille.
Energy Fuels. 34 (2020) 13954-13965.

(2) O. Villegas, G. S. Vallverdu, B. Bouyssiere, S. Acevedo, J. Castillo, and 1. Baraille. Energy
Fuels. 334 (2023) 126472

(3) O. Villegas, G. Salvato Vallverdu, B. Bouyssiere, S. Acevedo, J. Castillo, and I. Baraille.
Energy Fuels. 37 (2023) 2681-2691.
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Mechanism of excess proton transport in water
revealed by neural network-based path integral
molecular dynamics simulations
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Proton transport in water is central to acid-base chemistry, energy production, and bio-
chemical processes. However, while the anomalously fast diffusion is known to arise from the
Grotthuss shuttling mechanism involving successive proton transfers, the details of its molec-
ular mechanism remain ill-characterized. Recent vibrational spectroscopy studies have shown
that the mechanism proposed by early molecular simulations is not consistent with experimental
structural dynamics. Using state-of-the-art machine learning-based molecular dynamics sim-
ulations, (1) we address this fundamental question and present the first molecular mechanism
for excess proton transfer in bulk water that is consistent with all available experimental data.
This new simulation technique combines a high-level description of the electronic structure with
explicit nuclear quantum effects via ring-polymer molecular dynamics, and its outstanding com-
putational efficiency gives access to long molecular dynamics trajectories that allow obtaining
converged free energies. The proposed stepwise mechanism consists of stable intermediates in
which the excess proton is localized. Hydrogen bond exchanges play a major role in this process.
The resulting picture is in very good agreement with experimental observations, in particular
with recent nonlinear vibrational spectroscopy experiments,(2,3) which were compared with the
calculation of vibrational energy levels of the proton transfer mode. The mechanism is further
confirmed by a temperature dependence study and an investigation of the kinetic isotope effects
of proton transport. Our work opens the way to understanding proton transfer-driven reactions
in much more complex environments.

(1) Wang, H., Zhang, L., Han, J. & E, W. DeePMD-kit: A deep learning package for many-
body potential energy representation and molecular dynamics. Comput. Phys. Commun. 228,
178-184 (2018)

(2) Thamer, M., De Marco, L., Ramasesha, K., Mandal, A. & Tokmakoff, A. Ultrafast 2D IR
spectroscopy of the excess proton in liquid water. Science 350, 78-82 (2015)

(3) Dahms, F., Fingerhut, B. P., Nibbering, E. T. J., Pines, E. & Elsaesser, T. Large-amplitude
transfer motion of hydrated excess protons mapped by ultrafast 2D IR spectroscopy. Science
357, 491-495 (2017)
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Predicting protein-protein interactions and characterizing their structural organization pro-
vides essential information to elucidate the molecular mechanisms underlying cross-talk between
cellular pathways. Exploiting coevolution information has emerged over the last years as a major
strategy for predicting the mode of recognition between proteins. Our recent methodological de-
velopments (1, 2) have provided key insights to unravel the regulatory subtleties that might exist
between pairs of interacting proteins (3, 4). The advent of machine learning in the field, culmi-
nating in the Alphafold2 (5) breakthrough, is pushing the boundaries from analyses of binary
to multiple interactions (6-8). We will discuss the evolution of this avalanche of modelled data,
the confidence with which it can be used, and the challenges ahead for a better understanding
of the fine mechanisms of protein regulation.

(1) Quignot C, Granger P, Chacon P, Guerois R, Andreani J. Bioinformatics. 2021.

(2) Quignot C, Postic G, Bret H, Rey J, Granger P, Murail S, Chacon P, Andreani J, Tufféry P,
Guerois R. Nucleic Acids Res. 2021 Jul 2;49(W1):W277-W284.

(3) Pyatnitskaya A, Andreani J, Guerois R, De Muyt A, Borde V. Genes Dev. 2022 36(1-2):53-
69.

(4) Acharya A, Kasaciunaite K, Gése M, Kissling V, Guerois R, Seidel R, Cejka P. Nat Commun.
2021 12(1):6521.

(5) Jumper et al. Nature. 2021 Aug;596(7873):583-589.

(6) Ceppi I, Cannavo E, Bret H, Camarillo R, Vivalda F, Thakur RS, Romero-Franco A, Sartori
AA, Huertas P, Guérois R, Cejka P. Genes Dev. 2023 37(3-4):119-135.

(7) Bret A, Andreani J, Guerois R. bioRxiv 2023.05.25.542287.

(8) Nicolas Y, Bret H, Cannavo E, Cejka P, Borde V, Guerois R. bioRxiv 2023.08.05.552090.

*Intervenant
fAuteur correspondant: Raphael. GUEROIS@cea.fr

23


mailto:Raphael.GUEROIS@cea.fr

Agnostic exploration of a new pathway for
prebiotic glycine synthesis by ab initio and
machine learning molecular dynamic

Léon Huet * !, Timothée Devergne , Fabio Pietrucci , Rodolphe Vuilleumier
, A. Marco Saitta

! Institut de minéralogie, de physique des matériaux et de cosmochimie (IMPMC) — Institut de
minéralogie, de physique des matériaux et de cosmochimie, CNRS : UMR7590, Université Paris VI -
Pierre et Marie Curie, Muséum National d’Histoire Naturelle (MNHN) — 4, place Jussieu - Tour 23 -

Barre 22-23, 4e étage - 75252 Paris Cedex 5, France

In contemporary prebiotic chemistry, advanced modeling protocols are indispensable. They
underpin experimental progress and explore novel compounds and mechanisms. The synthesis
of prebiotic amino acids is a central inquiry. Historically, the Strecker mechanism was the
accepted pathway, but recent investigations, including meteorite analysis, have raised doubts.
We’ve developed an ab initio methodology, using a combination of DFT and machine learning
potential, that critically evaluates established synthesis pathways, such as Strecker, and proposes
alternatives. Applied to glycine synthesis, it confirmed Strecker and revealed a new pathway.
This new path beckons exploration of uncharted energy landscapes, reducing reliance on human
interpretation.
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Due to the lack of a folded structure, the computation and analysis of the near random
configurational space of intrinsically disordered proteins (IDPs) is challenging. Here we focus on
the case of alpha-synuclein (a-syn). The a-syn monomer is an IDP in solution and is prone to
aggregate in large beta-sheet structures in the brain, fibrils, which are the hallmark of the Parkin-
son disease. The central hydrophobic region of a-syn (residues 61-95), called NAC, is necessary
for the aggregation. Missense mutations (A30P, A53P, and E46K) in the N-terminal region are
associated with familial forms of this neuropathy. How these single amino-acid substitutions in
the N-terminal region modify the conformations of wild-type (WT) a-syn is unclear.

Here, using coarse-grained MD simulations, we sampled the conformational space of wild-
type and family mutants of a-syn monomers and dimers for an effective time scale of 29.7 ms.
A 2-D (effective) free-energy landscape of the monomers and dimers as function of the number
of residues in alpha-helix and beta-sheet was computed for wild-type and mutated proteins from
MD trajectories. The density of states reveals an unexpected two-phase characteristic with a ho-
mogeneous phase (state B, b-sheets) and a heterogeneous phase (state HB, mixture of a-helices
and b-sheets) for the monomers. Free-energy landscape of global topological descriptors ex-
tracted from a graph representation of the monomers reveal sub-populations of monomers which
are not visible in other probability distributions of global structural parameters as the gyration
radius.

The (effective) free-energy landscape of inter- and intra-molecular contacts of the dimers
show striking differences among the mutants. Most of the dimers form disordered aggregates
and a minority (9-15 %) aggregate as pre-fibrillar dimers. Differences in the nucleation of dimers
are observed among the mutants. Native fibril contacts between the two monomers are present in
the NAC domain for WT, A30P and A53T and in the N-domain for A53T and E46K. Structural
properties of pre-fibrillar dimers simulated agree with rupture-force Atomic Force Microscopy
and single-molecule Forster Resonance Energy Transfer available data. This suggests that the
pre-fibrillar dimers might correspond to the smallest toxic oligomers. Present results indicate
that even the elementary a-syn aggregation step, the dimerization, is a complicated phenomenon,
mutant dependent, and which does not only involve the NAC region, and which cannot be un-
derstood in a single free-energy landscape representation.
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Pure silica zeolites are a well-known class of nanoporous materials with several technological
and industrial applications, such as molecular sieves, as well as in adsorption and catalysis(1).
They are metastable phases of SiO9, whose structure is arranged in a network of corner-sharing
SiOy4 tetrahedra. Although limited to these building blocks, up to 255 different topologies are
currently recognized(2), which could lead to potentially hundreds of thousands of distinct struc-
tures(3). Significant progress has been made in elucidating their structure—property relationships
(4,5), but several phenomena, including diffusion, thermal behaviour, and specific non-linear re-
sponses, remain inadequately explored. The development of force fields through machine learn-
ing, based on a training set derived from first-principles methods, enables the achievement of
quantum-level accuracy while retaining the computational efficiency characteristic of classical
methods. Utilizing a training set composed of trajectories, energies, and forces derived from ab
initio molecular dynamics simulations (AIMD) of 11 zeolite frameworks under different strain con-
ditions, an E(3)-equivariant interatomic potential (IP) was trained using NequlP, a deep-learning
neural kernel. The resultant IP revealed a Mean Absolute Error (MAE) of 0.76 Kcal mol~* A~!
for forces and 0.014 Kcal mol-1 per atom for energy. Furthermore, when subjected to external,
previously unseen zeolite frameworks, the IP retained similar accuracy. The developed IP was
then tested on the thermal and mechanical properties of selected frameworks. Through (N, P,
T) MD simulations at different temperatures, thermal expansion was investigated, showing good
agreement with the experimental trends of both positive and negative thermal expansion char-
acteristic of the selected frameworks. Similarly, (N, P, T') MD simulations at 600 K and varying
pressures were employed to characterize the mechanical properties and amorphization process
of zeolite crystals, reproducing the experimental trend for the onset pressure of amorphization.
Despite some found limitations, such as the overestimation of thermal expansion at low tempera-
tures and the impossibility of simulating amorphization at high degrees of compression-conditions
that fall outside the scope of the utilized training set-the IP developed here offers a promising
direction for the development of other deep-learning-based IPs and holds wide-ranging implica-
tions for the nanoporous material modelling community.

(1)Smit, B. Chem. Rev. 2008, 108 (10), 4125-4184.

(2) Baerlocher, C.; McCusker, Database of Zeolite Structures. https://www.izastructure.org/databases/,
2023.

(3)Pophale, R.; Cheeseman, P. A.; Deem, M. W. Phys. Chem. Chem. Phys. 2011, 13 (27),
12407-12412.

(4) Evans, J. D.; Coudert, F.-X. Chem. Mater. 2017, 29 (18), 7833-7839.

(5) Ducamp, M.; Coudert, F.-X. J. Phys. Chem. C 2021, 125 (28), 15647-15658.
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AzaBODIPY (Figure 1.A) are a class of fluorophore which have experienced exponential
growth in wide range of applications and are today promising candidates for medical imaging
and fluorescence guided surgery.(1) In this context their experimental development is based on
optimizing the nature of the ligands and replacing the boron center with another metal atom
(aza-M-DIPY, M = metal),(2) in order to shift the absorption and emission wavelengths further
in the NIR region, and increase their fluorescence quantum yield. To establish such structure-
properties relationships, their vertical photophysical properties can be accurately computed with
TD-DFT. Taking into account vibrational contribution and non-radiative mechanisms is neces-
sary to achieve a more correct description of the photophysical properties.(3) In this contribution
we show how the use of TD-DFT coupled with vibronic models(4) can help rationalizing the spec-
tra band structure (Figure 1) and guide the design of more efficient aza-M-DIPY emitters by
computing their fluorescence quantum yield.

(1) (a) V. K. Shukla, G. Chakraborty, A. K. Ray, S. Nagaiyan, Dyes and Pigments 2023,
215, 111245. (b) O. Flores, J. Pliquett, L. Abad Galan, R. Lescure, F. Denat, O. Maury, A.
Pallier, P.-S. Bellaye, B. Collin, S. Méme, C. S. Bonnet, E. Bodio, C. Goze, Inorg. Chem.2020,
59, 1306-1314. (c) A. Godard, G. Kalot, M. Privat, M. Bendellaa, B. Busser, K. D. Wegner, F.
Denat, X. Le Guével, J.L. Coll, C. Paul, E. Bodio, C. Goze, L. Sancey, J. Med. Chem. 2023,
66, 5185-5195.

(2) A. Godard, L. Abad Galan, J. Rouillon, S. Al Shehimy, W. Tajani, C. Cave, R. Malacea-
Kabbara, Y. Rousselin, P. Le Gendre, A. Fihey, M. Bendellaa, B. Busser, L. Sancey, B. Le
Guennic, C. Bucher, O. Maury, C. Goze, E. Bodio, Inorg. Chem. 2023, 62, 13, 5067-5080.

(3) S. Chibani, B. Le Guennic, A. Charaf-Eddin, A. D. Laurent, D. Jacquemin, Chem. Sci.
2013, 4, 1950-1963.

(4) J. Cerezo, F. Santoro, J. Comput. Chem. 2023, 44, 626-643.
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The absorption spectrum of (Pt(dpybMe)Cl) (dpyb = 2,6-di-(2-pyridyl)benzene), represen-
tative of luminescent halide-substituted tridentate cyclometalated square planar Pt(II) neutral
complexes, has been revisited by means of non-adiabatic wavepacket quantum dynamics. The
early photophysics has been investigated on the basis of four singlet and five triplet excited states,
namely nineteen "spin—orbit states", coupled with both vibronic and spin—orbit couplings, and
includes eighteen normal modes. It is shown that in-plane scissoring and rocking normal modes of
the cyclometalated tridentate ligand are responsible for the vibronic structure observed at around
400 nm in the experimental spectrum of the complex. The ultrafast decay of (Pt(dpybMe)Cl),
within 1 ps, follows a spin—vibronic mechanism governed by excited state electronic characters,
spin—orbit, and active tuning mode interplay. Both spin—orbit coupling and Pt(II) coordination
sphere stretching modes and in-plane scissoring/rocking of the cyclometalated ligand activate
the ultrafast decay within 20 fs of absorption. At longer time-scales (> 100 fs) an asynchronous
stretching of the Pt—C and Pt—N bonds activates the depopulation of the upper "reservoir" elec-
tronic states to populate the two lowest luminescent T1 and T2 electronic states. The in-plane
rocking motion of the ligand controls the T1/T2 population exchange which is equilibrated at
about 1 ps. Stabilization of the upper non-radiative metal-centered (MC) states by out-of-plane
ligand distortion of low frequency is not competitive with the ultrafast spin—vibronic mechanism
discovered here for (Pt(dpybMe)Cl). Modifying the Pt—C covalent bond position and rigidifying
the cyclometalated ligand will have a dramatic influence on the spin—vibronic mechanism and
consequently on the luminescence properties of this class of molecules.
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Single molecule magnets (SMM) are typically large poly-metallic molecules with two degen-

erate magnetic ground states that retain magnetisation under a so-called "blocking temperature”.
In d-metal molecules, the blocking temperature is very low, rendering most industrial applica-
tions impossible. The lowest blocking temperature is observed in the Mn12 complex that retains
magnetisation for months below 2K(1). Magnetic recording using femtosecond laser pulses has
recently been achieved in some dielectric media, showing potential for ultrafast data storage
applications(2). Light control of magnetisation represents a great challenge in the field of data
storage as it opens the way for larger and more compact storage arrays. Yet, SMMs remain
largely unexplored using ultrafast techniques.
In this work(3), we investigate the photophysics and excited-state relaxation of a trinuclear
u3-oxo-bridged Mn(III) SMM, whose magnetic anisotropy is closely related to the Jahn—Teller
distortion. Ultrafast transient absorption spectroscopy in solution reveals oscillations superim-
posed on the decay traces due to a vibrational wavepacket. A joint experimental and theoretical
study on Mn monomers allows to shine light on the origin of the vibrational coherences observed
experimentally on the larger Mn3 complex. It is shown to emanate from the p3-oxo-bridge effec-
tively constraining the wavepacket motions along the Jahn-Teller axis. Our results provide new
possibilities for optical control of the magnetisation in SMMs and open up new molecular-design
challenges to control the wavepacket behaviour in the excited state of SMMs.

(1) D. Gatteschi and R. Sessoli, Angewandte Chemie 115 (2003) 278-309

(2) A. Stupakiewicz, K. Szerenos, D. Afanasiev, A. Kirilyuk and A.V. Kimel, Nature 542 (2017)
71-74

(3) F. Liedy, J. Eng, R. McNab, R. Inglis, T.J. Penfold, E.K. Brechin and J.O. Johansson, Na-
ture Chemistry 12 (2020) 452-458
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Quantum entanglement between the spin states of a metal centre and radical ligands is sug-
gested in an iron(II) (Fe(dipyvd)s)?* compound (dipyvd = l-isopropyl-3,5-dipyridil-6-oxover-
dazyl). Wavefunction ab initio (Difference Dedicated Configuration Interaction, DDCI) inspec-
tions were carried out to stress the versatility of local spin states. We named this phenomenon
excited state spinmerism, in reference to our previous work where we introduced the concept
of spinmerism as an extension of mesomerism to spin degrees of freedom. The construction of
localized molecular orbitals allows for a reading of the wavefunctions and projections onto the
local spin states. The low-energy spectrum is well-depicted by a Heisenberg picture. A 60 cm™!
ferromagnetic interaction is calculated between the radical ligands with the Stotal = 0 and 1
states largely dominated by a local low-spin SFe = 0. In contrast, the higher-lying Stotal = 2
states are superpositions of the local SFe = 1 (17%, 62%) and SFe = 2 (72%, 21%) spin states.
Such mixing extends the traditional picture of a high-field d6 Tanabe-Sugano diagram. Even
in the absence of spin-orbit coupling, the avoided crossing between different local spin states is
triggered by the field generated by radical ligands. This puzzling scenario emerges from versatile
local spin states in compounds which extend the traditional views in molecular magnetism.
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Direct and inverse photoemission spectroscopies are important tools to analyze the structure
of molecules and materials. The theoretical prediction of these spectra can be a useful comple-
mentary tool to understand and assign the peaks observed in experimental spectra. While exact
theoretical spectra will always be out of reach for realistic systems, benchmark of near-exact
values for small systems are really valuable to the theoretical chemist who need to design new
affordable and accurate methods. There are several benchmarks of principal ionization potential
and a few for valence ionizations but there are currently no benchmarks of satellite transition
energies in molecules (to the best of our knowledge). The satellite peaks in a photoemission spec-
trum correspond to a simultaneous ionization of an electron and excitation of another one (or
more) In this work, we compute near-exact values, using the selected configuration interaction
method, of satellite transition energies of some small organic molecules. In addition, we gauge
the performance of the hierarchy of truncated coupled-cluster methods up to CCSDTQ), as well as
their CCn approximations. Finally, the performance of several common Green’s function-based
methods are reported as well. These results highlight again the need to develop beyond-GW
methods.
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The manipulation of many-body operators in the language of second quantization is a cru-
cial step for accessing the properties of model or ab initio systems in quantum chemistry and
physics. From a numerical point of view, this requires developing codes to represent quantum
operators in a given quantum many-body basis (e.g., Hamiltonians, excitation operators). In a
great majority of cases, this aspect is kept as a "blackbox" to spare the users from cumbersome
numerical parts and to facilitate the use of already implemented methods. Nevertheless, this
type of implementation can appear as a real problem for researchers in need of reliable numerical
tools to quickly develop and test new methodologies based on second quantization algebra. The
"QuantNBody" package (1) was designed to answer this problem: it is a user-friendly numerical
toolbox to facilitate the creation and implementation of methods in quantum chemistry.

In this talk, I will present the QuantNBody package and its philosophy. In a first part, I will dis-
cuss how the package works and I will give some examples of its use/application (2, 3). Second, I
will focus on a specific example of method built with this tool for excited states calculation: the
so-called Orthogonally Constrained Orbital Optimization method (4). This approach focuses
on the description of excited states within their respective optimal orbital basis with specific
constraints introduced to preserve the orthogonality with other multi-reference states.

(1) S. Yalouz, M. R. Gullin, and S. Sekaran, Journal of Open Source Software 7, 4759 (2022).
(2) S. Yalouz, S. Sekaran, E. Fromager, and M. Saubanére, The Journal of Chemical Physics
157, 214112 (2022).

(3) P. Roseiro, S. Yalouz, D. J. Brook, N. Ben Amor, and V. Robert, Inorganic Chemistry (2023).
(4) S. Yalouz and V. Robert, Journal of Chemical Theory and Computation 19, 1388 (2023).
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In this talk, I present an innovative self-consistent Divide and Conquer (DaC) algorithm
for investigating the electronic structure of strongly correlated materials without calculating ex-
plicitly the N-particle many-body wave function (1). Following the concept of density matrix
embedding theory, the strategy consist in dividing the system into clusters, for witch an effective
Schrodinger equation can be solved with high-level methods such as full CI (2). More precisely,
we design a unitary transformation of the one body reduced density matrix (1IRDM) to perform
the division into cluster, providing an accurate (IRDM-functional) effective Hamiltonian. In
addition, a reconstruction scheme for the full-system 1RDM (and additionally 2RDM), based on
the Virial conditions is introduced, leading to a self-consistency iterative process that closed the
DaC loop.

The effectiveness of the approach is illustrated through a case study involving a simple quantum
chemistry Hamiltonian with the 14 orbitals Hydrogen ring, offering comparisons against estab-
lished state-of-the-art DMET methods (3).

(1) Marécat, Q., Lasorne, B., Fromager, E., & Saubanére, M. (2023). arXiv preprint 2306.07641.
(2) Knizia, G., & Chan, G. K. L. (2012). Physical review letters, 109(18), 186404.

(3) Nusspickel, M., Ibrahim, B., & Booth, G. H. (2023). Journal of Chemical Theory and
Computation.
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Over the last few decades, density functional theory (DFT) has played a major role in the
study of the physico-chemical properties of molecules and materials. Its low numerical cost, com-
pared with wavefunction-based methods, has made DFT a major area of research in theoretical
chemistry, allowing the emergence of numerous exchange-correlation functionals.

However, many of these functionals fail to reach chemical accuracy, especially when static cor-
relation is a major contributor to the ground-state energy. In this context, the one-particle
Reduced Density-Matrix Functional Theory (I-RDMFT) is more and more regarded as a viable
alternative to DFT: with only a small increase in computational cost by replacing the density
by the density-matrix as the fundamental variable, it allows, by construction, the kinetic and
exchange contributions to be represented analytically.

Unfortunately, the conditions of representability, i.e. the conditions ensuring that the matrix
represents a physical system, are not generally known. As a result, the variational constrained
equations leading to the ground state energy, and so, to the molecular properties of the system,
are much more complex to solve. We propose to adress the afordmentionned challenges by intro-
ducing a new formalism, namely the Density-matrix Interpolation Variational Ansatz (DIVA).
This new formalism, based on the convexity of the reprentability domain, allows to 1) simplify
the resolution of ground state energy using a ”by construction” representable density-matrix and
2) to develop a new class of ground-state energy functionals
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Relativistic effects account for gold’s color, mercury’s liquid state at room temperature and
are responsible for the efficiency of lead-acid batteries in cars. Relativistic electronic-structure
computational methods are routinely applied on molecular systems, however most of those meth-
ods are based on the no-pair approximation, neglecting the effects of the negative energy solutions
of the Dirac equation on the system. Hence, the next challenge is to go beyond this approxima-
tion. Such description is needed to recover some properties, even in very simple systems, e.g. the
Lamb shift in the Hydrogen atom. In this presentation we will be interested in a one-dimensional
model of relativistic hydrogen-like atom in which we are able to make accurate calculations. After
calculating the spectrum of the 1D Dirac operator in first quantization, we develop an effective
Hamiltonian in second quantization. Within this framework we are able to calculate the effects
of the negative energy solutions, such as the vacuum polarization and the Lamb shift.
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Density Functional Tight Binding (DFTB) (1), (2) is a quite recent computational tool that
has been rapidly gaining popularity among quantum chemists. Its ability to accurately model the
electronic structure of chemical systems while maintaining high levels of computational efficiency
allows the simulations of large systems at a full quantum level of theory. Several results published
recently have shown its accuracy for the modelling of organic photo-active (3)—(5) species as well
as bio-molecules (6). From this kind of fast quantum chemical calculation, emerged new tools
for the theoretician chemist such as Quantum Molecular Dynamics simulation with thousands
of atoms with a reasonable computational cost. This type of simulation allows the study of
dynamical solute-solvent interactions as well as the influence of the photochrome conformational
motion on its absorption properties. Our philosophy with this approach is to have a compu-
tational methodology related to those used experimentally, that is to say that the absorption
spectrum is a result of the dynamics of the system and the existence of several conformations at
room temperature contributing to a single measure. Herein we present our results and details
of the methodology for the simulation of Azobenzenes (AZB) derivatives in explicit solvents.
A series of 13 AZB derivatives has been selected from the experimental litterature and their
photo-chemical properties have been computed at Density Functional Theory (DFT) and DFTB
levels. We found a satisfying agreement between DFTB, DFT and experimental reference results.
Moreover, the statistical approach following DFTB Molecular Dynamics simulations permits to
reproduce the broadening of excitation peaks seen experimentally and furthermore give insights
on which geometrical properties of the molecule is inducing those changes.
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Photonastic materials perform light-induced movements, transforming light energy into me-
chanical energy, akin to the motions observed in plants and flowers. This project focuses on bio-
inspired polymeric photoactuators with applications in microfluidics, biomedics, soft robotics,
and motors. A polymer thin film containing photoactive molecules, particularly photochromes,
can exhibit significant shape changes upon light excitation. By employing computational chem-
istry and particularly molecular dynamics (MD) simulations, we investigate the molecular pro-
cesses governing the macroscopic behavior of these systems, which in our case consists of a
derivative of azobenzene (AZ) embebbed in a polybutadiene matrix. Our aim is to propose a
strategy to investigate the coupling between the photochemical reaction and the intramolecular
relaxation of the polymer. In a previous study, we assumed that these processes occurred simul-
taneously (J. Chem. Theory Comput. 2020, 16, 7017). However, subsequent results indicate
that the intramolecular relaxation time is considerably shorter than the estimated photo-induced
reaction time. To improve the description of the system, a purely classical molecular mechanics
model of AZ photoswitches in both their ground and first excited states (SO and S1) is considered.
The photoreaction is modelled by switching between these two potential energy surfaces (PES).
During MD simulations, we will mimic electronic excitations and decay by switching between the
S0 and S1 force fields along the photoreaction coordinate, while allowing the polymer chains to
rearrange concomitantly. Through this molecular-scale study, we aim to deepen our understand-
ing of the photonastic phenomena and the mechanical response of the polymer-photochrome
system.
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Photonastic materials exhibit the remarkable ability to convert light into mechanical energy
through macroscopic transformations. This phenomenon is usually associated with plants and
flowers whose petals open in the daylight and close in the evening due to a cascade of light-
triggered reactions, resulting in a change of hydrostatic or Turgor pressure within the plant cells.
Based on this concept, various bio-inspired polymeric photoactuators devices have been recently
proposed and, notably, a polymeric material incorporating a 4,4’-dihydroxyazobenzene photo-
switch within a chitosan matrix demonstrated intriguing macroscopic bending upon exposure to
355 nm irradiation (Chinese J. Polym. Sci. 2020, 39. 417). The observed photonastic behavior
of this system further demonstrated its high efficiency in converting light into mechanical work.
In this context, computational chemistry can play a crucial role in understanding and optimizing
the conversion of solar energy into mechanical energy. It can indeed offer valuable information
on the molecular and supramolecular processes at the origin of this photonastic phenomenon. To
achieve this, we propose a model system consisting of a 4,4’-dihydroxyazobenzene photoswitch
embedded within a model polybutadiene matrix. Through the implementation of molecular dy-
namics (MD) simulations and time-dependent density functional theory (TD-DFT) calculations.
We will discuss (i) the influence of the polymer matrix on the properties of the cis and trans
azobenzene isomers and (ii) the effect of the photochromic reaction on the surrounding polymer
environment.
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A better understanding of the physical and chemical properties of actinide complexes in the
solvated phase, i.e., their speciation, the nature of chemical bonds between actinides and their
environment, their thermodynamic and spectroscopic properties, can have direct implications on
societal and industrial applications. A key parameter is thus the coordination mechanism with
ligands that acts strongly on many properties such as thermodynamics, optical or magnetism
ones. The unique coordination and properties of f-elements with ligands (1) attracted the at-
tention of many experimental and theoretical researchers. Among the actinides, protactinium
(Z=91) keeps on being specific because, depending on its oxidation state it can behave as “f
element" (Pa(VI)) or "d element" (Pa(V)). In solution, Pa(V) is dominating because Pa(IV) is
unstable and can be directly oxidized to Pa(V) unless a strong reducing agent is present (2).
Pa(V) can exist in solution as Pa®" and in some specific solutions it will form PaO3* (3), but
apparently it does not form the actinyl moiety PaOSr which is not the case of their heavier neigh-
bours uranium, neptunium and plutonium. However, experimental characterization of Pa(V)
and Pa(IV) is challenging because they have high tendency towards hydrolysis, polymerization
and sorption on any solid.

In this work, with the use of the state-of-the-art quantum calculations, we investigate the two
possible forms of Pa(V), namely PaO3" and Pa®" and the influence of coordinated ligands in
order to determine the suitable experimental conditions to tune their relative stability. For
that we consider two different stoichiometrically equivalent complexes PaO(OH)2(X)(H20) and
Pa(OH)4(X) where X=OH~ (see Fig. 1), F-, Cl, Br-, I, NO;, SCN~, C,03~ and SOj~ and
compare their relative stabilities.

This work was supported by grants funded the French National Agency for Research (ANR-21-

CE29-0027, LABEX CaPPA/ANR-11-LABX-0005-01 and I-SITE ULNE/ANR-16-IDEX-0004
ULNE).

Figure 1: Perspectives of Pa(OH)5 and PaO(OH)3(H20) in water (protactinium in green, oxy-
gen in red, hydrogen in white)

(1) K. Binnemans; ACS; 2007; 107; 2592-2614.
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(2) N. Banik; et al. Dalton Trans.; 2016; 45; 453-457.
(3) C. Le Naour ; et al. Inorg. Chem.; 2005 ; 44 ; 9542-9546.
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Solvation effects have a significant impact on chemical reactions, and many molecular prop-
erties are influenced by the choice of solvent. However, precise quantum chemistry (QM) cal-
culations are most often done either in vacuum neglecting the role of the solvent or using a
continuum solvent model ignoring its molecular nature. An ingenious and commonly used ap-
proach to overcome this problem is the QM /MM partitioning of the system. The part considered
essential for describing the chemistry is treated at the QM level, while the rest is described by
classical molecular mechanics (MM). This thesis aims to develop an innovative hybrid method
QM /MM that maintains a comparable accuracy to molecular simulation methods generally used
but with significantly lower computational cost.

Our MM part consists solely of the solvent which is represented by classical force fields. The orig-
inality of our method lies in the use of a theory derived from the physics of liquids, the Molecular
Density Functional Theory (MDFT). In MDFT, solvent molecules are treated as rigid molecules
represented by a density field that depends on both position and orientation. To account for the
interaction experienced by the solvent due to the solute, the solute is represented by an external
potential, which is treated as a perturbation. There exists a functional of the solvent density
that reaches its minimum for the equilibrium density. At its minimum, the functional equals the
solvation free energy. Thus, MDFT is particularly suitable for capturing solvent effects, as both
the solvent free energy and the solvent structure can be easily calculated through numerically
efficient functional minimization.

On the other hand, our QM part focuses solely on the solute. We will study open-shell sys-
tems or strongly correlated that require a good description of electronic correlation. We have
chosen a configuration interaction-based method since it provides an excellent description of
electronic interactions by considering a large number of electronic configurations for a system.
Specifically, we employ the Selcted Configuration Interaction (SCI) method. This method sorts
the determinants based on their perturbative contribution, selects only the most important ones,
and re-diagonalizes the Hamiltonian using this reduced basis. Therefore, the solute energy can
be obtained rapidly with excellent precision.

To combine the MDFT and SCI methods, we follow the following procedure. First, we cal-
culate the solute energy and its electrostatic potential at the QM level. This potential serves as
the perturbing potential in the MDFT calculation. Next, we minimize the functional to obtain
the solvation structure and free energy. By analyzing the equilibrium density, we can compute
the inhomogeneous charge density of the solvent and its corresponding electrostatic potential.
This potential is then added to the electronic Hamiltonian of the solute, and we calculate a new
solute energy (tackling the presence of the solvent), using the CIPSI method. This approach is
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self-consistent and involves iterative steps until both the solute energy and solvation free energy
converge.

To assess our framework, we primarily focused on water (QM) in water (MM). This systems
isinteresting because it requires an accurate description of solute electronic structure, and of
solvent polarization. We lookeed at three chemical properties: the solvent charge density, the
QM and MM energies convergences and the radial distribution function of the solute. We ob-
served that the results are not yet fully quantitative compared to experimental data, but the
most important features are qualitatively captured. Therefore, it is crucial to develop a better
method to describe the repulsive solute-solvent interactions in order to investigate such highly
polarized systems.

For the future, we want to stufy more revelant solutes for an application in energy storage;
the hydroquinone and benzoquinone, a famous redox couple; and the nitroxides radicales. Mor-
ever, we wants to build an interface with pi-SCF because it would allow us to optimized the
solute geometrie and use the so-called Couple Cluster methods for the QM part.
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Some thoughts on the quantum mechanical
definition of the Mean Square Displacement

Roberto Marquardt * *
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The mean square displacement (MSD) has been a notorious quantity ever since the obser-
vation by Robert Brown in 1827 (1) of the eponymic motion of colloidal particles. While the
theoretical understanding of the MSD in terms of diffusion has been established from classical
statistical mechanics at the beginning of the 20th century (2,3), the quantum mechanical ap-
proach bears some interesting questions.

In this talk we address the definition of the MSD related to the quantum correlation func-
tion of the position operator (4) and a more recently proposed definition based on thermal wave
packets (5). As an example, the quantum mechanical MSD will be evaluated for thermalized CO
molecules adsorbed on a Cu(100) substrate (6).

(1) M. Gouy, J. Phys. Theor. Appl., 7, 561-564 (1888).

(2) A. Einstein, Annalen der Physik, 322, 549-560 (1905).

(3) M. V. Smoluchowski, Annalen der Physik, 353, 1103-1112 (1916).

(4) R. Kubo, M. Toda, and N. Hashitsume. Statistical Physics II, Nonequilibrium Statistical
Mechanics. Springer, Heidelberg, 2 edition, (1992).

(5) R. Marquardt, Molecular Physics, 119, e1971315 (2021).

(6) R. Marquardt, Phys. Chem. Chem. Phys., 24, 26519 (2022).
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Computation of exchange couplings in
photogenerated excited states in DFT-KS
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! Tnstitut des Sciences Chimiques de Rennes (ISCR) — Université de Rennes 1, Institut des Sciences
Chimiques de Rennes, UMR CNRS 6226, 35043 Rennes Cedex — France

Optically excited states of three-spin molecules have recently attracted much attention to
manipulate magnetooptical properties, with possible application in spintronics or quantum tech-
nologies. They consist of a stable radical linked to a chromophore, which once excited, creates
a three-spin system magnetically coupled. However, unlike exchange couplings in ground states,
little is known about them in excited states, and their study is challenging from both experimen-
tal and theoretical points of view.

Determination of magnetic exchange couplings usually resorts to DFT with the computation of
high spin and broken symmetry determinants, which are ground states of their given spin sym-
metry. This strategy cannot be directly applied to excited states due to the inherent variational
collapse, and the first computations in this context are based on time-consuming wave-function-
based methods or Spin Flip TD-DFT.(1,2)

In this communication, I will show how the recently developed decomposition/recomposition
method offers an affordable and unequivocal strategy to compute exchange couplings in ex-
cited states. This method allows decomposing magnetic exchange couplings in their three main
physical contributions (the direct exchange, the kinetic exchange and the spin polarisation contri-
bution), which once summed up, offers a rigorous evaluation of the coupling. (3,4) This strategy
is based on a selective relaxation of the orbitals involved in the different mechanisms, and these
controlled relaxations prevent the question of variational collapse. The method is applied to
study couplings in a series of radical-based molecules recently synthesised by Stein et al..(5)

(1) M. Franz, F. Neese and S. Richert, Chem. Sci., 13 (2022) 12358-12366

(2) T. Steenbock, L. L. M. Rybakowski, D. Benner, C. Herrmann and G. Bester, J. Chem. The-
ory Comput., 18 (2022) 4708-4718

(3) G. David, G. Trinquier and J.-P. Malrieu, J. Chem. Phys., 153 (2020) 194107.

(4) G. David, N. Ferré and B. Le Guennic, J. Chem. Theory Comput., 19 (2023) 157-173

(5) B. W. Stein, C. R. Tichnell, J.Chen, D. A. Shultz and M. L. Kirk, J. Am. Chem. Soc., 140
(2018) 2221-2228

*Intervenant

44



Optimized excitonic transport mediated by
local energy defects: survival of optimization
laws in the presence of dephasing

Lucie Pepe * !, Saad Yalouz * T, Vincent Pouthier
I Laboratoire de Chimie Quantique — CNRS, Université de Strasbourg — France

In an extended star with peripheral defects and a core occupied by a trap, it has been shown
that exciton-mediated energy transport from the periphery to the core can be optimized (S.
Yalouz et al. Phys. Rev. E 106, 064313 (2022)). If the defects are judiciously chosen, the
exciton dynamics is isomorphic to that of an asymmetric chain and a speedup of the excitonic
propagation is observed. Here, we extend this previous work by considering that the exciton in
both an extended star and an asymmetric chain, is perturbed by the presence of a dephasing
environment. Simulating the dynamics using a Lindblad master equation, two questions are
addressed: how does the environment affect the energy transport on these two networks? And,
do the two systems still behave equivalently in the presence of dephasing? Our results reveal that
the time-scale for the exciton dynamics strongly depends on the nature of the network. But quite
surprisingly, the two networks behave similarly regarding the survival of their optimization law.
In both cases, the energy transport can be improved using the same original optimal tuning of
energy defects as long as the dephasing remains weak. However, for moderate/strong dephasing,
the optimization law is lost due to quantum Zeno effect.
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How the pH of aqueous droplets and its size
dependence are controlled by the air-water
interface acidity
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The air-water interface exhibits a unique chemical reactivity that is completely different from
that in the bulk and that is central to fields ranging from "on-droplet" catalysis to atmospheric
chemistry.(1) One of the most fundamental properties altered by the air-water interface is acidity.
However, defining and measuring acidity in micro-droplets is extremely challenging, since fac-
tors ranging from system size to spatial resolution can critically impact such measurements.(2)
Recent innovative experiments (3,4) have reported a mapping of acidity within droplets, but the
results remain contrasted and a molecular understanding of the interface impact on acidity is
needed.

Molecular dynamics (MD) simulations are a precious tool to obtain a molecular- level picture of
acidity in interfacial systems. However, the computational cost of typical reactive simulations
traditionally imposes a compromise either on the accuracy of the electronic structure descrip-
tions or on the statistical sampling, which are both required to provide a quantitative measure
of acidity. Here, we overcome these limitations by employing deep neural network potentials(5)
trained to reproduce potential energy surfaces of hybrid DFT quality at a fraction of the compu-
tational cost, which we combine with path-integral MD to account for nuclear quantum effects.(6)

We performed reactive simulations of the water self-dissociation equilibrium and calculated the
hydronium and hydroxide self-ion stabilities near the air-water interface. We then combined
these results with an analytical model to determine the pH and self-ion concentration profiles
within nano- and micro-droplets and to assess the impact of system size and interfacial depth on
these key quantities.

(1) M.F. Ruiz-Lopez et al., Nat. Rev. Chem., 2020, 4, 459-475

(2) M. de la Puente et al., J. Am. Chem. Soc., 2022, 144, 10524-10529

(3) M. Li et al., Chem, 2023, 9, 1-11

(4) K. Gong et al., Proc. Nat. Acad. Sci. U.S.A, 2023, 120, 20, €2219588120
(5) H. Wang et al., Comput. Phys. Commun., 2018, 228, 178-184

(6) M. Ceriotti et al., Phys. Rev. Lett., 2012, 109, 100604
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Quantum embedding strategy for describing
multiple electronic states

Filip Cernatic * ', Saad Yalouz!
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In recent years, quantum embedding theory, which focuses on modelling molecules and mate-
rials with strong local correlation, has attracted increasing attention. The essence of the theory
can be broken down into two basic steps: dividing a many-electron system into single- or multiple-
impurity fragments, and embedding each fragment in a small number of bath orbitals spanning
the rest of the system. Although the bath subspace can be constructed in a variety of ways,
one strategy is to use the one-electron reduced density matrix (IRDM)(1-4) Current literature
on embedding based on 1IRDM mostly focuses on specific (ground(1-4) or excited(5)) electronic
states. In our work, we propose an extension toward embedding of multiple states by introducing
ensemble embedding — a strategy, suitable for the weighted average of ground and excited
state IRDMs(6). We show an example of how to build single-impurity embedding for targeting
the singlet ground and first excited states, and present results of applications on ab initio and
model systems.

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

(2) S. Wouters, C. A. Jiménez-Hoyos, Q. Sun, and G. K.-L. Chan, J. Chem. Theory Comput.
12, 2706 (2016).

(3) S. Sekaran, M. Tsuchiizu, M. Saubanére, and E. Fromager, Phys. Rev. B. 104, 035121 (2021).
(4) S. Yalouz, S. Sekaran, E. Fromager, and M. Saubanére, J. Chem. Phys. 157, 214112 (2022).
(5) Tran, Henry & Voorhis, Troy & Thom, Alex. (2019). J. Chem. Phys., 151. 034112.

(6) F. Cernatic, S. Yalouz, in preparation (2023).
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Exploring Surface Terminations and Reactivity
in Epitaxially Grown Maghemite on Pt
Substrates through First Principles

Amit Sahu * !, Celine Dupont’ *
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Transitioning to sustainable energy sources like solar and wind power offers a promising so-
lution to climate change, but the issue of efficient energy storage remains a significant hurdle.
Hydrogen emerges as a potential game-changer, serving both as an energy carrier and storage
medium, attainable through the process of photoelectrolysis. However, the efficiency of this
process relies on identifying effective catalysts, which has proven elusive thus far, especially con-
cerning metal oxides. Iron-based oxides, particularly maghemite, have attracted considerable
attention due to their favorable attributes, including stability and non-toxicity, but a compre-
hensive understanding is still lacking. Thanks to a DF'T+U approach, we investigate two distinct
maghemite surface terminations, (001) and (111), epitaxially grown on a Pt substrate. Addi-
tionally, the impact of the computational model (tetragonal vs. cubic) on surface termination
stability is examined. Besides, the surface reactivity towards water would also be compared.

The comparative stability of various termination combinations is explored, with a focus on the
(001) termination, leading to the identification of four stable systems. Among these, AB, featur-
ing Fery, and Fepy, terminations, exhibits the highest stability. Conversely, the (111) termination
presents three stable terminations, with AD1 emerging as the most stable. The influence of het-
erostructures formed by combining strained maghemite surfaces with a Pt(001) substrate is
investigated, revealing the dominance of (111) surfaces over (001) in these configurations.

Furthermore, we analyze the stability and electronic behavior of (001) and (111) surfaces de-
rived from cubic and tetragonal maghemite models, highlighting the impact of surface vacancies
and layer thickness on stability and rearrangements. In particular, the presence of vacancies
affects surface destabilization, with notable inner layer distortion observed in smaller systems.
The investigation of water adsorption on these surfaces reveals that the Fepy site consistently
exhibits stronger adsorption compared to Fepy, suggesting that water molecules are likely to
preferentially adhere to the FeoOg surface’s tetrahedral sites. This research represents a critical
step toward understanding the reactivity and stability of maghemite surfaces and their potential
in catalysis and energy applications.
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State-specific coupled-cluster methods for
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Over the past few years, a major effort has been put to attain accurate descriptions of ex-
cited states in molecules, particularly vertical excitation energies from the ground state. The
well-established Density Functional Theory (DFT) offers a pathway to access excited states by
employing time-dependent DFT, which uses linear-response theory on top of a ground-state
computation. A similar concept is embraced in the single-reference coupled-cluster (CC) the-
ory, where ground-state amplitudes serve for excited-state calculations. However, this approach
inherently biases excitation energies towards the ground state. To address this issue, there are
two viable alternatives. Firstly, one can employ state-averaged methods, in which the choice
of orbitals is made such that they are neither particularly favorable nor unfavorable for dif-
ferent states. Secondly, in state-specific methods, a dedicated set of orbitals is optimized for
each state of interest. While these techniques are commonplace within configuration-interaction
methods, integrating them into CC theory can be somewhat intricate. Nonetheless, recent in-
vestigations have unveiled promising outcomes with a state-specific method called ACC(1,2). In
this approach, calculations are executed based on a closed-shell doubly-excited Slater determi-
nant, allowing access to doubly excited states-an area where low-order CC methods often fall
short in accuracy. Regrettably, this concept generally cannot be applied to open-shell excited
states due to to their multireference character. Thus, one way to deal with it consists on using
multi-reference coupled-cluster (MRCC) methods but they are generally cumbersome. Luckily,
open-shell singlet and triplet excited states are generally aptly described by two spin-flipped
Slater determinants, constituting a minimalist MRCC approach known as the two-determinants
CC(3-5) (TD-CC). In contrast to more complex MRCC methodologies, the TD-CC equations can
be derived in a straightforward manner. In this presentation, we will provide a concise overview
of the ACC and TD-CC methods before investigating into their respective performances across
various types of excited states.

(1) Lee, J.; Small, D. W.; Head-Gordon, M.; J. Chem. Phys. 2019, 151

(2) Schraivogel, T.; Kats, D.; J. Chem. Phys. 2021, 155.

(3) Balkova, A.; Kucharski, S. A.; Meissner, L.; Bartlett, R. J.; J. Chem. Phys. 1991, 95,
4311-4316.

(4) Szalay, P. G.; Bartlett, R. J.; J. Chem. Phys. 1994, 101, 4936-4944.

(5) Lutz, J. J.; Nooijen, M.; Perera, A.; Bartlett, R. J.; J. Chem. Phys. 2018, 148
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Recent developments in molecular
excited-state dynamics with the exact
factorization

Eduarda Sangiogo Gil * 1, Federica Agostinit !
I Université Paris-Saclay — Institut de Chimie Physique, Université Paris-Saclay, CNRS — France

In this presentation, I will discuss recent developments in the field of molecular excited-
state dynamics. In particular, I will present the first implementation of coupled-trajectory Tully
surface hopping (CT-TSH), derived from the exact factorization, suitable for applications to
molecular systems. CT-TSH has been combined with the semiempirical FOMO-CI electronic
structure method to investigate the photoisomerization dynamics of trans-azobenzene. This
study shows that CT-TSH can capture correctly decoherence effects in this system, yielding
consistent electronic and nuclear dynamics in agreement with (standard) decoherence-corrected
TSH. In CT-TSH the electronic coefficients’ evolution is directly influenced by the coupling of
trajectories, resulting in the improvement of internal consistency if compared to standard TSH.
In addition, the exact factorization is currently being extended to treat systems of photons,
electrons, and nuclei, aiming to investigate the effects of strong light-matter coupling (at the full
quantum mechanical level).
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A comparison of the shock properties of three
polymer melts : a molecular dynamics study
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Understanding the behavior of polymers under shock loading is essential for many of their
industrial applications such as car equipment, sport gear, and plastic bonded expolsives. In this
work, we use molecular dynamics to perform direct shock simulations in three polymer melts,
polybutadiene, polystyrene and phenoxyresin. These polymers have different glass transition
temperatures and different chemical structures, but all three of them are linear homopolymers
exisitng in an amorphous glassy state. After assessing that the density, structural properties and
Hugoniot locus of the three polymer melts compare satisfactorily to previous experimental and
numerical data, we take advantage of the detailed description provided by the molecular dynamics
simulations to compare their shock properties. In particular, the shear stress relaxation behind
the shock front is studied in all three polymers. The distribution of the shock energy into kinetic,
intermolecular and intramolecular potential energy is also calculated.
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Spectroscopic properties in Vibrational Strong
Coupling in Disordered matter from Path -
Integral simulations
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Vibrational Strong Coupling (VSC) is a phenomenon that occurs when one of the harmonics
of an optical cavity is coupled resonantly to a vibrational transition of a molecular system, creat-
ing a pair of hybrid light-matter states. This can be clearly visualized in vibrational spectroscopy:
what before coupling was a molecular transition, turns into a pair of peaks symmetrically dis-
placed from the molecular transition (1). These peaks are called the polaritons. Also, there are
states, known as the dark states, that remain inactive in IR, but are thought to have a key role in
the phenomena that have been experimentally associated with VSC. Experimentally, it has been
shown that VSC can not only affect the spectroscopy of molecular systems, but has an impact
on the kinetics and thermodynamics of chemical processes. Studies by Ebbesen and coworkers
have revealed that reaction rates can be modified by VSC (2, 3, 4), as well as thermodynamics (5).

In this context, the proposed oral communication will present a series of studies done on a
simplified system, consisting of a set of 1-dimensional morse oscillators, parametrized to resem-
ble a water-like OH stretching, and a harmonic mode that couples to all of them, which in turn
represents a cavity mode that can be made resonant to the former. In this setup, Path-Integral
Monte Carlo simulations can be performed, which provide the IR spectroscopy of the system,
showing the appearance of the polariton states. Also, this setup allows access to the composition
of the polaritons and dark states, allowing us to look into the set of both polaritonic and dark
states, and analyze their constitution and degree of delocalization. A crucial part of this work
is the discussion of the effect of frequency disorder, a distribution of frequencies in the matter
modes, in this model, how it impacts the previously mentioned parameters, as well as the spec-
troscopy. Finally, the influence of different hamiltonians for the system, particularly the Pauli -
Fierz and the Tavis Cummings hamiltonians has also been explored.

We find that, when anharmonic potentials are used to describe matter, quantum nuclear ef-
fects have to be taken into account to introduce the red shift of the mode frequencies with regard
to its harmonic equivalents. With regard to the spectroscopy, our method correctly produces 2
bright modes, the polaritons, and a set of IR-inactive modes, the dark states. The polaritons
are active because the cavity induces all the modes to oscillate in phase in them, while they
are kept at random in the dark modes, which have no cavity contribution. The compositions of
the polaritons are further analyzed, showing that the modes closest in frequency participate the
most in them. Regarding delocalization, the polaritons are fully delocalized, as can be expected
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from hybrid light-matter states, while the dark states, while more localized, present a certain
delocalization that persists within moderate disorder. This delocalization can be attributed to
the participation of a few modes close in frequency to the eigenstate, and could be an important
factor in energy redistribution inside the system.

(1) J. Feist and F. J. Garcia-Vidal, Phys. Rev. Lett. 114, 196402 (2015).

(2) A. Thomas, J. George, A. Shalabney, M. Dryzhakov, S. J. Varma, J. Moran, T. Chervy, X.
Zhong,

E. Devaux, C. Genet, J. A. Hutchison, and T. W. Ebbesen, Angew. Chem. Int. Ed. 55, 11462
(2016).

(3) A. Thomas, L. Lethuillier-Karl, K. Nagarajan, R. M. A. Vergauwe, J. George, T. Chervy, A.
Shalabney, E. Devaux, C. Genet, J. Moran, and T. W. Ebbesen, Science 363, 615 (2019).

(4) J. Lather and J. George, J. Phys. Chem. Lett. 12, 379 (2021).

(5) Y. Pang, A. Thomas, K. Nagarajan, R. M. A. Vergauwe, K. Joseph, B. Patrahau, K. Wang,
C. Genet, and T. W. Ebbesen, Angew. Chem, Int. Ed. 59, 10436 (2020).
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2D multilayered metal halide perovskites share similarities with 3D perovskites including
direct electronic band gap, sizeable optical absorption, small effective masses, Rashba-like ef-
fects (1). They exhibit other attractive features related to tunable quantum and dielectric con-
finements, strong lattice anisotropy, more complex combinations of atomic orbitals and lattice
dynamics, extensive chemical engineering possibilities, including chiral cations (1,2). This will
be illustrated by recent combined experimental and theoretical studies on excitons, formation of
edge states, hot carrier effects and carrier localization (2-7). Moreover, combined in 2D /3D bi-
layer structures using new versatile growth methods, excellent solar cell device stability has been
demonstrated (8). The difference of performances between n-i-p or p-i-n device architecture can
be rationalized based on band alignment calculations (9,10). Noteworthy, the concept of lattice
mismatch provides guidance for choosing the 2D and 3D materials to combine (1,11).

Acknowledgments: This work was supported by the European Union’s Horizon 2020 research
and innovation program under grant agreement 861985 (PeroCUBE). J.E. is supported by Insti-
tut Universitaire de France.
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Investigation of a germanium induced /109 x
/109 reconstruction on Ag(111): germanene
or not germanene 7
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Germanene, a Ge monolayer exhibiting a honeycomb lattice, has been the topic of numerous
studies in the last years, since astonishing electronic properties are expected such as the presence
of a Dirac cone or large carrier mobility. However, unlike graphene, germanene must be grown
on a substrate, and the atomic structure of the obtained layer depends on the chosen substrate.

Here the Ge monolayer results of the evaporation of Ge in ultra-high vacuum onto a Ag(111) sub-
strate kept at 445K. Scanning tunneling microsopy measurements indicate the presence of a /109
x /109 reconstruction with respect to the Ag(111) surface lattice, and surface X-ray diffraction
(SXRD) measurements point to the formation of a germanium layer containing substitutional Ag
atoms. Different configurations (varying the Ag/Ge fraction and the overlayer atomic density)
have been tested by fitting simulated structure factors to the SXRD experimental ones, and by
density functional theory (DFT) simulations. It appears that the best fit (according to SXRD)
and the most stable model (resulting from DFT) correspond to a Ge-Ag layer with GeggAgg
composition. The local density of state image is in very good agreement with the scanning tun-
neling microscopy measurements. DF'T calculations show that the Ge98Ag6 overlayer grown on
pure Ag(111) is not characterized by a honeycomb lattice, but that the atoms are arranged in
hexagons, pentagons and heptagons.
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The exact functionals associated with the (singlet) ground and the two singlet excited states
of the asymmetric Hubbard dimer at half-filling are calculated using both Levy’s constrained
search and Lieb’s convex formulation. While the ground-state functional is, as commonly known,
a convex function with respect to the density (or, more precisely, the site occupation), the
functional associated with the (highest) doubly-excited state is found to be concave. Also, we
find that, because the density of the first excited state is non-invertible, its "functional" is a
partial, multi-valued function composed of one concave and one convex branch that correspond
to two separate domains of the external potential. Remarkably, it is found that, although the
one-to-one mapping between density and external potential may not apply (as in the case of
the first excited state), each state-specific energy and corresponding universal functional are
"functions" whose derivatives are each other’s inverse, just as in the ground state formalism.
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DFT calculation for heteroleptic silver-rich
8-electron superatoms

Hao Liang * !
L' ISCR — Université de Rennes I — France

The heteroleptic silver-rich nanoclusters, (Au@AuyAgy2(dtp)7(PPhs),)?* (dtp = dithiopho-
phate; M17) and (Pt@AuyAg;1(dtp)7(PPhs)s)(M16), were recently synthesized via a galvanic
replacement reaction leading to an alteration of the cluster nuclearity and geometry. DFT cal-
culations show that the two clusters are 8-electron superatoms(1-4) with 1S2 1P6 configuration.
The metal framework of M17 contains an (Au@(AusAgg))®t centered icosahedron with four
additional Ag+ peripheral atoms while that of M16 contains a (Pt@(AuyAgg))** centered icosa-
hedron with three additional Ag™ outer atoms. Calculations indicate that the outer additional
silver atoms are locally stable (nearly) planar tricoordinated 16-electron Ag(I) centers, interact-
ing only very weakly with the icosahedral metals. The two clusters shows large HOMO-LUMO
gaps, consistent with their stability. The experimental absorption spectra are well-reproduced
by TD-DFT calculations, where the low- energy bands at 441 nm (M17) and 420 and 543 nm
(M16) correspond to 1P — 1D transitions. Our results contribute understanding how to stabilize
new heteroleptic nanoclusters.

(1) W. D. Knight, K. Clemenger, W. A. de Heer, W. Saunders, M. Y. Chou, M. L. Cohen,
Phys. Rev. Lett. 1984, 52, 2141.

(2) D. M. P. Mingos, T. Slee, Z. Lin, Chem. Rev. 1990, 90, 385.

(3) S. Khanna, P. Jena, Phys. Rev. Lett. 1992, 69, 1664.

(4) F. Gam, J. Wei, S. Kahlal, J-Y. Saillard, J-F. Halet. Structure and Bonding . 2021, 188,
69-102.
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Mg and °Zn NMR study of Mg,Zn_,)0
solid solutions: observing correlated disorder

Aél Cador * !, Claire Roiland !, Laurent Le Polles' !, Régis Gautier? !
I Ecole Nationale Supérieure de Chimie de Rennes — ISCR UMR CNRS 6226 — France

Solid solutions of MgO and ZnO have attracted attention due to their potential applications
in ultraviolet optoelectronic devices(1). A first characterization of these solutions by NMR spec-
troscopy has already been carried out by Cadars et al.(2) but showed synthesis problems and low
sensibility. Here, we report recent characterizations by NMR spectroscopy which show that even
at low substitution rates, the spectra change substantially from pure MgO or ZnO. While they
show some degree of disorder, they do not correspond to the spectra obtained with the Szjzek
model(3) which is characteristic of disordered, isotropic materials.

These experimental studies have been complemented by DFT calculations. Due to the large
number of possible structures in such solutions, the structures have been sampled using the
Supercell program(4), which can generate all possible structures for a given supercell size and
stoichiometry, merge the symmetry-equivalent structures and perform a random sampling among
them. The simulated spectra of samples of the larger supercells match with the experiment, and
some structure-property relationships have been proposed.

1) T. Onuma et al. App. Phys. Lett. 113, 061903 (2018)
2) Y.-I. Kim et al. Phys. Rev. B 78, 195205 (2008)
3) G. Czjzek et al. Phys. Rev. B 23 (6), 2513 (1981)

)

(
(
(
(4) K. Okhotnikov et al. J. Cheminfor. 8, 17 (2016)
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Immobilization effect on optical properties of
quantum dots transferred from solution to
surfaces probed by nonlinear optical
spectroscopy

Emeline Boyer * 1, Carine Clavaguéra !, Lich Pham Ba !, Audrey Gayral !,
Thomas Noblet 2, Laurent Dreesen 2, Christophe Humbert *

! Institut de Chimie Physique , Université Paris-Saclay, CNRS, Batiment 349, 15 avenue Jean Perrin,
91405 Orsay, France — Institut de Chimie du CNRS, Université Paris-Saclay, Centre National de la
Recherche Scientifique — France
2 2GRASP-Biophotonics, CESAM, University of Liége, Institute of Physics, Allée du 6 Aott, 4000
Liége, Belgium — Belgique

Quantum dots (QD) constitute a novel generation of fluorescent probes due to their con-
fined size in the 1-10 nm range. In this field, nanosensors sensitivity is of pivotal importance
to target biomolecules. We focus here on the optimize grafting of organic ligand-coated CdTe
and CdSe/ZnS coreshell type QDs monolayers on glass surfaces to address the environmental
problem and cost of nanosensors(1). QD monolayers samples are pre-characterized by UV-VIS
absorption and (Time-resolved) fluorescence emission, evidencing the success of transferring the
QD optoelectronic properties from colloidal solution to amine-terminated aliphatic organosilane
monolayer-modified glass samples. Moreover, from time-resolved fluorescence spectroscopy, the
effect of chemical structure of monolayers are seen from a fast-quenching phenomenon in re-
lation to colloidal QD solution. Afterwards, an advanced surface-specific spectroscopic tool,
non-linear optical Two-Colour IR-Visible Sum-Frequency Generation spectroscopy (2C-SFG), is
used to probe and evidences the dipolar coupling between QD excitons and their molecular sur-
roundings(2), which improves the nanosensor’s detection threshold. This electro-optical coupling
(inorganic-organic charge transfer) is modelled through quantum chemical calculations dedicated
to spectroscopy. A calculation strategy is optimized in order to properly reproduce the electronic
structure of nanostructured systems at semi-empirical and DFT level. Due to the relatively large
size of our system, different ones, smaller than ours are modelized, in order to identify possible
size effect. The types of interaction involved are characterized using electronic density analysis
tools. Semi-empirical methods are used and calibrated in order to perform atomistic simulations
on a larger scale to take into account the effects of the chemical environment (solvent, ligands).

This work received funding from the CNRS through the International Research project INANOMEP
(Innovative NANOstructured Interfaces for MEdical and Photocatalytic applications) between
the ICP (France) and CESAM (Belgium) partners.

1. T. Noblet, S. Boujday, C. Méthivier, M. Erard, J. Hottechamps, B. Busson, C. Humbert,
J. Phys. Chem. C, 2020, 124, 25873-25883.

2. T. Noblet, L. Dreesen, S. Boujday, C. Méthivier, B. Busson, A. Tadjeddine, C. Humbert,
Comm. Chem., 2018, 1, 76.
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Dynamics of hydrogen interaction on tungsten
surfaces

T 1

Laura Viaud , Pascal Larregaray® ', Cédric Crespos® !, Laurent Bonnet!
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Because of its fundamental role in natural and technological processes, surface reactivity has
been intensively studied both experimentally and theoretically for decades. Currently, under-
standing the interaction of hydrogen with the surface of tungsten is a major challenge for nuclear
fusion technologies (1). Therefore we studied the collision dynamics of hydrogen on tungsten
via classical and quantum molecular dynamics approaches, using a multidimensional Potential
Energy Surface (PES) interpolated from Density Functional Theory (DFT) energies based on
the vdW-DF2 functional (2). In particular, we focus on the sticking probability, which has been
previously measured experimentally (3). Preliminary results show a considerable improvement
concerning the quantitative agreement between theory and experiment with respect to previous
works (4) using the PW91 functional (5), pointing out the decisive role of the density functional
on the sticking dynamics.

1. Knaster, J., Moeslang, A. & Muroga, T. Materials research for fusion. Nat Phys 12, (2016).

2. Lee, K., Murray, E. D., Kong, L., Lundqvist, B. I. & Langreth, D. C. Higher-accuracy van
der Waals density functional. Phys Rev B Condens Matter Mater Phys 82, (2010).

3. Berger, H. F., Grosslinger, E., Eilmsteiner, G., Resch, C., Winkler, A., Rendulic, K. D. Ad-
sorption of hydrogen on tungsten: a precursor path plus direct adsorption. Surf. Sci. 275, L627,
(1992).

4. Busnengo, H. F. & Martinez, A. E. H2 chemisorption on W(100) and W(110) surfaces. Jour-
nal of Physical Chemistry C 112, 5579-5588, (2008).

5. Perdew, J. P. & Wang, Y. Accurate and simple analytic representation of the electron-gas
correlation energy. Phys Rev B 45, (1992).
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Supramolecular auto-assembly of small
peptides. Studies by molecular dynamics.
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! Chimie de la matiére complexe — université de Strasbourg, Institut de Chimie du CNRS, Centre
National de la Recherche Scientifique — France

Spontaneous formation from individual components-molecules into an organised structure
is called molecular self-assembly, usually based on molecules’ local interactions of moleculesl.
Different driving forces and environmental details lead to various possible applications of auto-
assembly, such as bioimaging2, drug delivery3,4, and protein delivery5. Understanding the molec-
ular interactions during hydrogel formation will help predict their optimal use based on their
properties and interactions with other materials.

In our project, MA-hR10(Fig.1) is a fully charged polyelectrolyte with oligopeptide sidechains
exhibiting reversible UCST behaviour. In the experimental part, systems consisting of MA-hR10
and counterions TFA- went through a temperature cycle from 7°C to 20°C and back to 7°C with
filtration to obtain approximately the same size of micelles. We simulated systems with different
containments (10-20) of peptide and its derivative R10 - pure and impure systems at two tem-
peratures (279.15 K and 333.15K in order to understand the behaviour of these systems better.
At 279.15 K, the main interactions occur between (i) Gdm+ and Gdm+, Gdm+ and (ii) O- of
TFA- (NHe @ ¢O) and (iii) Gdm+ with COO-TERM (NHe e ¢O), which led to the formation
of aggregate, dimers and trimers (Fig.2.a). With increasing temperature, the structure of these
aggregates changed during the simulation and became more spheric for both pure and impure
systems (i.e. with R10) (Fig.2.b).

These results indicate that these chemical systems respond to temperature changes via a modi-
fication of the aggregate structure.

Figure 1. Molecular structure representation of MA-hR10 peptide.
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UV-spectrum and photo-decomposition of
peroxynitrous acid in the troposphere
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1 Groupe de spectrométrie moléculaire et atmosphérique — Université de Reims Champagne-Ardenne :
UMR7331, Centre National de la Recherche Scientifique : UMR7331, Université de Reims
Champagne-Ardenne, Centre National de la Recherche Scientifique — France

Crutzen (1) suggested that nitrogen oxides arriving in the stratosphere due to anthropogenic
activities contribute to the catalytic conversion of ozone into dioxygen, thus damaging the strato-
spheric ozone layer. The nitrogen oxides can be removed partially from this cycle by recombina-
tion with the hydroxyl radical. Whereas the formation of nitric acid (HO + NOg + M — HONO»
+ M) neutralises NOy and is indeed its predominant sink pathway in the troposphere, the alter-
native reaction leading to peroxynitrous acid (HO + NOgy + M — HOONO) is reversible and
thus will not terminate the harmful catalytic reaction cycles. Peroxynitrous acid HOONO was
first observed in an Argon matrix (2). It has not been seen in the gas phase at ambient pressure
and temperature because of its short lifetime of a few seconds (3). HOONO disintegrates readily
through thermolysis and photo-decomposition. The mechanisms are not well understood.

In this work, we investigate the photochemical decomposition and the non-adiabatic decay
dynamics of the molecule. We have calculated the UV spectra for the two most stable conform-
ers, namely the cis-cis and trans-perp conformers, using various theoretical methods. Our aim
was to investigate the experimental UV spectrum (4) by identifying the observed signals and
to calculate the photolysis rate constant based on the obtained cross-section data. Upon UV
excitation, the molecule will break up to yield either HOs + NO or NOgy + OH. The corre-
sponding photolysis rate constant was obtained in the present work for the first time. We show
that under the conditions in the upper troposphere, photo-decomposition is faster than thermal
decomposition by two orders of magnitude. This rate constant will be needed for atmospheric
modelling.

The trajectory surface hopping (TSH) algorithm was used to describe the non-adiabatic
decay processes of the photo-excited molecule. The calculations were carried out using the
NEWTON-X package (5), which is interfaced with the MOLPRO and GAUSSIAN quantum
chemistry programs.

(1) Crutzen P.J., The influence of nitrogen oxides on the atmospheric ozone content. Quar-
terly J. Royal Meteorol. Soc, 96, 320-325 (1970).

(2) Cheng B.M., Lee J.W. and Lee Y.P., Photolysis of nitric acid in solid argon: the infrared
absorption of peroxynitrous acid (HOONO). J. Phys. Chem. 95, 2814-2817 (1991).

(3) Abida, O., Mielke, L.H., and Osthoff, H.D., Observation of gas-phase peroxynitrous and per-
oxynitric acid during the photolysis of nitrate in acidified frozen solutions. Chem. Phys. Lett.
511, 187e192 (2011).

(4) Lo W.J. and Lee Y.P., Ultraviolet absorption of cis-cis and trans-perp peroxynitrous acid
(HOONO) in solid argon. Chem. Phys. Lett., 229, 357 (1994).

(5) M. Barbatti, Nonadiabatic dynamics with trajectory surface hopping method, Wiley Inter-
discip. Rev.: Comput. Mol. Sci. 1, 620-633 (2011).
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ESIPT-capable zinc(IT) complexes with
1-hydroxy-1H-imidazole-based ligands:
molecular design and anomalous anti-Kasha
emission
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2 N. N. Vorozhtsov Novosibirsk Institute of Organic Chemistry, Siberian Branch of Russian Academy of
Sciences, 9, Acad. Lavrentiev Ave., Novosibirsk, 630090, Russia — Russie
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Compounds with strong intramolecular hydrogen bonds of the O-H---Y and N-H---Y types
(Y = O, NR) tend to exhibit photoinduced proton transfer reactions. The excitation of such
compounds in their most stable form leads to the electron density redistribution followed by the
excited state intramolecular proton transfer (ESIPT) yielding the tautomeric form. The emis-
sion of ESIPT-fluorophores is known to be extremely sensitive to various external and internal
stimuli and can be fine-tuned through substitution in the proton-donating and proton-accepting
moieties. In addition, ESIPT-dyes may demonstrate rare and non-trivial photophysical proper-
ties such as excitation wavelength dependent emission, dual and multiple fluorescence. These
features, coupled with high emission efficiency, make ESIPT-fluorophores an appealing platform
for a plethora of practical applications, e.g. in the design of novel sensors and components for
organic light-emitting diodes (OLEDs), in bioimaging and in analytical chemistry.
Although the molecules of ESIPT-emitters can bind metal ions (which is used for the detection
of metals), this phenomenon is typically coupled with their deprotonation and the disappearance
of ESIPT in metal complex molecules. Nevertheless, the purposeful design of specific sites for
metal coordination paves the way toward metal ion binding without deprotonation. Compared
to conventional and purely organic ESIPT-fluorophores, the study of ESIPT-capable metal com-
plexes is an emerging area of research. To date, there are fewer than 20 references dealing with
the synthesis and investigation of such complexes.

Herein we report a series of rationally designed 1-hydroxy-1H-imidazole-based ESIPT-dyes HLn.
Due to the spatial separation of metal binding and ESIPT sites, these compounds can coordinate
metal ions without being deprotonated. The reactions of ZnX2 (X = Cl, Br, I) with HLn af-
ford ESIPT-capable (Zn(HLn)X2) complexes. Comparative experimental and theoretical studies
showed that the coordination of metal ion significantly alters the photophysical and photochem-
ical properties of the studied compounds. According to TDDFT calculations, the complexes
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(Zn(HLn)X2) demonstrate Kasha-like S1 — SO fluorescence with the Stokes shift of 100 nm,
whereas the ligands HLn exhibit anomalous anti-Kasha S2 — S0 fluorescence with extraordinar-
ily small Stokes shifts of 50 nm. Such non-trivial emission behavior of HLn is attributed to (i) the
dark nature of the S1 state and the bright nature of the S2 state, (ii) the large S1-S2 energy gap,
which slows down the rate of S2 — S1 internal conversion, in accordance with the energy gap law,
(iii) the efficient non-radiative deactivation of the S1 state via an energetically achievable S0/S1
conical intersection. The findings from this study contribute to the development of fine-tuning
principles of the luminescence of both purely organic ESIPT-emitters and ESIPT-capable metal
complexes.

The research was funded by Russian Science Foundation (grant Ne 21-13-00216, https://rscf.ru/en/pro-
ject/21-13-00216/) and performed at Nikolaev Institute of Inorganic Chemistry SB RAS.

(1) N.A. Shekhovtsov, E.B. Nikolaenkova, S.N. Vorobyova, V.F. Plyusnin, K.A. Vinogradova,
T.S. Sukhikh, A.Ya. Tikhonov, M.B. Bushuev, Dalton Trans., 2023, 52, 8114.

(2) N.A. Shekhovtsov, E.B. Nikolaenkova, A.S. Berezin, V.F. Plyusnin, K.A. Vinogradova, D.Y.
Naumov, N.V. Pervukhina, A.Ya. Tikhonov, M.B. Bushuev, Dalton Trans. 2022, 51, 15166.
(3) N.A. Shekhovtsov, K.A. Vinogradova, S.N. Vorobyova, A.S. Berezin, V.F. Plyusnin, D.Y.
Naumov, N.V. Pervukhina, E.B. Nikolaenkova, A.Ya. Tikhonov, M.B. Bushuev, Dalton Trans.
2022, 51, 9818.

(4) N.A. Shekhovtsov, E.B. Nikolaenkova, A.S. Berezin, V.F. Plyusnin, K.A. Vinogradova, D.Yu.
Naumov, N.V. Pervukhina, A.Ya. Tikhonov, M.B. Bushuev, ChemPlusChem 2021, 86, 1436.
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Understanding the electronic structure and exited states of the negatively charged nitrogen
vacancy center (NV-) in diamond is of fundamental interest for the fast advance of its quantum
technological applications, spamming from qubits to superconductivity sensing. The nature of the
ground (3A2 triplet) state and of photoluminescence signals were first identified using optically
detected magnetic resonance, showing one visible emission at 1.94 eV and one singlet-singlet
infrared transition at 1.19 eV. However, the symmetry character and the position of the singlet
states with respect to the ground state are unknown experimentally and still under debate. In the
present work, we combine from-first-principle generalized DFT calculations in combination with
an in-house extended Hubbard model to describe the defect many-body energy states. Using
the HSE06 exchange-correlation potential, we performed density functional theory calculations
of the ground state and of some excited states total energies with the ASCF method, which we
used as input data to fit our extended Hubbard model. We find that the explicit inclusion of
the Hund interaction in the Hamiltonian is necessary to properly describe the correlated singlet-
singlet transitions, while the triplet states are properly described by the DFT-HSE06. Moreover,
we discuss the link between the Hund interaction term and the spin-spin interaction term in this
correlated system. Our results show the significance of electronic correlations in the description
of the optical and non-radiative excitations of the NV- center in diamond, a crucial outcome for
developing the use of solid-state spin defects in technological quantum applications.
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Modeling of bimetallic nanoparticles
synthesized through radiolysis with theoretical
chemistry and automated learning.
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High proton metal nanoparticles (NP) see a lot of developments and interests as radiosensi-
tizers for radiotherapy. A new bimetallic Bi:Pt NP (d ~ 5nm) coated in PEG-based ligands was
developed at ISMO, Paris Saclay using radiolysis. But what effects does the synthesis method
have on the organization and surface of the NP, and how is the latter going to interact with its
environment? In addition, we investigated the possibility of adapting a small-scale, low-cost ma-
chine learning tool to fill in the gap by the lack of force field parameters for molecular dynamics.
We investigated the structure of the bimetallic core using semi-empirical methods and molecular
DFT on a selection of core-shell and alloy initial structures (d < Inm). We also added PEG
ligands around the optimized core to observe their interactions with the latter.

The ChIMES model (Chebyshev interaction model for efficient simulation) can design machine-
learned force fields for the system to run in molecular dynamics and has been used in simulations
for molten carbon (1) and ambient water (2) We used the data generated by all these DFT cal-
culations to train the ChIMES machine-learned force fields and to bridge the gap between the
empirical size of the NPs and the models used.

We thus observed the explosion of core-shell structures and the relative stability of the alloy.
We confirmed that the ligands are attached to the Pt atoms present on the surface. We designed
three different data training sets for the machine learning procedure, each providing us with a
better understanding of the tool, and leading us to obtain confident preliminary results as to the
applicability of ChIMES to this metallic system.

(1) R.K. Lindsey, L.E. Fried, N. Goldman, J. Chem. Theory Comput., 13 6222 (2017)
(2) R.K. Lindsey, L.E. Fried, N. Goldman, J. Chem. Theory Comput. 15 436 (2019)

*Intervenant

66



Energy Redistribution upon Hydrogen Atom
Scattering off Hydrogen-Covered W (100)
Surfaces

Raidel Martin Barrios *T ', Oihana Galparsoro 2, Aliezer Martinez-Mesa 3,
Llinersy Uranga-Pifa 3, Cédric Crespos !, Pascal Larregaray !

! Institut des Sciences Moléculaires — Université Montesquieu - Bordeaux 4, Université Sciences et
Technologies - Bordeaux 1, Ecole Nationale Supérieure de Chimie et de Physique de Bordeaux
(ENSCPB), Institut de Chimie du CNRS, Centre National de la Recherche Scientifique — France
2 Donostia International Physics Center — Espagne
3 Dynamical processes in Atomic and Molecular Systems (DynAMoS), Faculty of Physics, University of
Havana, Havana 10400, Cuba. — Cuba

Recent experiments have shown that translational energy loss is mainly mediated by electron—
hole pair excitations, for hydrogen atoms impinging on clean metallic surfaces (1). Inspired by
these studies, quasi-classical trajectory simulations are performed to investigate the energy trans-
fer after scattering of hydrogen atoms off clean and hydrogen-covered tungsten (100) surfaces.
The present theoretical approach examines the coverage effect of the preadsorbed hydrogen
atoms, as was done for the case of the tungsten (110) surface (2). Dispersion can be rationalized
in terms of three different dynamical mechanisms, the contribution of which changes with coat-
ing. These allow, in particular, to understand why the shape of the energy loss spectra depends
critically on whether the scattering is analyzed in the whole space or at a specular angle.
Figure 1: Position of adsorbed H atoms (red points) on W(100) at ©= 1 ML (left) and ©= 2
ML (right). Blue circles show the position of the second layer tungsten atoms.

Figure 1: Energy loss spectra for scattered atoms at specular angle, at ©= 0 ML (blue), O=
1 ML (orange) and ©= 2 ML (green). The distribution is normalized to the total number of
trajectories. The black dots represent the average energy loss for each case.

(1) O. Bunermann, H. Jiang, Y. Dorenkamp, A. Kandratsenka, S.M. Janke, D. J. Auerbach,
and A. M. Wodtke, Science, vol. 350, no. 6266, pp. 1346-1349, 2015.

(2) R. Martin Barrios, O. Galsparsoro, A. Martinez-Mesa, L. Uranga-Pina, C. Créspos, and P.
Larregaray. J. Phys. Chem. C, vol. 125, no. 26, pp. 14468-14473, 2021.
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Red-emitting tetraphenylethylene derivative
with aggregation-induced enhanced emission
for luminescent solar concentrators: A
combined experimental and density functional
theory study
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Relying on the molecular dynamics (MD) and the time-dependent density functional theory
(TD-DFT), this research is to firstly, build a dye-polymer blend system; secondly, model the
mechanical process on the polymer matrix; finally, study the electron properties or optical prop-
erties, especially the fluorescence behaviour of the central dyes. Thanks to the embedded system,
the physical mechanical reaction on the polymer matrix can be conducted to the central dyes.
In the last step, we extract the dyes from the snapshots in the last 100ps to do the TD-DFT
calculations. What’s more, for the crystalline configurations, one central
dimer is considered as the key region and the neighbour molecules are considered as the charge
region in background charge calculations to avoid an extremely long calculation of the crystalline
structures. In this work, a new methodology is presented to explain the mechanochromic process.
Two embedded AIEgens who experience the mechanochromism, which indicates that during the
mechanochromic process, the rotational and flapping groups in TPE-MRh and TPE-BPAN make
the dimers experience a complex movement, including shearing, bending approaching and disas-
sembling, which may both affect the intermolecular and intramolecular interaction. Compared
with compression deformation, the tension deformation can result in a higher MSD. The absorp-
tion spectrums and exciton binding energies of TPE-MRh dimer show that the presence of force
can hinder the intermolecular CT during the excitation. While for TPE-BPAN dimer, the CT
during excitation can be supressed (enhanced) by compression (tension) force. The TPE-BPAN
dimer can be disassembled by tension force.
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