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Based on the JOYCE quantum-derived force field for specific electro-
nic states, we propose a non-adiabatic dynamic procedure named
Nora, to study the photochemical evolution of different chromo-
phores at the cost of classical molecular dynamics simulations.
Notably, we present its application to the E/Z photoisomerization of
a biomimetic cyclocurcumin-based photoswhitch, which may have
applications in oxygen-independent photodynamic therapy or photo-
immunotherapy. This new methodology opens an expansive timescale
in the study of photochemical processes in biological environments.

Molecular photoswitches” have shown increasing interest in
different scientific fields, including the development of smart
materials and optoelectronic devices. Their role in photobiology™*
can hardly be overestimated, since they lie at the very heart of
crucial phenomena such as signal transduction in vision.>” The
latter is mediated by a very fast photoisomerization of a chromo-
phore, retinal, embedded in rhodopsin. This photo-induced pro-
cess also represents one of the paradigms of the computational
study of molecular photoswitches, using both static and dynamic
approaches. Recently, we have shown that biomimetic photo-
switches derived from cyclocurcumin (Pyro) present enhanced
photochemical properties compared to the parent compound in
terms of maximum absorption wavelength and photoisomerization
quantum yield.* "> Moreover, we have shown that Pyro can interact
with biological membranes, perturbing their properties in a dose-
dependent manner upon photoisomerization." This observation is
attractive since it can pave the way to its use as an oxygen-
independent phototherapy agent, which will allow the treatment
of hypoxic solid tumours more efficiently than in conventional
photodynamic therapy.”"*'* However, the optimization of these
strategies would require the use of molecular modelling and
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simulation approaches, which provide an atomistic-resolved vision
of the photochemical pathways active in complex environments
such as lipid bilayers. Yet, providing a fully resolved photochemical
description of the isomerization is extremely challenging, and in
some instance out of the scope of present-day simulation
techniques.

As a matter of fact, the golden standard for studying excited
state evolution and photochemistry relies on using non-
adiabatic dynamics in which the breaking of the Born-Oppen-
heimer approximation is considered with different levels of
theory. While quantum dynamics (QD),"* which explicitly con-
siders the quantum nature of the nuclei, allows the propagation
of relevant wave-packet, its cost is still prohibitive to treat large
systems, and, furthermore, usually requires selecting only some
specific degrees of freedom. On the other extreme of the
spectrum, surface hopping (SH) dynamics treats the nuclei
classically, propagating them on a given potential energy sur-
face while allowing hops between them based on their non-
adiabatic coupling and energy difference.'®'® While SH takes
natively into account the whole vibrational degrees of freedom,
it is still plagued by a high computational cost, since it requires
obtaining energies, gradients and couplings for multiple elec-
tronic states at each step of the dynamics. This is even more
stringent, since to simulate the probabilistic nature of the wave-
packet and assure a relevant statistical sampling, multiple
trajectories, usually some hundreds, should be propagated
independently. Furthermore, in case strong-coupled points
such as conical intersection (CI) are involved, the SH propaga-
tion should go beyond the usual density functional theory
(DFT)-based approaches and eventually rely on expensive
multi-configurational wave-function based methods. Advanced
TD-DFT methods such as Spin-Flip (SF-TDDFT) and Multi-State
(MS-DFT) can overcome some of these limitations.'® Additionally,
machine learning (ML) potentials, eventually extended to the
excited states, also represent a valuable alternative.’® Yet, the
use of quantum mechanically derived force fields (QMD-FF),
and specifically the JOYCE procedure,”* allows a detailed repro-
duction of the potential energy surface of a given (excited)
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electronic state of complex organic and organometallic systems.
This high accuracy and state-specificity of QMD-FF come at the
cost of transferability, since the FF is system specific. In contrast,
the surroundings can be easily modelled by using a general
transferable FF, which may describe both homogeneous solvents
or complex biological macromolecules, such as proteins or
nucleic acids. QMD-FF simulations also allow for capturing the
fine solvent reorganization upon excitation and its role in tuning
the optical properties.”>** Interestingly, a double-level parameter-
ization of the QMD-FF is also possible in which the ensemble of
the vibrational degrees of freedom are treated at DFT or Time-
dependent DFT (TD-DFT) level, while the coordinates involved in
reaching the relevant CIs are treated at multi-configurational
level.>* Recently, we have used this approach to parameterize
the QMD-FF for the ground and the first excited states of the Pyro
chromophore and the parent cyclocurcumin.”> The QMD-FF-
obtained properties, such as vibrational frequencies, have been
carefully validated against ab initio methods, showing excellent
agreement and the capacity to reproduce the absorption spectrum
and the main spectroscopic features. In this contribution, we aim
to leverage these achievements, proposing an SH-like approach,
called NORA4, in which the trajectories are propagated at classical
level using a QMD-FF forcing a hop between the potential surfaces
in the vicinity of a conical intersection. Similar geometric
approaches have been used for instance by J. Ma group.*® Our
strategy, while still preliminary, is promising and allows us to
recover a correct exponential decay of the Pyro excited state
leading to E/Z photoisomerization, while no photochemical chan-
nel is open in the parent cyclocurcumin.

The chosen QMD-FF for the ground and the first excited
state of Pyro were parametrized with the JOYCE code, following
the procedure briefly described in the SI and detailed in our
previous work.>® While, anharmonic degrees of freedom were
sampled by relaxed scans at the DFT or TD-DFT levels of theory
(TD-CAM-B3LYP/6-311++G**) using the Frozen Internal Rotation
Approximation,> the photoisomerizable coordinate, i.e. the tor-
sion around the double bond J,, was monitored at MS-CASPT2//
CASSCF. The excellent representation of the topology of the PES
near the CI, which is pivotal to the NORA approach, may be
appreciated by comparing the force-field and the MS-CASPT2
energy profiles (Fig. 1 bottom). This aspect stands out as a key
feature, since it allows for proper parameterization of the CI, and
thus of the excited state dynamics. A more exhaustive descrip-
tion of the parameterization procedure is given in SI affording a
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Fig. 1 Chemical structure of Pyro (left) and the PES around the isomeriz-
able bond d4 (right).
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set of two FF with 269 parameters and 8 LJ terms. After a first
50 ns NPT MD simulation of the chromophore embedded in a
box of SPCE water in its ground state, we randomly selected
500 independent initial conditions. From each one of these
starting points, S; dynamics were realized switching to the
QMD-FF representing the excited state. Note that the use of
ground state geometries and velocities as the starting point
mimics the Franck-Condon principle, in which the electronic
excitation is considered as instantaneous. All 500 trajectories
have been propagated in the S; using the NPT ensemble for a
maximum of 20 ns, systematically saving velocities and coordi-
nates. For the aim of the present study and considering the
topology of the PES in Fig. 1, we considered that excited-state
Pyro reaches the CI, and thus the branching point, when the
dihedral angle of the isomerizable bond reaches values of 6, =
110°, at which one can observe a good quasi-degeneracy between
the PES of the two states. In this work, we preliminarily con-
sidered that a hop to the GS happens whenever the dihedral
reaches this value. Obviously, this strategy may be regarded as
oversimplified compared to more suitable SH approaches based
notably on the Tully minimal hops. Most notably, our strategy
does neglect entirely the non-adiabatic coupling elements and
considers the energy gap only implicitly. However, it provides an
easy and straightforward approach to simulate the photo-decay
and photochemistry of Pyro. A further discussion on how to
afford that simplifications is included on the SI.

Once a trajectory reaches a CI the QDFF is switched back to the
potential of the GS and the trajectory is propagated for further 20
ns in the NPT ensemble, maintaining the velocities of the excited
state to follow the evolution in the GS PES, which may lead to
photoisomerization (i.e. to a dihedral angle close to 0°). All MD
simulations have been performed using the Gromacs2019 pack-
age and a v-rescale thermostat coupled with a Parrinello-Rahman
barostat. Additionally, solvent reorganization at the CI region was
examined through a radial distribution function averaging along
the trajectories to assure statistical significance. The time evolu-
tion of the process could be monitored by the population of the
excited state. In this scenario, we consider that at the beginning of
the MD simulation the population of the S; state is unitary and we
may retrieve the population decay by considering each enforced
hop to the GS, thus considering the ensemble of the trajectories
(Fig. 2a). First, we notice that the decay follows an ideal exponen-
tial decay. Furthermore, we may also appreciate that some hops to
the ground state are present already during the first fs. By
applying a monoexponential fit (Fig. 2) we retrieve a characteristic
lifetime of the S; state, which is of the order of 32 ps. While we do
not have access to ultrafast time-resolved spectroscopic experi-
ment, it is supposed that Pyro is isomerizing in the tens of ps
regime, which is coherent with the results of our study. The
solvent reorganization may play a crucial role in the first moments
of the dynamics. This role is expected to be even more relevant in
the branching region between S, and GS, due to the influence on
the effective isomerization QY. Different examples of the influence
of solvation on photochemical processes efficiency have been
reported.>”*® Therefore, we have addressed the solvent reorgani-
zation along the firsts instants after GS relaxation by computing
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(a) Time evolution of the population of the S; state as inferred from the NORA procedure. The exponential fitting of the population decay is also

given together with the estimated lifetime 7. (b) Heat map showing the time evolution of the dihedral angle around the photoisomerizable double bond of
Pyro. The branches at —180°/180° and 0° corresponds to the E- and Z-isomer, respectively. (c) Kernel Density Estimate (KDE) of the distribution of the
dihedral angle of the isomerizable bond at the Cl hop geometry labelled in terms of photoisomerization (2) or photostability ().

the radial distribution function. Interestingly, we also observe that
the solvent restructuring is extremely rapid and occurs in the very
first moments after the relaxation, and should be considered as
completed in about 2-3 ps. The most relevant solvent shakeup (SI)
mainly involves the solvation of the keto oxygen (O,) involved in
the n-n* and the OH of the isomerizable phenyl ring (Oh2). In
both cases. A decrease on the first solvation shell is observed,
flanked by a contraction of the second one. This points to a charge
diminution due to the expected electronic stabilization upon GS
relaxation. This solvent study is just a simple example of the
possible environment analysis which could be accounted using
this methodology. Our final goal is to describe and analyse the
photoisomerization quantum yield (QY). To achieve this, we need
to consider the fate of the GS dynamics subsequent to the decay at
the CI. Fig. 2b reports the time evolution of the population of the
dihedral angle around the isomerizable double bond convoluted
across the ensemble of trajectories. Coherently with the presence
of only E-isomer, at the beginning of the simulation only dihedral
values around 180° are populated. However, and coherently with
the time scale of the S; decay, we may observe the appearance of a
branch at around 100° ie. in the identified region of the CI
Notably, this branch is not persistent and rapidly disappears after
about 50 ps. Concomitantly, we observe the population of the
branch at 0°, which is indicative of the photoisomerization to the
Z-Pyro. From the population at the end of the dynamics we may
also propose an estimation of the photoisomerization QY which
amounts at 29%, if we consider the ensemble of all the 500
trajectories. Interestingly, if we consider only the trajectories
which have reached the CI the population of the Z-isomer
amounts to the 45%. As a matter of fact, the values obtained for
the isomerization QY are extremely closed to the experimentally
observed population of the photo-stationary state, which involves
30% of the Z- and 70% of the E-isomer.

The population of the reactant or product branch is achieved
immediately after the photo-decay. This is also coherent with
the topology of the CI, as it can be observed in Fig. 1. As shown
in Fig. 2c it appears that photoisomerization slightly correlates
with smaller values of the dihedral around the isomerizable
double bond (J4). Some less important correlations with the
orientation of the nearby phenyl groups can also be observed
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from the correlation plot reported in SI. The inversion angle
seems to play a less important role in driving photoreactivity
(Fig. S5) even if a slight difference appears for the angle around
the phenyl group. The impact of the variation of bond length is,
instead, completely negligible. We have shown that by using a
QMD-FF approach we are able to describe the photoisomeriza-
tion process of the Pyro chromophore recently studied experi-
mentally. The NORA procedure, based on the here proposed
QMD-FF is inspired on non-adiabatic SH approaches and it is
based on the precise and consistent parameterization of an FF
for both S; and GS states. More specifically a high-level wave-
function based description of the isomerizable coordinate
allows to properly model the CI and thus the branching space.
Notwithstanding we have neglected specific aspects of the SH
procedure such as the non-adiabatic coupling, and we enforce
hops only based on geometrical parameters, the NORA approach is
able to reproduce experimental results satisfactorily. This involves
both the excited state lifetime and the isomerization QY, which is
coherent with the experimental photostationary state. Therefore,
we believe that the NORA approach represents a valuable alter-
native for SH dynamics in complex systems, majorly when
embedded in non-homogeneous environments. Further develop-
ment will be the improvement of explicitly including an FF term
considering the non-adiabatic coupling or implementing the
procedure into general purpose SH code, such as SHARC'® or
Newton-X.>> In this scenario we plan to modify our simple
geometric hopping criteria by standard algorithms,* such as Tully
fewest hopping.*' This may be realized adding a parameterization
of the non-adiabatic coupling®** to the Joyce force field terms,***>
which could be obtained by linear vibronic coupling®”*® or
explicitly sampling the coordinates having large displacements
and driving the photoreactivity. While ML based non-adiabatic
dynamics,***”® including its coupling with hybrid and fragment
methods,* has spurred and offered the possibility to achieve
impressive timescales and detailed descriptions.

We believe that QMD-FF approaches, such as NORA, may be
extremely valuable, particularly since it does not require
retraining or reparameterization of the model to consider
different solvents and inhomogeneous environments. The
NORA approach completely integrates all interaction terms into

This journal is © The Royal Society of Chemistry 2025
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a uniform force field expression, and it better represents the CI
topology, which is challenging for ML. Thus, it represents a
valuable complementary alternative to data-driven approaches.
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