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Resveratrol is well-known for promoting health benefits due to its antioxidant, anti-aging, anti-
carcinogenic, and other beneficial activities. Understanding the photophysics of resveratrol is essential
for determining its applicability to pharmaceutical innovations. In the present work, we used an explore-
then-assess strategy to map the internal conversion pathways of trans-resveratrol. This strategy consists
of exploring the multidimensional configurational space with nonadiabatic dynamics simulations based
on a semiempirical multireference method, followed by a feasibility assessment of reduced-
dimensionality pathways at a high ab initio theoretical level. The exploration step revealed that internal
conversion to the ground state may occur near five distinct conical intersections. The assessment step
showed that the main photoisomerization pathway involves a twisted-pyramidalized S;/So conical

Received 12th June 2024, intersection, yielding either trans or cis isomers. However, a secondary path was identified, where cis-

Accepted 6th August 2024 trans isomerization happens in the excited state and internal conversion occurs at a cyclic conical
DOI: 10.1039/d4cp02373k intersection, yielding a closed-ring resveratrol derivative. This derivative, which can be formed through
this direct path or an indirect photoexcitation, may be connected to the production of oxygen-reactive

rsc.li/pccp species previously reported and have implications in photodynamic therapy.
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Resveratrol (3,4',5-trihydroxy-stilbene) is a natural polyphenol pre-
sent in various plants and fruits, particularly in grape skins." The
interest in this molecule began with the “French Paradox,” the
improved cardiovascular condition in French people despite a
high saturated fat diet, a phenomenon associated with moderate
wine consumption.>* Since then, resveratrol has garnered signifi-
cant attention for its wide range of pharmacological activities,
including antioxidant, anti-aging, anti-inflammatory, anti-diabetic,
and anti-cancer properties.*® Its antioxidant activity is related to
the ability of peroxyl radicals, formed in the lipid peroxidation
chain, to extract H atoms from resveratrol’s hydroxyl groups,
forming stable radical species.”® This free radical scavenging
process can stop the chain reactions involved in oxidative stress.

Resveratrol is found in nature in two isomeric forms, trans
(Fig. 1a) and cis (Fig. 1b). The trans isomer is the most stable
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The cis-isomer is unstable, but it can be found in
smaller proportions in food products.” This isomer can be
obtained by exposing the trans-isomer to UV radiation or high
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Fig. 1 Structures of (a) trans-resveratrol, (b) cis-resveratrol, (c) 2,4,6-
trinydroxy-4a,4b-dihydrophenanthrene  and  (d)  2,4,6-trihydroxy-
phenanthrene.
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pH conditions,'® and the isomerization yield is highly depen-
dent on the experimental conditions, such as time, concen-
tration, and light source.">'? When an ethanol solution of
trans-isomer is irradiated with a 365 nm light source or under
solar radiation, its photodegradation profile fits a first-order
kinetic model with a half-life ¢,,, = 2.8 and 10.5 min."* Under
the same conditions, the cis-isomer half-life was determined as
t1/» = 10.8 and 50.6 min. When trans-resveratrol was irradiated
at 254 nm—that is, above its absorption maxima in ethanol,
305 nm'>—the conversion to the cis-isomer was much faster
and could not be determined."’ Dzeba et al. determined a
unimolecular excited state decay rate constant kq = 1/(28.6 ps)
for trans-resveratrol excited at 355 nm in acetonitrile.”® The low
fluorescence quantum yield (¥¢ = 0.03) indicates that this
molecule is mostly deactivated via nonradiative internal con-
version to the ground state by either returning to the original
isomer or forming the photoisomer (®;;, = 0.20). In their
experiments, Dzeba et al. discarded the triplet formation, as
the S, state decays entirely within tens of picoseconds.’®

The mechanisms of this trans/cis photoisomerization are not
yet fully understood. Experimental studies point out competi-
tive pathways after ¢rans-resveratrol photoexcitation, revealing
not only the formation of trans- and cis-resveratrol but also
other byproducts. One of these compounds is the potentially
harmful 2,4,6-trihydroxyphenanthrene (Fig. 1d), which origi-
nates from the cis-isomer through a 6n-electrochemical photo-
cyclization (Fig. 1c) and subsequent oxidation.”'>'* Other
products derived from the fragmentation of the cis-isomer are
also reported, such as those shown in Fig. 1.”"® Under different
experimental conditions, a fluorescent compound known as
resveratrone was also identified.’*'® Several works reported that
resveratrol after excitation, acts as a photosensitizer producing
singlet oxygen, holding great potential for applications in photo-
dynamic therapy.'®"”'® This reactive oxygen species can then be
used to eliminate microorganisms. Dos Santos and colleagues
demonstrated that upon photoexcitation, trans-resveratrol pro-
duced singlet oxygen, leading to the inactivation of Staphylococ-
cus aureus pathogens.'® Although the researchers were unable to
identify which derivative of resveratrol was responsible for the
production of the reactive oxygen species, the results provided
evidence for the potential use of photoactivated ¢rans-resveratrol
in antimicrobial photodynamic therapy.

Resveratrol is a derivative of stilbene, and its photochemical
reactivity is likely related.”'* Therefore, it is relevant to survey
what is known about stilbene photoisomerization. Extensive
discussions about the photoisomerization of stilbene mainly
concern the existence of a phantom state, a critical reactive
intermediate in the S; surface of both cis- and trans-stilbene.?°2¢
This elusive state, commonly referred to as a perpendicular state
(1p*), has a twisted geometry around the ethylenic C—C bond. It
is dark and short-lived, making it challenging to observe experi-
mentally. This state relaxes to the ground state via a closely
located conical intersection.’®?”*® The much slower isomeriza-
tion of the trans-isomer (~100 fs) compared to the cis-isomer
(~1 ps) is attributed to a barrier (~3 kcal mol™ ") from the S;
minimum to the 1p* state in the trans-stilbene. In contrast, in
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the cis-isomer, this conversion is nearly barrierless.*"****>" This
considerably large lifetime difference has significant implications
for the photoisomerization mechanism of the two isomers.**

Competitive pathways are also observed in the isomerization
of stilbenes. As in resveratrol, phenanthrene is formed from an
unstable, short-lived, and readily oxidable dihydrophenan-
threne (DHP).>* It has been found that phenanthrene for-
mation primarily occurs from the excitation of cis-stilbene,*?
although early works postulate that DHP can also be formed
after the excitation of a t¢rans-isomer through a cis-excited
intermediate.***® However, the cyclization is expected to be a
minor channel in the photophysics pathway, with solutions of
excited cis-stilbene giving rise to phenanthrene with a quantum
yield smaller than 0.19.>*

Much less detail is known about the photoisomerization of
trans-resveratrol. Since its biological activity is affected by its
stereoisomerism, a fundamental understanding of the photo-
stability of ¢trans-resveratrol is essential to assess its own applica-
tion and its photoproducts as potential therapeutical agents.
Yet, the photochemistry of resveratrol is computationally
underexplored,”*> and no dynamical investigation exists. With
this goal in mind, we aimed to employ computational chemistry
methods to explore the trans-resveratrol photoisomerization
pathways in the gas phase, filling this knowledge gap and
establishing high-level theoretical reference data for further
computational and experimental resveratrol investigations.

Exploring photoisomerization is challenging when dealing
with large molecules with significant conformation flexibility,
like resveratrol, due to the multiple reaction pathways the system
can follow. The anharmonicity and diabatic diversity of the
excited-state potential energy surfaces almost always reveal path-
ways far from those our chemical intuition expects, or trivial
reaction coordinates suggest.’*™® Here, we introduce the
explore-then-assess strategy, which we developed to face this
challenge. This strategy starts with a low accuracy yet computa-
tionally fast semiempirical multireference method to perform
nonadiabatic dynamics simulations. Such simulations populate
the configurational space, revealing multiple potential internal
conversion pathways beyond trivial guesses such as single-
torsional isomerization. Then, we assess the feasibility of these
numerous pathways through potential energy profile calcula-
tions with a high-level accurate method extended multi-state
complete active space second-order perturbation (XMS-CASPT2).
The explore-then-assess strategy successfully allowed us to deter-
mine the possible fates of photoexcited resveratrol, as we discuss
in the Results and discussion section.

2. Computational details

Nonadiabatic dynamics simulations in the gas phase were
performed using surface hopping in combination with the
multireference configuration interaction based on orthogona-
lization- and dispersion-corrected semiempirical method 2
(ODM2/MRCI) available in the MNDO program.*® To enable
these simulations, we implemented a new interface between

This journal is © the Owner Societies 2024
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MNDO*° and Newton-X CS.*! In the MRCI treatment,** the
active space consisted of 24 electrons in 18 orbitals, generating
configurations from three reference configurations.

The initial conditions for the dynamics were sampled from a
harmonic oscillator Wigner distribution of the nuclei at a
temperature of 0 K. 1000 random structures were generated
and used to compose the absorption spectrum with the nuclear
ensemble approach (NEA).” The initial conditions were
restricted to two excitation windows, the first at 3.9 + 0.1 eV
and the second at 4.5 £ 0.1 eV, corresponding to the initial
region and the peak of the compound’s absorption band
calculated with the semiempirical method.

For each excitation window, we ran 100 trajectories of 1000
fs using the decoherence-corrected fewest switch surface hop-
ping approach (DC-FSSH).** The classical equations were
integrated with the Velocity Verlet algorithm with a time step
of 0.1 fs.** The quantum equations were integrated with a
0.005 fs time step, using interpolated quantities between classi-
cal steps. Dynamics started in the S; state, and all electronic
states up to S, were included in the dynamics. In the case of
frustrated hoppings, the momentum direction was unchanged.
Decoherence was corrected with the simplified decay of mixing
with the usual value of 0.1 a.u. for the « parameter.*® The results
were analyzed statistically using the ULaMDyn program.*’

To overcome issues coming from orbital rotations within the
active space during the dynamics, we did not impose the usual
total energy conservation constraints but let the dynamics
freely evolve. This renders unreliable results for statistical
analysis but does not affect the main objective of these
simulations, which was to explore possible pathways for the
deactivation of trans-resveratrol after photoexcitation. In our
simulations, we used ODM3/MRCI for spectrum and initial
conditions and ODM2/MRCI for dynamics. These two ODMx
versions deliver broadly similar results for resveratrol, and this
minor inconsistency can be entirely overlooked, especially
given the exploratory character of the dynamics. This metho-
dology was chosen for its efficiency in describing the character-
istics of excited states.*®** ODM2/MRCI also demonstrates a
good capability for describing conical intersections while main-
taining an attractive computational cost.

Once we had the possible internal pathways from dynamics
simulations, we computed their potential energy profiles using
the extended multi-state complete active space second-order
perturbation theory (XMS-CASPT2)*° with the ANO-RCC-VDZP
basis set based on structure optimized with the complete active
space self-consistent field (CASSCF) method®" with the ANO-S-
VDZP basis set.>® The active space comprised 10 electrons and
10 orbitals, and the state average (SA) was performed over
5 states. The active space included =, m* orbitals of the central
C=C bond and the aromatic rings (Fig. S1, ESI?}).

SA5-CASSCF(10,10)/ANO-S-VDZP was used to optimize the
stationary structures of trans- and cis-resveratrol in the S, and
S, states. The structures of the conical intersections were also
optimized at the same level, except for a conical intersection
involving hydrogen dissociation. In that case, the ¢ and o*
orbitals of the dissociated O-H bond were also included in the
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active space. The energy threshold for the convergence criteria of
the conical intersections was 10~* a.u. Subsequently, the ener-
gies of all optimized structures were corrected using XMS-
CASPT2/ANO-RCC-VDZP with the same (10,10) active space.
These calculations were performed with IPEA shift>® set to zero
and an imaginary level shift of 0.1 a.u.,”* which represents a
good compromise between preventing the occurrence of intru-
der states while still maintaining a good amount of dynamic
correlation. As the IPEA shift dilemma is not entirely settled,>>"°
we also tested an IPEA shift of 0.25. Potential energy profiles
using linear interpolation in internal coordinates (LIIC) calcula-
tions between the S; minima and the conical intersections were
performed using XMS-CASPT2. All multiconfigurational calcula-
tions were performed using the OpenMolcas 19.11 program.®’

3. Results and discussion

3.1. Absorption spectrum of trans-resveratrol

The ground state structure of trans-resveratrol was optimized at
the multireference configuration interaction based on ODM3/
MRCI from Dral, Wu, and Thiel.** No imaginary frequencies
were observed in the normal-mode analysis. The ground state
was also optimized at CASSCF level. The excited state energies
were computed using XMS-CASPT2. The active orbitals selected
for the CASSCF(10,10) calculations are shown in Fig. S1 (ESIf),
after a benchmark to determine the choice of the active space.
The results were highly consistent between the two methods.
Calculating the root mean square deviation (RMSD) value
between the two optimized structures resulted in a value of
0.07 A displacement (Fig. S3, ESIt). The vertical spectrum
computed with both methods is characterized in Table 1.
The transition moments were obtained from dipole length
formulation using the XMS-CASPT2 transition density and the
molecular orbitals representing the electronic transitions are
given in the ESI{ Fig. S4. Also, a comparison between vertical
excitation energies using different IPEA shift values and basis
sets is shown in the ESI{ Table S2.

Both results showed the S; state as a bright state. The
excitation energy values obtained using the two methods were
similar, with a difference of only 0.17 eV for the excitation
energy of the bright state. Additionally, the character and order
of the orbitals involved in the transitions from the S, to the
excited S;, S,, and S; state obtained with XMS-CASPT2 and
ODM3/MRCI were the same (Fig. S4, ESIT).

Next, we computed the absorption spectrum of trans-
resveratrol in the gas phase using the nuclear ensemble

Table 1 Vertical excitation energies and oscillator strength (f) for trans-
resveratrol at the ODM3/MRCI and XMS-CASPT2 levels. The main orbital
transitions are indicated in the ESI Fig. S4

XMS-CASPT2//CASSCF ODM3//0ODM3
Sy Geom Energy (eV) f Energy (eV) f
Sq 4.10 0.986 4.63 1.093
S, 4.73 0.009 5.02 0.026
S3 4.90 0.008 5.17 0.048
Phys. Chem. Chem. Phys., 2024, 26, 24179-24188 | 24181
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Fig. 2 The absorption spectrum of trans-resveratrol at the ODM3/MRCI
level. The shaded regions indicated the excitation windows employed in
the exploratory dynamics.

method®® (Fig. 2). This spectrum features a bright absorption
band centered at 4.5 eV, primarily corresponding to the S; nrn*
transition seen in Table 1. We also aimed to determine whether
trans-resveratrol excitation at different regions of the com-
pound’s absorption spectrum would result in different reaction
pathways. Thus, we selected geometries and velocities to start
our dynamics simulations from two different spectral windows:
one at the band origin (shaded region A at 3.9 + 0.1 eV) and the
other at the band maximum (shaded region B at 4.5 + 0.1 eV).

3.2. Explore-then-assess strategy

3.2.1. Exploration step: semiempirical nonadiabatic dynamics.
Nonadiabatic dynamics simulations of photoexcited trans-
resveratrol in the gas phase were performed using surface

(o2}
o

w
o
°

o

Dihedral angle C1-C7-C8-C1’ (degree)
(o)
o

View Article Online

PCCP

hopping***® based on ODM2/MRCL.*’ The goal of these simu-
lations is to explore the configurational space to reveal the
possible isomerization mechanisms. The idea of exploring
the configurational space to identify different photochemical
pathways was introduced by Pieri et al® in the so-called
nanoreactor.

Using ODMx/MRCI for exploratory dynamics brings several
benefits. It is computationally inexpensive, with much lower
costs than the main alternative, linear-response time-
dependent density functional theory (TDDFT).®® Thus, ODM/
MRCI allows simulations of large molecular systems, longer
trajectories, multiple excited states, and reduced time steps
(which is a crucial feature to avoid troubles with the so-called
trivial (or not avoided) crossings®'). Second, ODMx/MRCI
naturally includes double and higher excitations, a feature
missing in TDDFT®* and other low-cost methods such as alge-
braic diagrammatic construction to second-order (ADC(2)).%?
Finally, the multireference character of ODMx/MRCI implies a
correct description of the branching space surrounding conical
intersections. Again, methods like TDDFT and ADC(2) fail in this
task, delivering wrong dimensionality branching spaces with
potentially deleterious consequences for the dynamics.®*

During the nonadiabatic dynamics simulations, trans-
resveratrol repopulated the ground state by hopping from the
first excited state. The S; — S, hopping geometries, a proxy for
the nearest conical intersection driving the internal conversion,
were classified. Visual inspection of these structures revealed
that dihedral angles C1-C7-C8-C1’ and H7-C7-C8-H8 were
the critical coordinates determining the main types of S;/S,
intersections. The distribution of the hopping structures char-
acterized by these two dihedral angles is shown in Fig. 3. In this
figure, it is possible to observe five main clusters of hopping
geometries. We refer to these points as crossing regions (in the
following section, we will show that each of these regions is
associated with a distinct conical intersection). The number of

0 15 30 45 60 75

90 105 120 135 150 165 180

Dihedral angle H7-C7-C8-H8 (degree)

Fig. 3 Hopping structures obtained after excitation at the origin (3.9 eV) of the absorption band (blue dots) and at the maximum (4.5 eV) of the
absorption band (orange dots). These structures can be separated into five clusters corresponding to different regions of the S;/So crossing seam.
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hopping structures in each of these clusters is given in the ESI¥
Table S1. The five types of S,;/S, hopping geometries include (i) a
cis-resveratrol with pyramidalization of C7 (cis-pyramidalized);
(ii) a structure with H extraction from the hydroxyl at the para
position of trans-resveratrol (H-dissociated); (iii) a twisted-
pyramidalized structure; (iv) a structure where one can observe
a tendency of ring closure through the C6'-C2 bond of cis-
resveratrol (cyclic); (v) a structure with H7 and H8 out of the
plane plus pyramidalization of C7 (HOOP).

Although in Fig. 3, the ensemble of points classified as
twisted-pyramidalized and HOOP seems to form a single clus-
ter, an inspection of the structures shows that they belong to
different categories depending on whether their H7-C7-C8-H8
dihedral angle is bigger or smaller than 135°. This occurs due
to the relative orientation of the phenol rings, which is not
captured by the two dihedral angles plotted in the figure.

The same five types of hopping structures appeared in both
excitation windows. Nevertheless, given the exploratory char-
acter of these results, we prefer not to discuss the quantitative
distributions shown in Fig. 3.

3.2.2. Assessment step: high-level potential energy profiles.
The dynamics based on ODM2/MRCI should be taken as a
qualitative approach to explore the configurational space due to
the inaccuracies intrinsic to any parameterized method and
also the frequent potential energy surface discontinuities
caused by orbital rotations into the active space. Therefore,
the hopping distribution of the geometries shown in Fig. 3
does not reliably predict the distribution of internal conversion
pathways. Nonetheless, this does not affect the main objective
of these simulations, which was solely to explore possible
pathways for the deactivation of photoexcited trans-
resveratrol. Therefore, the next step was to investigate the
potential energy pathways to each of the crossing regions with
a high-level quantum chemical method. To this end, we
adopted the well-established protocol of computing CASPT2
energies on CASSCF-optimized structures.®

We started by optimizing ¢rans- and cis-resveratrol S, and Sy
minima with CASSCF. We also optimized the closed ring S,
structure (Fig. 1c). All attempts to optimize an S; minimum of
this structure resulted in an S;/S, conical intersection. We also
used CASSCF to search and optimize the S;/S, conical intersec-
tions corresponding to each of the five crossing structures
discussed in the previous section. The XMS-CASPT2 energies of
all minima and conical intersections are reported in Table 2.
Their geometries are shown in Fig. 4 and their Cartesian
coordinates are given in the ESL.f The twisted-pyramidalized
structure was anticipated as a possible conical intersection,
based on previous studies of stilbene, which reported the
existence of the phantom structure with perpendicular aromatic
rings.>**” Furthermore, there are descriptions in the literature of
the cyclized structure being observed after the excitation of cis-
stilbene,**® which suggests that this structure might also be a
conical intersection in resveratrol. Structures such as cis-
pyramidalized and HOOP were revealed by our exploratory
simulation as well as the possibility of crossing regions that
were not chemically intuitive, such as hydrogen dissociation.
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Table 2 XMS-CASPT2 energies of the minima and conical intersections
(Coln) of resveratrol optimized with CASSCF. Energies relative to the trans-
resveratrol ground state. Oscillator strengths are given in parentheses. For
the conical intersections, S; and S energies are not degenerated because
of this difference in the computational levels. Thus, the energy values
presented for the conical intersections refer to the averages of the energy
values of the SO and S1 states

Relative energies (eV)

Structure So S,

Trans S, minimum 0.00 4.10

Trans S; minimum 0.87 4.03 (0.986)
Cis S, minimum 0.09 4.50

Cis S; minimum 1.39 4.01 (0.456)
Closed ring S, minimum 1.44 3.97

H dissociated Coln 5.70

Cis-pyramidalized CoIn 6.16

Twisted-pyramidalized Coln 3.73

HOOP Coln 5.14

Cyclic CoIn 2.84

To investigate the reaction coordinates between the S,
minima and the different conical intersections, we created
linearly interpolated internal coordinates (LIIC) reaction path-
ways between these structures. Finally, we computed XMS-
CASPT?2 energies for all points along these paths (Fig. 5). This
protocol yields reliable potential energy profiles but has two
well-known drawbacks. First, because the intermediary points
along the pathways are not optimized, the reaction barriers are
necessarily overestimated unless the reaction is fast enough to
happen with all other coordinates resting frozen. Second,
because the XMS-CASPT2 calculation is done on a CASSCF
geometry, the calculation of the conical intersection structure
renders a relatively large energy gap between the crossing
states. The following analysis considers these issues.

All energy profiles are plotted in Fig. 5, as a function of
mass-weighted generalized coordinates. These coordinates at
point i of the profile are computed as p; = [Z,M,(Riq — Ros)*]"?
where the sum is over all atoms a with mass M,, R;, is the
Cartesian coordinate of the atom a at point 7, and Ry; is the
Cartesian coordinates of the first point in the profile. Describing
the energy profiles in terms of mass-weighted coordinates
directly delivers information on how much distortion is needed
for the molecule to move on that reaction pathway. A path with a
significant energy barrier but a short mass-weighted distance
may predominate over another with a low energy barrier but
requiring more extensive mass-weighted distortions. To discuss
the potential energy profiles, we always assume that trans-
resveratrol vibrationally relaxes to the ¢rans-S; minimum before
moving toward the crossing region. Thus, unless otherwise
indicated, the trans-S; minimum is the starting point in the
energy profile.

The energetically most favorable energy profile is the path
from the trans-S, to the twisted-pyramidalized structure (Fig. 5b),
which does not exhibit a barrier. However, it requires large mass
rearrangements of the order of 22 amu'? A, which may reduce
its effectiveness or elongate the internal conversion lifetime.
This crossing region can spawn both trans- and cis-resveratrol in
the ground state. Comparing the obtained result with previous

Phys. Chem. Chem. Phys., 2024, 26, 24179-24188 | 24183
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trans Syin Cis Symin

C1-C7-C8-C1": 179.9°
H7-C7-C8-H8:177.8°

C1-C7-C8-C1’ : 4.07°
H7-C7-C8-H8: 3.89°

e Ring-closed Sy, Cyclic Coln
C1-C7-C8-C1’ : 20.92° C1-C7-C8-C1’ : 28.81°

H7-C7-C8-H8:19.92° H7-C7-C8-H8:17.14°
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Fig. 4 CASSCF(10,10) optimized geometries of minima and S;/Sp conical intersections (Coln) used in the linear interpolation of the potential

energy profiles.

literature studies conducted with stilbene,> a similarity between
the photoisomerization processes of resveratrol and stilbene is
that both pass through intermediates that exhibit twisting
between the aromatic rings®”*"*” and pyramidalization of one
of the carbon atoms of the central double bond,>”®® but unlike
stilbene, which undergoes trans-cis isomerization with a barrier
of 3 kecal mol *,*° the photoisomerization of trans-resveratrol
occurs without barrier.

The potential energy profile between the trans-S; minimum and
the S,/S, HOOP conical intersection (Fig. 5a) reveals the existence
of a maximum energy barrier of 1.11 eV (25.60 kcal mol™*) for the
conversion to occur. The observed mass-weighted distortion was
close to 7 amu? A, indicating that the conversion would occur
without significant structural changes in the molecule. However,
the identified barrier suggests that such conversion is unfavorable
after trans-resveratrol excitation to its first excited singlet state.
Excitations to higher-energy singlet states would be necessary for
reaching the HOOP conical intersection. The same conclusion can
be drawn concerning the H-dissociated pathway (Fig. 5¢), which
presents a maximum barrier of 1.67 eV (38.5 kcal mol ). This
high barrier indicates that the conversion is unlikely to occur
through this path.

We also computed the barriers for the trans-to-cis isomeriza-
tion in the S; state. As seen in the potential energy profile
between trans-S; and cis-S; minima (Fig. 5d), this reaction
pathway has a maximum barrier of 1.32 eV (30.4 kcal mol ")
and a mass-weighted distortion close to 27 amu'* A. This
indicates that a significant structural distortion and a prohibitive
amount of energy are required for the isomerization to occur.

24184 | Phys. Chem. Chem. Phys., 2024, 26, 24179-24188

Nevertheless, we found out that ¢rans-to-cis photoisomerization
in the excited state can, in principle, occur during relaxation
toward the twisted-pyramidalized conical intersection. When
crossing this nonadiabatic region, resveratrol may remain on
the S;, moving toward the cis isomer. This path is illustrated in
the potential energy profile between the twisted-pyramidalized
conical intersection and the cis-S; minimum in Fig. 5e. A relatively
small maximum barrier of 0.64 eV (14.7 kcal mol ') was observed,
implying that the reaction pathway is feasible.

We now assume that the cis-S; isomer is populated. This
population can arrive either from excited-state isomerization
(as discussed in Fig. 5€) or via a subsequent photoexcitation of
the cis-isomer in the ground state after internal conversion at
the twisted-pyramidalized conical intersection (Fig. 5b). In the
case of this second excitation, note that the vertical excitation
energy of the cis-structure (4.41 eV at XMS-CASPT2) is larger
than that of the trans (4.10 eV). This variation between the
wavelengths of maximum absorption of the cis and trans
isomers was expected. Experimental results show that in aqu-
eous solution, the maximum absorption of cis-resveratrol
occurs at 286 nm, while that of trans-resveratrol occurs at 304

°® Despite that, the energy of 4.10 eV allows the excitation of
cis-resveratrol in regions outside the maximum absorption due
to the compound’s absorption bandwidth.

Either way, once the cis-S; minimum is populated, the
pathway toward the cyclic conical intersection (Fig. 5g) is highly
favorable. It presents no barrier and requires a modest distortion
of about 13 amu®? A. Internal conversion at this conical inter-
section should deliver large yields of the closed-ring structure of

This journal is © the Owner Societies 2024
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S; minimum and cis-pyramidalized conical intersection, (g) cis-S; minimum and cyclic conical intersection. All energy profiles were done with XMS-
CASPT2 on CASSCF energies, which explains the non-null energy gaps at the conical intersections.

resveratrol. The formation of a cyclized conical intersection was
also observed in the internal conversion of cis-stilbene before
reaching the closed-ring structure.”” The cis-S; population can
alternatively convert to the ground state at the twisted-
pyramidalized conical intersection (Fig. 5e starting from the
right to left). The potential energy profile between the cis-S;
minimum and cis-pyramidalized conical intersection (Fig. 5f)

This journal is © the Owner Societies 2024

shows a prohibitive barrier of 2.15 eV (49.6 kcal mol™") and
should not be accessed.

As resveratrol is a stilbene derivative, we can draw some
parallels between the dynamics of these two molecules. The
first observation is that the most accessible conical intersec-
tions found for resveratrol were also found for stilbene. In the
study conducted by Weir et al. using ab initio multiple
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spawning together with CASSCF(2,2),>” they reported an ortho-
gonal branching on the S; state of isolated cis-resveratrol. One
of these branches is cyclization, which originates DHP and cis-
isomer through a DHP-like cyclic conical intersection. This is
analogous to our findings for resveratrol passing through the
cyclic CoIn. The second (and dominant) branch is the isomer-
ization coordinate, which gives rise to trans- and cis-stilbene. In
this case, two avoided crossing regions were observed. One of
them (they call the Coln associated with it Pyr-Mig(Ph)-CI)
displays pyramidalization and rotation of the phenyl group; it
is analogous to our twisted-pyramidalized Coln (see compar-
isons in the ESI,} Fig. S6). The second one, whose intersection
the name Pyr-Mig(H)-CI, also displays pyramidalization but
with a more substantial degree of hydrogen displacement and
a smaller twisting dihedral angle; this structure is similar to
what we refer to as HOOP Coln here.

For stilbene, the splitting between the two competing iso-
merization Colns is approximately half-half.”” However, for
resveratrol, our calculations indicate that following the
twisted-pyramidalized Coln is preferential, as the PES towards
the HOOP Coln involves an energy barrier of 1.1 eV. We are
tempted to attribute this effect to the presence of the hydroxyl
groups in resveratrol. However, a direct comparison is not
possible given the different levels of theory used in the two
works, and it is out of the scope of the present manuscript.
Another important factor contributing to those differences is
that our study starts from the ¢rans-isomer, while Weir and
collaborators initiated their dynamics from cis-resveratrol.

Furthermore, our semiempirical dynamics also revealed
other alternative deactivation routes passing through a cis-
pyramidalized CoIn or H-dissociated ColIn. These alternative
routes are not reported for stilbene (the last one for obvious
reasons). We may blame the presence of -OH groups for that.
Nevertheless, our PES calculations revealed a significant barrier
to reaching those conical intersections, thereby discarding
their contribution to the deactivation of resveratrol.

We also considered the involvement of triplet states, despite
the experimental evidence from Dzeba et al.™® discarding inter-
system crossing (ISC) within tens of ps. We estimated the ISC
rate using a path integral approach relying on the harmonic
oscillator approximation’® as implemented in ORCA. Our
results show that ISC involving the S; states of trans and cis-
resveratrol to the triplet manifold occurs at time scales of
seconds and microseconds, respectively (ESI, Table S3). These
numbers indicate that these processes are non-competitive
with internal conversion, aligning with the experimental results
from Dzeba et al.*?

4. Conclusions

This work delivers high-level reference data for trans-resveratrol
photoisomerization pathways in the gas phase. These data
result from a novel computational strategy named explore-
then-assess. It consists of exploring the multidimensional con-
figurational space with fast semiempirical nonadiabatic
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dynamics to reveal the potential reaction pathways and asses-
sing their importance through static high-level multiconfigura-
tional calculations. The leading isomerization pathways are
schematically summarized in Fig. 6.

The exploration step, based on semiempirical ODM2/MRCI,
revealed five S;/S, crossing regions, denoted as cis-pyramidalized,
cyclic, twisted-pyramidalized, HOOP, and H-dissociated. The
assessment through linear interpolation in internal coordi-
nates computed with XMS-CASPT2 showed that internal con-
version should primarily occur at the twisted-pyramidalized
conical intersection, which has no energy barrier starting from
the trans-S; minimum. The reaction pathways from the trans-S;
state to HOOP and H-dissociated conical intersections were
prohibitive due to high energy barriers. However, they may be
activated if the initial excitation were to a higher-energy singlet
excited state.

After reaching the twisted-pyramidalized crossing region,
resveratrol should mainly relax to the ground state, yielding
trans and cis ground state isomers. Additionally, resveratrol can
also pass through this region, remaining in the excited state and
forming the cis-S; structure. This pathway opens the possibility
of trans-cis photoisomerization even in the excited state.

Alternatively, cis-S; can also be formed via a subsequent
excitation of ground-state cis-isomer resulting from the
initial isomerization process. Once the cis-S; isomer is popu-
lated, it can return to the ground state via an energetically and
geometrically favorable cyclic conical intersection, which
should have a closed-ring resveratrol derivative as a leading
product.

This work has allowed us to understand the photophysics of
trans-resveratrol internal conversion in the gas phase, including
the pathways for photoisomerization and the generation of
cyclized products. The study establishes a high-level dataset,
serving as a reference for subsequent fundamental and applied
research on resveratrol and its derivatives, even under other
solvent conditions. Along this line, we are currently studying
processes involving intersystem crossing from cyclic derivatives
of resveratrol to triplet states and investigating the involvement
of resveratrol in singlet oxygen generation, paving the way for
its potential in photodynamic therapy.
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