Journal of Molecular Modeling (2024) 30:314
https://doi.org/10.1007/s00894-024-06108-7

ORIGINAL PAPER l')

Check for
updates

Exploring the molecular solvatochromism, stability, reactivity,
and non-linear optical response of resveratrol

Igo T. Lima' - Ramon F. C. Gomes' - Edson N. C. Paura? . Patricio F. Provasi’ - Rodrigo Gester®> .

Antonio Rodrigues da Cunha?

Received: 14 March 2024 / Accepted: 8 August 2024 / Published online: 21 August 2024
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract

Context This work analyzes the isomerization effects and solvent contributions to the stability, electronic excitations, reactiv-
ity, and non-linear optical properties (NLO) of resveratrol molecules within the formalism of the Density Functional Theory.
The findings suggest that resveratrol solvatochromism is significantly influenced by solvent polarization. The electronic and
free energies (E and G) indicate that frans is the most stable conformer. The system is classified as a strong nucleophile.
However, the analysis of the Fukui functions and the Mulliken charges indicate that cis-frans isomerization jointly affects
the reactive indices of the carbon and hydrogen atoms. The results also suggest that solvent is relevant to solvatochromism
and the NLO response. Both cis and frans conformers present strong 7= — 7 * excitations that undergo a visible hypsochromic
change when the polarity of the solvent increases. Once the absorption spectra are connected to the first hyperpolarization
(B) by the Oudar and Chemla relation, the hypsochromism of resveratrol is the reason for the drop in the generation of the
second harmonic when the ambient polarity decreases. The CAM-B3LYP DFT results suggest that resveratrol is interesting
for NLO applications. Depending on the choice of solvent, values ~ 50 times those observed for urea (8 = 0.34 x 1073
esu), which is a standard NLO material.

Methods The optimized geometries of cis and trans isomers of resveratrol in vacuum were obtained using Density Functional
Theory (DFT) with the hybrid exchange-correlation function (CAM-B3LYP) and Pople basis set functions, specifically 6-
311++G(d,p). The solvent effect on the geometries of both isomers was included using the polarizable continuum model
(PCM) with the same level of QM calculation. Vibrational analysis was conducted to confirm that all optimized geometries
correspond to the minimum energy. Various electronic properties, including dipole moments, molecular orbitals, transition
energy, dipole polarizabilities, and global reactivity parameters, were calculated using both continuum and discrete solvation
models based on the sequential QM/MM methodology. All QM calculations were performed with the Gaussian 09 program
and the MC simulations with the DICE program. All NLO analysis was carried out using the Multiwfn code.

Keywords Thermochemistry - UV—Vis spectra - Reactivity - NLO response - DFT - Solvent effects

Introduction

Two reasons can be mentioned regarding the liquid phase
model. First, the environment can easily affect any molec-
ular property. Furthermore, all chemical reactions relevant
to biological and chemical processes occur in solution.
Among these effects, solvatochromism observed in atoms
and molecules is the best-known effect attributed to the sol-
vent. In this case, specific solute-solvent interactions can
affect the shape, intensity, and position of the electron absorp-
tion and emission spectra [1], which opens a path for various
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optical applications. For example, recognition of emission
and absorption electronic excitations and know-how to tune
these spectral lines are essential to propose applications such
as biological probes and sensors [2, 3].

Several reasons make some stilbene derivatives, such as
resveratrol (3,5,4’-trihydroxystilbene, Fig. 1), an interesting
study case. From the structural point of view, these chro-
mophores can exist under cis-(Z) or trans-(E) structures and
present two aromatic rings that can be functionalized with
different electron donor (D) or acceptor (A) terminals. Fur-
thermore, these rings are permanently linked by an ethylene
moiety (HC=CH), constituting a complete push-pull D-7-A
system. In both isomers of resveratrol, the beta group acts
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Fig. 1 Geometry structure and atomic numbering of Resveratrol in its
trans isomer form. The torsions ®; and @, referred in the text are
defined by the atoms 10-4-3-2, and 5-1-2-3, respectively

as the electron donor, while the alpha group serves as the
electron acceptor, as previously indicated [4, 5].

Strong effects on NLO properties have been associ-
ated with D-r-A systems. The second harmonic generation
(SHG) is particularly significant among these effects. This
effect is related to the two-photon absorption process. It is
mainly dominated by the magnitude of the first hyperpolariz-
ability (8) but also depends on the molecular dipole moment
(u), which is strongly affected by various effects such as
solute-solvent interactions [6], and molecular isomerization
[7], for example.

Typically, chromophores with push-pull characteristics
would be the focus of various physicochemical attacks. How-
ever, as resveratrol has recognized antioxidant properties,
most discussions have been restricted to biological applica-
tions such as antitumor, antioxidant, antiviral, phytoestrogen,
and significant cytotoxic effects when used at higher concen-
trations [8—11]. It is important to note that previous studies
have shown that the trans-isomer exhibits higher biologi-
cal activity and stability than the cis-isomer [12—14]. The
trans-isomer has shown potential superiority across various
biological contexts, including antitumor, antioxidant, and
antiviral properties [15-18]

The resveratrol-light interaction is a curious phenomenon
that attracts attention and may have many implications. When
the polarity of the environment increases, bathochromic
behavior is expected, which essentially is a shift of the elec-
tronic spectra toward lower energies. However, some reports
indicate that resveratrol and its derivatives pre-establish the
opposite and rare hypochromic effect around ~ 20 nm
[19, 20]. Furthermore, regardless of stability, high-frequency
light can activate and alternate the cis and trans structures,
giving rise to an NLO effect known as photoinduced bire-
fringence, which dramatically affects the refractive index
[21, 22]. Despite the relevance of such topics, no discus-
sion comes close to discussing and addressing resveratrol
hypsochromism or its effects on the NLO response.
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Intending to understand these issues, based on the Den-
sity Functional Theory [23, 24] and with singular attention
to the contributions of solvents, this work presents a detailed
discussion on the physical-chemical properties of resveratrol
under its cis-( textitZ) and trans-(E) isomers. With precision,
the most stable structure is determined in both gas phase and
solvent environments. Furthermore, a systematic discussion
of the solvatochromism of resveratrol is carried out, obtain-
ing a connection between the molecular hypsochromism
with the ground dipole moments (1) and excited ().
Furthermore, a detailed discussion of the NLO response of
resveratrol and its SHG properties indicates that the material
is promising for optical applications, being comparable to
other chromophores such as urea, p-nitroaniline, and some
chalcones. However, unlike these materials, the maximum
SHG response occurs in low-polarity media, which is related
to molecular solvatochromism and is linearly dependent on
the resveratrol ground and excited states.

Materials and methods

The cis and trans isomers of resveratrol were subjected
to geometric optimization and vibrational frequency cal-
culation in gas using quantum mechanics (QM). Various
electronic properties, including dipole moments, molecu-
lar orbitals, transition energy, dipole polarizabilities, and
global reactivity parameters, were determined using density
functional theory (DFT) [25]. The calculations employ the
hybrid exchange-correlation function (CAM-B3LYP) [26]
and Pople basis set functions, specifically 6-311++G(d,p)
[27]. This DFT functional has successfully predicted the
molecular geometry, electronic properties, and transition
states of resveratrol [28, 29], as well as other organic
molecules [30-35].

We used vibration analysis to confirm that all optimized
geometries correspond to the minimum energy at the same
level. The solvent effect analysis on the electronic properties
was carried out by the polarizable continuum model (PCM)
[36] with the same level of QM calculation.

For sequential Monte Carlo/Quantum Mechanics (s-
MC/QM) [37, 38] calculations involving cis- and trans-
isomers of resveratrol in both excited and ground states, the
rigid structures of the isomers were used. These structures
were obtained by reoptimizing each isomer in aqueous solu-
tion at the PCM-CAM-B3LYP/6-311+G(d,p) level of QM
calculation.

The MC simulations of each isomer in both excited and
ground states, surrounded by 1000 water molecules, were
performed with the Metropolis sampling technique [39] and
standard procedures as presented before [40]. The optimized
structure of each isomer was fixed during the MC simulation.
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The initial configuration of the isomer solvated by water
molecules was generated using a random distribution. The
MC simulations were performed in the isothermal-isobaric
NPT ensemble, where the number of molecules N, the pres-
sure P, and the temperature 7 are fixed at N = 1001, P =1
atm, and 7 = 25 °C. The periodic boundary conditions and
the image method were used in a cubic box that was initial-
ized with edge of L =31.46 A and the density of 1g/cm?.
During the MC simulation, each molecule interacts with all
other within the cutoff radius r. = L/2 = 15.73 A. Long-
range corrections of Lennard—Jones interactions beyond the
cutoff were calculated, as before [40, 41]. The intermolecu-
lar interaction was described by the standard Lennard—Jones
(LJ) plus Coulomb potentials. For the solutes, the LJ param-
eters based on the OPLS-AA force field [42] were obtained
from LigParGen Web Server [43], and the partial charges
were calculated with the CHELPG procedure to fit the elec-
trostatic potential [44] at the CAM-B3LYP/6-311++G(d,p)
level of QM calculation, with the solute embedded in aqueous
solution described by PCM. For water molecules, interac-
tions were described by simple point charges (SPC) potential
developed by van Gunsteren et al. [45]. The MC simulations
were performed in two main stages: (i) First, the thermaliza-
tion stage was executed with 1.5x 108 MC steps until reaching
thermodynamic equilibrium; it was followed by (ii) the pro-
duction stage, comprising 2.5x108 MC steps, to generate a
sufficient number of liquid structures at equilibrium. For the
s-MC/QM calculations, we used an average configuration
alone (ASEC) obtained from the superposition of 100 MC
liquid structures. Hence, a single QM calculation was per-
formed for each isomer using ASEC, which consists of liquid
structures obtained from MC simulations with an explicit
solute surrounded by its 500 nearest water molecules, repre-
sented by normalized point charges. These liquid structures
were used to calculate the optical absorption and emission
of cis- and trans-isomers of resveratrol in aqueous solution
using the s-MC/QM methodology with the CAM-B3LYP/6-
311++G level of QM calculation.

NLO effects arise when high-power light interacts with
matter. In such a case, the dependence of the electric field on
the molecular dipole moment can be expressed in a Taylor
series as

1 1
wi(F) = + EZ%‘;FJ‘ + EZﬁiijij
J Lk

1
+§ ;ViijijFlm (D
JoKs

In this equation, MO is the molecular dipole moment, which
is given as

uoz,/uﬁ—l—u%—l—u%. 2

On the other hand, « is the dipole polarizability, a 3 x 3 tensor
that can be combined to give the isotropic and anisotropic
contributions

1
(a) = g(axx +ayy + 0zz)s 3)

and
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In principle, («) can be implemented in the Lorentz-Lorenz
equation to obtain the refractive index [46, 47]
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where V), 1s the molecular volume.

The next expansion term is the first hyperpolarizabil-
ity (B), i.e., a cubic tensor 3 x 3 x 3. In the description
of NLO, Hyper-Rayleigh Scattering (HRS), first described
by Andrews and Thirunamachandran [48], it is possible
to obtain the first frequency-dependent hyperpolarizability,
B(—2w; w, w). The main advantage of this technique is to
get the dipole moment (u) independently and the second
hyperpolarizability (), which represents a clear advantage
over the second harmonic generation technique induced by
an electromagnetic field (EFISGH) if one is interested in
obtaining the SHG parameters [49]. Within the HRS formal-
ism
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Within the EFISHG technique, the generation of the sec-
ond harmonic depends on u?, By, and | as

1B (—2w; , w)
3kT ’

©))
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However, as yj is inexpressible in the face of 8|, the SHG
effects are often discussed as a function of the product [50,
51].

VEFIsHG ~ WOB)(—2w; w, ). (10)

In this equation,

_ 3 l;() ) Bvec
Bi = 5. (11)
and
lx.,y,z
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J

Concerning the global reactive parameters, the chemical
potential (¢), chemical hardness (1), electrophilicity (), and
the nucleophilicity (N) are given as

¢ = (eL +en)/2, (13)
n=(eL —¢H), (14)
and

w = ¢*/2. (15)

The nucleophilic index is defined as [52, 53]

N =ey —elCE, (16)
where ey and EZICE are the highest molecular orbital
(HOMO) energies of the chromophore and tetracyanoethy-
lene (TCE), which is a reference molecule.

The local reactivity parameters are often discussed using
the Fukui functions, which describe the selectivity or reactiv-
ity of an atomic site or a region in a chemical chromophore.
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These parameters are given by [54]

Fk+ = qr(N + 1) — gx(N), for nucleophilic attack (17)
and

F, = qr(N) — g (N — 1), for electrophilic attack,  (18)

where g (N), g (N + 1), and gx (N — 1) are the electronic
populations on the kth atomic site for N, N + 1,and N — 1
electron systems, respectively. The Fukui functions are com-
bined to give the relative nucleophilic ( f,,,, = F; k+ /F}, ) and
electrophilic (fo; = F/ Fk‘|r ) indexes [54].

If fuu > fei, the site is inclined to perform a nucleophilic
attack on an electrophilic region, but if f,; > f,,, the atomic
site will be prone to an electrophilic attack on a nucleophilic
site. Finally, all electronic calculations were performed in the
Gaussian 09 program [55], but the entire NLO analysis was
carried out using the Multiwfn code [56].

Results and discussions
Geometry optimization and properties

Complete geometry optimization and vibration frequency
calculations in gaseous and aqueous environment of the cis
(c-Res) and trans (t-Res) conformations of resveratrol were
performed using CAM-B3LYP/6-311++G(d, p) QM calcu-
lation level. In solution, these calculations were performed
using the solvent described by the PCM model with the same
level of QM calculation. Gas results for two conformations
reveal a nearly planar structure for t-Res, with dihedral angles
@ (C10-C4-C3-C2) and P, (C5-C1-C2-C3) of 9 and 14°
(see Fig. 1). The same angles are 37 and 41° for c-Res. With
the solvent effect, for example, the water effect, the values of
these angles of the c-Res form are almost not altered (&1 =
36° and @, = 43°), but they change significantly for t-Res
(®; = 3° and ®, = 4°), compared to the gas results. This
shows that the solvent effect leads to a planar structure for
t-Res in water. This result for t-Res agrees well with the X-
ray data [57] and also provides excellent agreement with the
B3LYP and MP2 results obtained using the aug-cc-pVDZ
basis set [58].

Table 1 shows the calculated electronic energy, Gibbs
free energy, and dipole moment of cis- and trans-optimized
structures in gas and water. We identify that both c- and
t-Res forms in the gas are stable at the CAM-B3LYP/6-
311++G(d,p) level, with the trans form being the most stable
in compared to c-Res around 4 kcal/mol. Comparing the free
energy in aqueous solution, G4, t-Res remains more stable
by 5 kcal/mol compared to c-Res. This shows that the solvent
improves the relative stability of t-Res compared to gas. It is
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Table 1 The electronic energy (E, in kcal/mol), free energy (G, in kcal/mol), and the dipole moment (1 in D) of cis (c-Res) and trans (t-Res)

forms in gas were calculated using CAM-B3LYP/6-311++G(d,p)

E (kcal/mol) G, (kcal/mol) g (D) E .4 (kcal/mol) Gy (kcal/mol) Mag (D)
c-Res —480796.54 —480679.88 —480807.00 —480690.32 3.46
t-Res —480800.20 —480684.02 —480811.78 —480695.64 0.89
A (cis-trans) 3.66 4.14 4.78 5.32 2.57

In aqueous solution, the electronic energy (E,), the free energies (G, ), and the dipole moment (444,) Were obtained using the solvent described
by PCM at the same levels of calculation. Relative values for energies (AE and AG in kcal/mol) and dipole moments (Au in D) are also shown,

comparing the cis and trans forms

essential to emphasize that the stability increase of t-Res is
not a direct consequence of a change in the dipole moment of
the molecule, which varies little (arise of 0.92 D in c-Res and
0.03 D in t-Res), indicating that the solvent has little effect
on the charge redistribution and electronic polarization of the
c- and t-Res forms.

By analyzing the atomic charge of c- and t-Res in gas and
water, we observe that there are indeed some changes in the
calculated charges in water. The most significant difference
is in the three oxygen atoms of the hydroxyl groups that have
almost the same charge in gas (—0.63 in c-Res and —0.64 in
t-Res) and in water (-0. 68 in c-Res and —0.70 in t-Res). Thus,
the relative stability of t-Res in water is mainly attributed to
the structural change in the geometric parameters in the dihe-
dral angles ®; and @, that decrease significantly compared
to gas (a 67% decrease in ®| and 71% in ®;) as discussed
above. Therefore, we identified that the effect of the sol-
vent on the charge distribution of resveratrol appears to be
non-essential but cannot be neglected due to the structural
change in geometry caused by the solvent. For this reason, a
proper description of the electrostatic interaction of resvera-
trol requires using the water structure and polarized atomic
charges.

Absorption and emission spectra

The resveratrol absorption spectrum has been of interest for
quite some time [60—62], and it increased due to the shape
dependence of the spectrum on the conformational changes
associated with cis-trans, its environment, and its interac-
tions [60, 61]. In an aqueous solution, there are two broad
absorption bands in the t-Res spectrum, the first band between
257 and 365 nm and the second band between 200 and 250
nm, with values of A4, around 316 and 216 nm, respec-
tively. In the case of the c-Res spectrum, these two bands
change drastically, giving rise to two new bands centered
around 290 nm and 227 nm. Thus, in the resveratrol absorp-
tion spectra with its trans-cis conversion, a blue shift of 26
nm is observed in the first band and a red shift of 11 nm
in the second band. The experimental absorption spectra of
resveratrol in an aqueous phosphate-borate-SDS buffer solu-

tion reported by Allan et al. [61] and Figueiras et al. [62], and
reproduced in this work for comparative purposes, are repre-
sented in Fig. 2. The latter showed only the first absorption
band of the spectra for both t- and c-Res, which, in the case
of t-Res, agrees with that obtained by Allan et al. However,
the spectra reported by these works do not agree with the
c-Res. In the figure, we also show the absorption spectra of
c-Res and t-Res in gas and different solvents (water, DMSO,
octanol) obtained using CAM-B3LYP/6-311++G(d, p).

It can be seen from Fig. 2 that for the gas phase, the theo-
retical absorption spectrum of c-Res is characterized by two
bands centered at 279 nm and 213 nm and a shoulder at
approximately 253 nm. In the case of the t-Res spectrum,
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Fig. 2 The absorption spectra of c-Res and 7-Res in gas and in water
calculated at the time-dependent formalism using the CAM-B3LYP/6-
3114++G(d,p) level of QM. We obtained the spectra in water using the
Polarizable-Continuum Model (PCM) and ASEC at the same calcula-
tion level. Experimental spectra are presented for comparison and were
taken from literature [59]
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these two bands are identified at 298 and 210 nm, with the
shoulder around 260 nm. This result leads to a blue shift of
19 nm in the first band and a red shift of 3 nm in the second
band in the trans-to-cis isomerization of resveratrol in gas.
By comparing the gas and water spectra, it can be seen a red-
shift for the first absorption band to 282 (278) nm for c-Res
and 305 (298) nm for t-Res, increasing the blueshift to 19
nm (gas) at 23 (20) nm (water) with trans-cis isomerization,
for the solvent described by PCM (ASEC). We observed an
excellent agreement of both solvent models: the PCM sol-
vation model, where the solvent is treated as a polarizable
continuum medium, and the ASEC model, where the solvent
molecules are accounted only as point charges.

These results agree well with the experiments for AA
(trans-cis) of 26 nm [61] and 10 nm [62]. The second band
also has a redshift with the gas-to-water change of c- and
t-Res. However, this redshift is considerably smaller than the
corresponding for the first band, resulting in only 1.0 (1.3)
nm increases in AA(trans-cis) with PCM (ASEC). In the case
of non-aqueous solvents (DMSO and octanol), with the sol-
vent described only by PCM, the spectra change very little
compared to water, giving almost a superposition between
them, with the shoulder being better defined than that of gas.
The calculated blueshift, AA(trans-cis), was approximately
28 and 27 nm, while the redshift was equal to 4 nm. The two
lowest absorption maxima and oscillator strength calculated
for both c-Res and t-Res in the gas and solvent medium are
shown in Table 2.

The calculated spectrum of t-Res generally agrees with
experiments [61, 62] and with previous theoretical results
[60]. For c-Res, the calculated spectrum deviates from the
experimental one in band shape, intensities, and modulus,
although the intensities are more difficult to reproduce accu-
rately. Note that the two bands located around 282 (278) nm
and 208 (204) nm in the calculated water spectrum with PCM
(ASEC) are comparable to those around 290 and 208 nm in
the experimental spectrum reported by Allan et al. [61].

Furthermore, to better understand the optical properties
of resveratrol and, in particular, its first band blue shift with
trans-cis isomerization, we calculated the emission spectra
in gas and solvent medium. Considering the relaxation of the
first excited state, we calculated the emission spectra of c- and
t-Res for their fully and partially optimized structures. These
partially optimized structures are not completely relaxed and
are obtained from the geometry optimization process, where
intermediate systems with the spectra that best agree with the
experimental ones are chosen. Figure 3 compares the absorp-
tion and emission spectra (for partially and fully optimized
structures) of c- and t-Res in an aqueous solution. The main
emission band in the calculated t-Res spectra for partially
optimized structures is around 396 (375) nm, whereas for the
c-Res spectrum, this band is around 386 (424) nm obtained
with PCM (ASEC). It can be seen from Fig. 3 that the emis-
sion band for fully optimized structures shows discrepancies
of 29 (1) nm for t-Res and 214 (104) nm for c-Res, compared
to partially structures.

Table 2 The wavelength (nm) and oscillator force (f) calculated for the absorption and emission spectra of two primary intense excitations of c-

and 7-Res in gas and different solvents

Gas Octanol DMSO Water Exp. [61, 62]

Trans A f A f A f A f A

Absorption spectra (AS), Agp

c-Res 18 278.7 0.3 282.8 0.5 282.4 0.5 282.5 (277.7) 0.4 (0.4) 302 (290)
ond 213.0 0.1 208.6 0.2 208.1 0.2 207.7 (204.1) 0.2 (0.2) 227

t-Res I 298.1 0.9 309.6 1.1 309.9 1.1 305.2 (297.5) 1.1 (0.9) 311 (316)
2nd 209.8 0.0 204.3 0.4 204.1 0.4 203.5 (199.7) 0.4(0.4) 216

A\ (cis-trans)

Blue shift 1% 19.4 26.8 27.5 22.7 (19.8) 9 (26)

Red shift nd -32 —4.4 -39 —4.2 (—4.5) -11

Emission spectra (ES), A¢

c-Res 1% 379.6 0.1 382.8 0.4 384.3 0.4 385.5 (423.9) 0.4 (0.5) 372

t-Res 18 350.4 0.9 392.0 1.2 398.4 1.3 396.1 (374.8) 1.3 (1.0) 393

A (cis-trans)

Blue shift I —29.2 9.2 14.1 10.6 (—49.1) 21

AM (ES-AS) - Stokes shift

c-Res IR 100.9 100.0 101.9 103.0 (146.3) 70

t-Res IR 52.3 82.4 88.5 90.9 (77.3) 82

Results were obtained using PCM-CAM-B3LYP/6-311++G(d, p) and in parentheses using ASEC with the same level of QM calculation
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Fig. 3 Emission spectra of c-Res and t-Res in water obtained using
CAM-B3LYP/6-311++G(d,p) level of QM, with the solvent described
by PCM and ASEC. For comparison, the experimental spectra [62]
reproduced in this work are also shown

It is also worth noting that trans-cis isomerization causes
a different behavior in the emission spectrum of the analyzed
structures. We observed a blue shift of 10 nm partially and
a red shift of 175 nm for all optimized structures using the
PCM model. The solvation model ASEC gives a red shift of
49 nm for partially and 152 nm for fully optimized structures.
Both solvation models, PCM and ASEC, showed reason-
able agreement with the experimental results for absorption
spectra. However, the ASEC exhibited inaccuracies in the
emission study, predicting a red shift for isomerization in
both partially and fully optimized structures (see Table 2).
Therefore, we observe that the values obtained with the par-
tially optimized systems using the PCM model give the best
estimation for both A, and AA (cis-trans). This blue shift
observed in both absorption and emission resveratrol spec-
tra plays a vital role in studying the kinetics of trans-cis
isomerization, which can be used to monitor the increase
in c-Res concentration upon continuous excitation of t-Res
samples. These calculated blue shifts of 22.7 and 10.0 nm
in the absorption and emission spectra with PCM model are
a direct consequence of the energy gap between the ground
state and the excited state, which is broader for c-Res (85.3
kcal /mol) than for t-Res (78.9 kcal/mol). It is essential to
note that this result was obtained using partially optimized
structures with PCM model. For complete optimized sys-
tems, the energy gap was wider for t-Res than for c-Res,
predicting a red shift in the absorption and emission spectra

in disagreement with the experiment (see Fig. 4). There-
fore, we adopt the values obtained with partially optimized
structures as our best results for emission. Hence, using the
calculations obtained for the absorption spectra, we can pre-
dict a significant Stokes shift of 91 and 103 nm for the t-
and c-Res structures, which give reasonable agreement with
the experimental values of 82 and 70 nm, respectively. The
behavior for the changes in the resveratrol spectrum in its
trans-cis conversion is supported for the spectrum calcu-
lated in non-aqueous solvents (DMSO and octanol), where
we obtained values for the blue shift and the Stokes shift with
the same order of magnitude of those obtained for water, see
Table 2.

Dipole polarizability and refractive index analysis

Table 3 presents the NLO results obtained at the CAM-
B3LYP/6-311++G(d,p) level of quantum mechanics for the
cis and frans isomers in gas and different solvent environ-
ments. In the gas phase, the isotropic polarizability of trans
isomer, 29.19 x 107%* esu, has an improved response than
its counterpart , 26.56 x 107%* esu (see Fig. 5). The same
behavior is observed for the anisotropic term (A«), which
presents 22.10 x 1072* and 22.10 x 10724 esu, respectively,
for trans and conformers. Such a behavior is a consequence

50 T I T I T I T I T ] T I T I T l T I T
Q' Blue shift
O_O_Q‘Q'Q.Q___.______; _______
L Red shift 1
E 50 %, =
<
EE s g L9 _
5} | o ]
(é -100
L. OQ 3
-150 < —
- 000000
1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
-Zooé T I T I T I T f T ] T l T I T I T I T
| O ‘O c-Res T
| O -E t-Res
100 [= |
3 e . ,
g - Blue shift | Red shift E
- |
;3 90 —no | -
|
o L OQ. I .
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Boppooggpoooooaeo |
- j aaBQOOQQ-OOO-
70 1 I L I 1 I 1 ! 1 l 1 I 1 I 1 I 1 I 1
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[n]

Fig. 4 The wavelength difference between the cis and frans isomers
(Acis-trans) in the emission spectra of resveratrol in water (top) and its
energy gap between the ground state and excited state (AE) (bottom)
calculated during geometry optimization of the cis and trans isomers in
the excited state in the same solvent using CAM-B3LYP/6-311++G(d,p)
level of QM, with the solvent described by PCM
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<o>(1024 esu)
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Environment (cis isomer)

(b) cis-resveratrol

Fig. 5 The behavior of the (&), Aa, and n concerning the increase of
the solvent polarity

of induced changes in the molecular eigenstates due to the
polarization of the solute due to the solvent.

Table 3 Isotropic ({(or)/1072* esu) and anisotropic (Ac/1072* esu)
contributions for the static dipolar polarizability, and the dynamic
(A = 1907 nm) HRS and EFISHG responses (8yrs/10730 esu, and
B/10730 esu, and pB) /1078 esu), and HOMO (e/eV) and LUMO

In addition, the trans isomer presents other remarkable
characteristics, i.e., the isotropic contribution is smaller than
the anisotropic one, () —Aca < 0, and the opposite statement
is true for its counterpart, (¢) — Aa > 0. For example, this
behavior has been reported in azo dyes [7].

Along the Lorentz-Lorenz equation, one can connect the
polarizability of the dipole with the refractive [46, 47], which
gives the ratio between the speed of light in a gas and the
insolvent (n = c/v). Thus, if efficient data transport is
desired, the idea is to obtain systems with lower refractive
indices. After analyzing Table 3, it is observed that strong
polar solvents increase the value of n. For example, this state-
ment can be confirmed by comparing the values of n for the
structures in gas (n = 1.68) and in solvent water (n = 2.13),
which corresponds to an increase of ca. 26% (see Fig. 5).
However, less polar solvents such as THF (n = 1.90) present
values closer to those obtained in a gas. Furthermore, the
structure has lower refractive indices than the frans isomers.
This fact means that the best optical transport system should
consider -resveratrol solvated in low polarity solvents.

First hyperpolarizability and the second-harmonic
generation

Table 3 also presents the results obtained for the first
frequency-dependent hyperpolarizabilities (8g rs) obtained
using the Hyper-Rayleigh scattering technique [63]. This ten-
sor is the most relevant NLO parameter and is responsible for
the second harmonic generation phenomenon [63]. At first,
it can be observed that the hyperpolarizability obtained from
the trans conformation is greater than the value obtained for

(er/eV) energies, chemical potential (¢/eV), chemical hardness (n/eV),
electrophilicity (w/eV), and nucleophilicity (N/eV) of resveratrol in dif-
ferent mediums obtained using CAM-B3LYP/6-311++G(d,p) level of
QM calculation

Gas (¢ = 1.00) THF (¢ = 7.42) Octanol (¢ = 9.86) DMSO (¢ = 46.83) Water (¢ = 78.35)
Property  cis trans cis trans cis trans cis trans cis trans
() 26.56  29.19 34.14  37.23 3469 3779 36.19  39.29 36.37 39.47
Aa 22.10  41.67 25.56  51.69 25.51 52.07 25.15 5293 25.08 53.01
n 1.68 1.72 1.90 1.96 2.13 2.06 2.27 2.40 2.13 2.65
BHRrs 3.36 10.00 5.12 16.31 5.21 16.66 5.21 16.85 4.94 15.00
B 1.29 10.28 2.62 19.50 2.69 20.13 2.73 21.25 2.59 20.31
uBy 3.17 8.84 8.48 18.75 8.86 19.30 9.09 19.80 8.67 18.05
&H =722 —697 726 —17.03 =727 -17.03 =729 -7.05 =729 (=7.45) —7.08 (=7.38)
e -021 047 -025 —0.57 -025 —0.58 —-026 —0.60 —-0.28 (-0.41) —0.58 (—-0.88)
] =371 =372 —-3.75 —-3.80 —-3.76  —3.80 =378 =382 —-3.79(=3.93) —-3.83(—-4.13)
n 7.01 6.50 7.01 6.46 7.02 6.45 7.03 6.45 7.01 (7.04) 6.50 (6.50)
w 0.98 1.06 1.01 1.12 1.01 1.12 1.01 1.13 1.02 (1.10) 1.13 (1.31)
N 3.7 4.02 3.39 3.62 3.36 3.60 3.29 3.53 3.29(3.13) 3.50 (3.20)

In solution, the values were calculated using the PCM solvation model and in parenthesis using ASEC at the same level of QM calculation
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the isomer. This effect has been reported for other dyes [7]
and has connections with the topology of the frontier molecu-
lar orbitals and the energy gap between them. In Fig. 6, it can
be seen that the frans isomer overlaps better with the HOMO
and LUMO, which favors charge transfer, polarizations, and
decreases the HOMO-LUMO energy gap. As shown above,
there is an inverse relationship between the first hyperpolariz-
ability and the energy gap (A o« AE, ") [64, 65]. This s the
resveratrol structure change effect from to trans. For exam-
ple, under gas phase conditions, the energy gap from to trans
decreases by 0.51 eV, while By gs increases by 6.64 x 10730
esu, ca. 198%.

On the other hand, the solvent effect on g gs is the most
interesting problem. According to the two-level model pro-
posed by Oudar and Chemla [66] and later confirmed by Zyss
[67], the first hyperpolarizability presents a strong depen-
dence on the dipole moment of the excited state.

Apf
B A_Eg. (19)

In such an equation, f is the oscillator strength of elec-
tronic excitation, AE, is the energy gap mentioned above,
and Ay = pe — pg is the difference between the excited
state dipole moment and its corresponding ground state.

Thus, resveratrol presents a well-defined hypsochromism
when the polarity of the medium increases. According to
Reichardt [1], this effect is caused by the difference between
the dipole moments of the terrestrial and excited state. When
e 18 less than g, a blue shift (hypsochromism) is observed

Fig.6 The frontier molecular Ci
orbitals, energy gap (AE,), and i
frequency-dependent first
hyperpolarizability (Bg rs)
calculated at
CAM-B3LYP/6-311++G(d,p)
for the and trans structures in
an aqueous environment using
the solvent modeled with PCM

-0.25 eV R0

AE =17.02 eV

l

-7.27 eV glelll[o]

in the electronic emission and absorption spectra. This effect
occurs for cis-isomer of resveratrol [19], and our current cal-
culations on the excited and ground states indicate that the
dipoles are respectively 6.19 and 2.54 D. As a consequence,
Eq. 19 predicts a decrease in the first hyperpolarization when
the polarity of the solvent increases, and this effect occurs.
For example, from octanol to water, the dielectric constant
increases from ¢ = 9.86 to ¢ = 78.35, but the first hyper-
polarizability obtained for the trans isomer decreases from
16.66 x 10730 t0 10.00 x 10739 esu, which represents a 40%
reduction in the optical response. A similar behavior is found
for the cis structure. The solvent has a considerable impact
on the NLO response of resveratrol.

Comparison with other molecular systems is inevitable.
Recently, a family of thieno[3,4-b]pyrazine derivatives have
been synthesized [68], and their NLO properties have been
carefully analyzed [50]. These m conjugate systems exhib-
ited frequency-dependent hyperpolarizabilities ranging from
0.49 x 10730 t0 52.56 x 1073? esu. Compared to urea, which
is another NLO chromophore, static hyperpolarizabilities
(Brotar) of 0.34 x 10739 esu [69] have been reported. These
results indicate that resveratrol could be promising for optical
applications.

However, estimating the first hyperpolarization is incom-
plete in determining a material NLO behavior. However,
frequency-dependent hyperpolarization can be used to esti-
mate the main contributions to the third-order EFISHG
response [50, 51]. The theoretical parameters (8 and 1°8))
necessary to estimate the behavior of the GAA are shown
in Table 3. For the solvated cis isomer, B varies from

Trans

First hyperpolarizability
ﬂtotal (1 0_30 esu)

! | ! |
20.13

LUMO

AE = 6.46 eV

[T T T T T
| I O O |

]

HOMO
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2.59% 1073910 2.73 x 1030 egu, depending on the choice of
solvent (see Fig. 7). These values are only three times smaller
than those estimated for other NLO materials such as the p-
nitroaniline molecule, (p-NA) with g = 6.73 x 10730 esu
[70].

The IEFSGH gives results related to the product ,uoﬂ”.
Consequently, there is a dependence on the dipole moment
of the ground state. As can be seen, the cis structure presents
a lower IEFSHG response than its corresponding trans. For
example, under gas phase conditions, 3.17 x 10~*® and 8.84 x
10~*3 are obtained for the cis and trans conformations, and
this behavior does not depend on the environment. However,
for less polar solvents, the product increases significantly.
For example, in the solvent octanol, the conformer under
trans-isomerization exhibits a second harmonic behavior of
19.30 x 1048 esu, i.e., an increase of ca. 118%. These values
are smaller, but again, they compete well with those reported
for p-NA (1B = 48.5 x 1078 esu) [70].

Global reactivity descriptors

Global and local reactivity descriptors are a set of parame-
ters that provide information about the reactivity and toxicity
of a drug candidate. The former parameters, ¢, 1, w, and
N, present in Table 3, depend only on the energies of the

24.0 : r ; : : 24.0
o 8
21.0 - ﬁ g 92 o 21.0
© — =]
— «©
5 = 18.0 5
3 =
3 3
3 2
o 15.0 ©
2 &
< 120 =
9.0
6.0
Vacuum THF  Octanol DMSO  Water
Environment (trans isomer)
(a) trans-resveratrol
12.0 : r : : : 12.0
3z =
3 3
g g
;c_: o
2 &
< T

Vacuum  THF

Octanol DMSO  Water
Environment (cis isomer)

(b) cis-resveratrol

Fig.7 The behavior of the B rs and 1°B | concerning the increase of
the solvent polarity
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frontier molecular orbitals of the chromophore. The chem-
ical potential, (¢), shows negligible dependence in the gas
phase on cis-trans isomerization according to DFT calcu-
lations performed in gas, for example, ¢* = —3.71 eV
while ¢'"%" = —3.72 eV. Meanwhile, the solvent acts in
two ways: First, the environment makes both isomers, cis
and frans, more stable than in the gas phase. Second, every
investigated solvent makes the frans isomer more stable than
its cis counterpart, /"% > $°is.

Chemical hardness (17) describes the degree of polarization
that a chromophore can undergo. Large values of hardness
indicate low isotropic polarizability of the material electronic
structure, obeying a linear decay relationship such as n =
Ala) + B [50, 71, 72].

Regarding isomerization, n°* > 5'""* independent of
the environment, which indicates that the cis structure is
less polarizable than the frans one, such a statement agrees
with the results obtained for dipole polarizability in which
()¢S < (@)™ Regarding the solvent effect, analyzing the
solvent contribution to the cis conformation, it increases the
chemical hardness, obtaining a positive variation (A >
0) from gas to octanol, following the result that the polariz-
ability of the dipole must, for example, decrease. The trans
structure, on the other hand, has the opposite behavior, i. e.
Antrans < 0.

For a pharmacy candidate, it is vital to determine the
degree of chromophore electrophilicity since when a xenobi-
otic electrophile interacts with proteins, it is possible to cause
cellular toxicity or an immune reaction, as occurs with vac-
cines [58]. However, if these interactions occur with nucleic
acids, a genetic mutation or a carcinogenic process can be
observed, which should be avoided [73]. Concerning overall
electrophilicity, Domingo and his collaborators proposed a
scale that organizes a chromophore as weak (o < 0.8 eV),
moderate (0.8 < w < 1.5 eV), or intense (w > 1.5 eV)
electrophile [74]. When analyzing the results for resveratrol,
it is observed that both the cis and trans structures are clas-
sified as moderate electrophiles. However, the trans isomer
has higher ratios for the cis conformer. For example, in the
gas phase, DFT results indicate values of 0.98 and 1.06 eV
for resveratrol cis and trans, respectively. Regarding the sol-
vent effect, the results indicate that the environment gently
increases the electrophilic characteristic of the chromophore.
For example, from gas to octanol, @ increases less than 6%.

Regarding global nucleophilicity (), there is an empiri-
cal scale that allows classifying a chromophore as weak (N <
2.0eV), moderate 2.0 < N < 3.0eV), and strong (N > 3.0
eV) nucleophile. Immediately from Table 3, it is seen that
resveratrol is a strong nucleophile. For example, the isomers
cis and trans have values of NS = 3.77 and N7 =
4.02 eV, respectively. However, unlike electrophilicity, the
solvent acts by decreasing the overall nucleophilicity. As
another example, one can examine the transition from gas
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(N€S = 3.77 eV) to solvent water (NS = 3.29 eV) for the
cis structure, which means a solvent effect of 13%.

Fukui functions

In a biological environment, a pharmacological candidate
interacts with an enzyme or a protein through specific inter-
actions such as hydrogen bonds or van der Waals forces. This
interaction depends on the electrophilic/nucleophilic charac-
ter of the chromophore atomic site. The role played by an
individual atomic site is easily determined by analyzing the
nucleophilic ( f;;,) and electrophilic ( f,;) indices (see Fig. 8
and Table 4) obtained by manipulating the Fukui functions.

Table 4 The electrophilic (f,; = F~/F¥) and nucleophilic ( f,, =
FT/F~) dimension less indexes obtained from the Fukui functions
at the CAM-B3LYP/6-311++G(d,p) level of quantum mechanics with
PCM simulating octanol solvent

trans cis

Atom Su Jel fru fel
C1 0.931 1.075 2.218 0.451
c2 1.156 0.865 1.522 0.657
C3 2.150 0.465 0.626 1.597
C4 0.328 3.049 0.081 12.382
C5 0.156 6.420 66.098 0.015
Cc6 0.688 1.454 1.672 0.598
C7 1.311 0.763 1.747 0.572
C8 1.152 0.868 0.355 2.818
C9 0.815 1.227 1.540 0.649
C10 0.599 1.671 0.716 1.397
Cl1 0.154 6.481 0.297 3.365
Cl12 2.672 0.374 4.074 0.245
C13 0.512 1.955 0.401 2.492
Cl4 0.483 2.068 1.322 0.757
O15 0.450 2.220 0.354 2.828
016 1.153 0.867 1.362 0.734
o17 1.297 0.771 1.274 0.785
HI18 0.864 1.158 1.529 0.654
H19 0.980 1.021 1.349 0.741
H20 1.159 0.863 1.653 0.605
H21 1.057 0.946 1.348 0.742
H22 1.364 0.733 1.846 0.542
H23 0.771 1.297 0.494 2.023
H24 0.686 1.458 0.582 1.717
H25 0.661 1.512 0.556 1.799
H26 0.785 1.273 0.856 1.169
H27 0.580 1.723 0.471 2.124
H28 1.232 0.812 2.197 0.455
H29 1.139 0.878 1.521 0.657
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=l L i
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(a) trans-resveratrol
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(b) cis-resveratrol

Fig.8 The electrophilic ( f,; in red color) and nucleophilic (£, in blue
color) indexes obtained using the CAM-B3LYP/6-311++G(d,p) level
of quantum mechanics in octanol solvent

The results suggest that isomerization does not signifi-
cantly affect the reactive character of oxygen atoms when
the system migrates from frans to cis structures. For exam-
ple, Fig. 8 shows that O15 has an electrophilic behavior
(fer > fnu) in both the cis and chromophores trans. How-
ever, the O16 and O17 sites are prone to nucleophilic attack
(fnu > Sel)-

Different behaviors are observed for carbon and hydrogen
atoms. In the former, the carbons are in the azo bridge, and
C2 and C3 exhibit nucleophilic behavior, which is expected
considering the high electron density characteristic of the &
bridge featured for azo moiety, nevertheless, when the sys-
tem transitions to cis conformation, the twist puts C3 at an
electrophilic site, indicating that isomerization affects the
electron density and changes the reactive characteristic of
the azo backbone.

Even so, in the carbon atoms, some elements placed in the
aromatic rings (C5, C6, C9, and C14) have an electrophilic
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character that changes to a nucleophilic site when resveratrol
changes from trans to conformation. cis. On the other hand,
C8 is a nucleophilic atom but changes its characteristic to
electrophilic in the cis conformed.

Isomerization also affects the hydrogen atoms located in
the azo bridge. trans structures H19 and H20 are electrophilic
sites. However, the system changes to cis structure, mak-
ing them nucleophiles, while the other hydrogens, H20-H29,
maintain their electrophilic or nucleophilic characteristics,
as shown in Fig. 8.

Conclusions

A detailed discussion on the contributions of solvents to the
stability, reactivity, and NLO response of resveratrol was
carried out using the DFT method and continuous solva-
tion models. Between the main findings, we can mention
that although the trans structure is the most stable chro-
mophore, it is demonstrated that the cis-trans barrier can
be photoinduced by the light of higher frequencies, allowing
the cis-transactivation in a variety of solvents.

Concerning solvatochromism, unlike other dyes, resver-
atrol shows an unusual blue shift (hypsochromic effect) in
environments of increasing polarity. According to TD-DFT
calculations using both continuous and explicit solvation
models, this effect depends on the charge transfer processes
and the dipole moment of the excited state. Finally, the
studied chromophore presents considerable potential for gen-
erating the second harmonic, with a performance comparable
to that of some NLO materials such as urea, p-nitroaniline,
and some selected chalcones. However, unlike these materi-
als, the best response occurs with low polarity solvents such
as octanol, which improves ca. 67% the response of NLO
concerning the gas phase condition.
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