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Solute-solvent interactions and deprotonation effects have been related to second-order nonlinear optical
response modulators. This work takes advantage of sequential Monte Carlo/Quantum mechanics together
with Time-Dependent Density Functional Theory, Coupled Cluster methods, and the hyper-Rayleigh scattering
formalism to investigate how these effects influence the stability and optical response of p-coumaric acid
(pCA) and its anionic and diionic forms. The solvent influences the chromophores in different ways, inducing
bathochromic and hypsochromic solvatochromism so for the neutral pCA molecule as for its deprotonated
derivatives. The results indicate a high sensitivity of the nonlinear optics (NLO) parameters with relation to
proton dissociation. Ionization of the carboxyl group produces the lowest values of the first frequency-dependent
hyperpolarizability (fygs), while phenolic deprotonation leads to the highest values. The results show that
proton removal can be used as a switch that modulates the NLO response within a wide range of values
(159.15 < Pyps < 4393.97 au) greater than those reported for reference NLO chromophores like urea (37.3 au)
and p-nitroaniline (74.3 au). Thermochemical analysis of enthalpies and Gibbs free energies indicate that both
monoionic forms of the pCA molecule are the most stable in gas or water solvents. Furthermore, these structures
represent the limits of NLO modulation in the gas and solvent phases. Analysis of the projected density of
states and mapping of the molecular electrostatic potential indicate that increased contributions from conduction
electrons found in the aromatic ring are the mechanism by which deprotonation enhances the NLO response. All
the results show that ionic pCA forms are promising in the functionalization of optoelectronic devices.

1. Introduction relative to the gas phase [5,6], which can be explained, in general, by

the difference in free energy between conformations in solution, mainly

There are two main strategies to amplify a given molecular property.
First, chemical synthesis, in which known molecular groups are inserted
into the molecular body to enhance this effect [1]. Second, to use the
solvent as a means of producing polarization and specific intermolecular
interactions like Coulomb and van der Waals forces to control this prop-
erty [2—4]. This last method can affect the conformational equilibrium
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in polar solvents, where structures with a stronger dipole moment are
expected to be favored [7].

However, among the effects mentioned above, molecular solva-
tochromism is the best-known solvent contribution. This effect is the
result of the action of the solvent on the shape, intensity, and position
of the transition lines of the absorption and emission spectra [2,3,8-10].
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They are said to be bathochromic or hypsochromic if the solvent shifts
a given excitation towards lower or higher energies, respectively, and
just to get a general idea, knowledge of this behavior is essential if one
wishes to propose optical applications such as bioprobes and sensors
[11,12].

On the other hand, although a mature knowledge of the treatment
of properties related to electronic excitations is currently shared, the
molecular NLO response remains a challenge. Knowledge of these ef-
fects is relatively recent, only observed after the discovery of the first
high-power laser in 1960 by Mainman [13]. Since then, various electro-
optical devices such as organic light-emitting diodes, solar cells, and
sensors have been proposed. The advantage of such devices is that they
propagate some information as fast as the speed of light allows, giving
greater efficiency compared to conventional electronic devices [14,15].

Nowadays, in the fabrication of NLO devices, organic chromophores
are known to be more efficient than inorganic dyes as they better re-
sist the breakdown threshold imposed by high-power light. In addition,
organic dyes are easily manipulated by standard chemical synthesis pro-
cedures, allowing an alternative to adjust the NLO response [16,17].
Therefore, the materials science community has put a lot of effort into
planning how to harness, improve, and control NLO behavior in organic
chromophores [18]. After a decade of NLO, most of these theoretical ad-
vances that were compiled in a review by Ratner and collaborators [19],
are being systematically updated [20,21].

In this direction, two decades ago, Wang [22] and Nisic [23] demon-
strated how the modulation of second-order NLO properties can be
efficiently improved by taking advantage of simple protonation/depro-
tonation procedures. In particular, this work has opened up a wide
range of possibilities. For example, it has recently been shown that sim-
ple deprotonation effects and solute-solvent interactions can change the
second-order NLO behavior of azo dyes to giant values of the first hyper-
polarizability [24,25]. However, practically no discussion on the effects
of proton dissociation on organic dyes deals with their stability, which
could be a worrying sign, considering that the stability of these dyes de-
pends on various factors, for example, the pH of the medium, and its
polarity, among others.

Within the scenario described above, pCA emerges as an interesting
and promising case study (see Fig. 1). This organic dye is well known for
its recognized biological use as an antioxidant, anti-inflammatory, and
antiplatelet agent, as well as against human diseases such as diabetes
and cancer [26]. Regarding its physicochemical properties, it has been
experimentally demonstrated how the simple dissociation of mono and
diprotons can cause a strong change in the ultraviolet-visible (UV-Vis)
spectrum. However, the second-order NLO response depends linearly
on the optical gap (f « Ap,) [19], which means that the way pCA
molecules interact with the light can be significantly altered.

Thus, based on molecular modeling techniques and quantum me-
chanical approximation, this work presents for the first time a sys-
tematic thermochemical discussion on the formation and stability of
monoionic and diionic forms of pCA molecules under gaseous and liquid
conditions using different levels of solvation models. Special attention
is paid to linear and non-linear optical properties.

2. Methodology

The structure in the gas phase (see Fig. 1) and the electronic prop-
erties of pCA and the monoanionic (9-pCA~ and 1-pCA~) and dian-
ionic (pCA~2) were determined by performing density functional the-
ory (DFT) calculations [27-29] using the B3LYP [30,31] exchange-
correlation functional, and Mgller-Plesset second-order perturbation
theory (MP2) [32]. These methods were used in combination with
the Pople basis set, 6-311+G(d,p) [33,34]. The electronic excitation
energies were determined by applying the time-dependent density func-
tional theory (TD-DFT) [37] with the CAM-B3LYP functional imple-
mented in the Gaussian 09 [38] program.
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Fig. 1. Geometries of the p-coumaric acid forms obtained at the B3LYP/6-
311G++(d,p) at gas-phase conditions.

The analysis of the electronic properties of the pCA in aqueous solu-
tion was based on the continuous and discrete models of the solvent. We
use the continuum polarized model (PCM) [39,40] and for the discrete
model we performed the sequential procedure of quantum mechanics
and molecular mechanics, S-QM/MM [41-43].

In the S-QM/MM procedure, initially, the liquid phase configura-
tions are sampled from molecular simulations, and after statistical anal-
ysis, only configurations with less than 10% statistical correlation are
selected and subjected to quantum mechanics calculations. In our study,
we used the Monte Carlo (MC) method with the Metropolis sampling
technique [44] to perform the liquid simulation. This sampling was per-
formed separately for structures pCA, 1-pCA~, 9-pCA~, and pCA%~ in
water. We assume that the pCA structures in water are not significantly
modified concerning those in the gas phase. Thus, the structures (op-
timized at the B3LYP/6-3114+G(d,p) level) remained rigid during MC
sampling generated by the DICE [45]. The MC sampling was carried
out under standard conditions (p = 1 atm; 7' =298 K) in the NpT en-
semble for a system with one pCA molecule and N = 1000 molecules
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of water in a cube box of length L ~ 31.14 A and applying periodic
boundary conditions and image method. In the pairwise energy calcu-
lation, the pCA interacts with all water molecules within a separation
from the center of mass that is smaller than the cutoff radius r, = L/2
(i.e., approximately 15.57 A in the studied case). For separations greater
than r, the long-range correction of the potential energy [46] was cal-
culated. In each simulation, 15 X 106 MC steps were performed in the
thermalization stage and 37 x 10® MC steps in the production stage.

The solute-water and water-water interactions were described by
a Lennard-Jones intermolecular potential plus a Coulombic term de-
scribed by the interactions between atomic point charges. Water was
represented by the SPC model [47]. The choice of Lennard-Jones pa-
rameters for the pCA molecule was driven by the OPLS force field [48].
The Gibbs free energy of hydration, AG was calculated using the
PCM.

The NLO response of matter, when high power of field E light inter-
acts with a chromophore of field E, the total dipole moment becomes

solvs

X, ),z 1 X,),Z
Hing = Hp t+ Z o Ej+ n ZI:, Bij EjE + ... m
J Js

In this expression, while u, is the permanent dipole moment, a is
a tensor of rank 2 relevant in structural chemistry. However, since this
tensor is not the focus of the present work, it will not be evaluated.
In contrast, The main focus is on the frequency-dependent first hy-
perpolarizability (fyrs) obtained within the hyper-Rayleigh scattering
formalism [50,52], in which the tensor’s components can be handled
to obtain the dipolar (®,;_;) and octupolar (®;_;) contributions to
the NLO response, besides the depolarization ratio (DR). Many authors
generally combine information extracted from these parameters con-
structing scales that classify chromophores according to their dipolar-
octupolar architecture [50].

Regarding the calculation of NLO properties, Coupled Cluster (CC)
methods are considered to be state-of-the-art among electronic struc-
ture methods and are often used as a reference to analyze the perfor-
mance of other electronic structure methods [51]. Therefore, we used
CCSD and CC2 and some DFT-based methods with standard base set 6-
311++G(d, p) [33,34] to analyze the NLO response of pCA molecules.
The choice of this particular basis set is based on previous work showing
that small basis sets can describe NLO parameters if polarizable and dif-
fuse functions are taken into account. Particularly, de Wergifosse and
Champagne investigated the dependence of the basis set together CC
methods using some push-pull z-conjugated systems as a test case [35].
According to their results, a better balance between precision and com-
putational efforts was achieved using the 6-31+G(d) to describe systems
that present alternated single and triple C-C bonds. On the other hand,
6-31G(d) is enough to describe polymer links (=C-C=C-C=). Similar
results have been found studying p-quinodimethane dyes [36]. More-
over, we also performed our own investigation on the basis set at CCSD
level of calculations in the gas phase (see Table SS). As respected, the
smallest 6-31G basis set is enough to approach the results obtained us-
ing the greatest 6-311++G** functions.

For the contributions of the solvent to the quantum mechanical
properties, we take advantage of four solvation models:

* PCM: The Integral-Equation Formalism of the polarizable contin-
uum model, [39,40] that encloses the solute in a cavity that con-
forms to the shape of the molecule and represents the solvent as a
continuum environment with a dielectric constant ¢.

ASEC: The solvent surrounding the pCA form is represented by the
superposition of 100 uncorrelated solvent structures extracted from
Monte Carlo Simulations, in which the atoms of solvent molecules
were replaced by their normalized atomic charges generating an
Average Solvent Electrostatic Configuration (ASEC) [49]. Each se-
lected solvent structure accounts for the 300 water molecules near-
est to the solute within a radius of 134, totalizing 90000 enfolding
point charges.
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+ HB+PC and MS+PC: While the former incorporates only the solute-
solvent hydrogen bonds in the electrostatic field of the remaining
300 solvent molecules accounted for as point charges, the latter
includes all of the micro-solvation shells. These proposals account
for the closest specific solute-solvent interactions, from Van der
Waals forces to electrostatic interactions of bulk molecules.

From the thermochemical point of view, the Gibbs Free Energies are
recovered as:

AG) = G (x-pCA™) + Gy (H™) = G, (pCA)
AGY = G(pCA™) + Gy(H") — G (x-pCA”) @

where x = 9 or 1. Moreover, the involved pK, are obtained using the
relations:

AG(I) AG(z)
pkl=—2 _  and pkP=—AD_ 3)
@™ RTIn(10) @~ RTIn(10)
where
AGY = AGD + AG 1, (x-pCA7) + AGy,(H) — AG(pCA) @
and
AGD = AG?) + AG,;,(PCAY) + AG, ;,(H*) — AG(x-pCA7) (5)

again with x =9 or 1.

Finally, although all quantum mechanics calculations were per-
formed using Dalton [53] and Gaussian 09 [38] programs, the output
analysis was carried out taking advantage of the Multiwfn code [54].

3. Results and discussion
3.1. Geometry optimization and relative stability of the isomers

Full geometry optimization and vibrational frequency calculations
in gas phase of the neutral form of pCA, its unique deprotonated pheno-
late (1-pCA™) (phenolate) and carboxylate (9-pCA ™), as well as its dou-
bly deprotonated structure (pCA2~) were performed at the B3LYP/6-
3114+G(d,p) level of the QM calculation (Table 1). All these calculations
were also performed in water, using the solvent described by the PCM
model with the same level of QM calculation. We find that all the op-
timized structures of the pCA compounds are flat and stable, in close
agreement with the previous geometries obtained at the MP2 [55] and
DFT [56,57] levels of calculation and crystallographic experimental
data [58-60].

Initially, by comparing the geometries in the gas phase and aqueous
solution, we observed that the effects of the solvent on the structural
properties of pCA are small, with bond distances and angle variations
less than 2%. Therefore, all the calculations for the pCA compounds
were made considering the void structures. Theoretical data for the elec-
tronic energy, the Gibbs free energy, and the dipole moment of the pCA
compounds in gas and in water are presented in Table S1.

Garcia-Prieto et al. [56] showed that four different forms of cis-trans
isomerization can be proposed for the neutral form of pCA: (i) s-cis-anti;
(ii) s-cis-syn; (iii) s-trans-anti, and (iv) s-trans-syn. They showed that,
regardless of the medium used, the s-cis isomers are more stable com-
pared to the s-trans isomers and identified the s-cis-anti isomer as the
most stable in the gas phase and the s-cis-syn as its counterpart in so-
lution. Therefore, we adopt the s-cis-syn isomer as the starting point of
the geometry optimization calculations. The calculated value obtained
for the gas phase dipole moment of pCA is 3.72 D, in close agreement
with previous theoretical values [56,57].

Comparing the free energy in the gas phase, G,, of the two iso-
meric forms with deprotonation, 9-pCA~ and 1-pCA~, we observe that
the 1-pCA~ isomer is 14.70 kcal/mol more stable compared to 9-pCA~.
However, in an aqueous solution, inversion is observed and the 9-pCA~
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Table 1

The free energy (in kcal/mol) for p-coumaric forms (pCA, 9-
pCA~, 1-pCA~, and pCA?") involved in the first and second
deprotonation processes in the gas phase. The geometries were
optimized with B3LYP/6-311++G(d,p), and the corrections of
zero-point, thermal, and enthalpy were obtained after the vi-
brational frequencies calculations.

Free energy in Gas phase, G, Values in kcal/mol

G,(pCA) -359880.17
G,(9-pCA7) -359539.18
G,(1-pCA7) -359553.88
G, (H") -5.4 [62]
AG,(pCA — 9-pCA™ + G, H") 335.59
AG,(pCA — 1-pCA™ + H*) 320.89
AG,(9-pCA™ — pCA*™ +HY) 387.53
AG,(1-pCA™ — pCA*™ +HY) 402.23

pCA, +H,0
1G ¢, (PCA) i/ i/ 1G4 (H50)
pCA ., +H,0

—» 9-pCA, + H,0,,
\L 1G 0 (H;07)
+ H,0,

~(aq)

1G g1 (9-pCA ) J{

—4 5 9-pCA,

(aq) (aq) aq)

(a) Scheme 1

Fig. 2. The thermodynamic cycle with the acid-base reaction between the pCA
molecules and water in the gas phase and in aqueous solution.

isomer is slightly more stable than the 1-pCA™ isomer (A(1-pCA~ —
9-pCA~ = 1.51 kcal/mol). This small difference in the free energy of
the isomers in water leads to a coupled system of two-monoanios with
both phenolate and carboxylate isomers at room temperature (RT ~ 0.6
kcal/mol). To better define this system, a study of pCA acidity constants
in water is carried out as will be seen below. We also analyze the struc-
ture of the form double anion of pCA (pCAZ~ see Fig. 1 and Table S1.
It is important to stress that pCA2~ is unstable concerning autoioniza-
tion and cannot exist in the gas phase [61]. In water, this divalent anion
form is stable with respect to self-ionization and may exist. The calcu-
lated dipole moment of pCA2~ in gas is 5.15 D.

As mentioned above, the solvent effects on the geometric parame-
ters of the pCA shapes are minimal, however, deprotonation leads to a
considerable variation in these parameters. In all deprotonated forms,
a decrease of ~ 8% (in the gas phase) and ~ 7% (in aqueous solution)
can be noted in the C-O bond lengths of the deprotonation sites relative
to the neutral form. Comparing the two isomeric forms with deprotona-
tion, we observe that the 1-pCA~ have a slight quinoidal character of
the phenolic ring, with the C2-C3 and C5-C6 bonds being lower (around
2%) in comparison with the corresponding to 9-pCA~. This result is in
agreement with previous studies carried out by Garcia-Prieto et al. [56].

Another interesting point is the charge redistribution and electronic
polarization of the pCA ionic forms caused by the solvent effect. This
aspect can be evidenced by the large difference between the dipole mo-
ment in the gas phase (yg) and in the aqueous solution (#aq) as shown
in Table S1. We observed 36%, 32%, 75%, and 31% increases in dipole
moments of pCA, 9-pCA~, 1-pCA~ and pCA%~ in water compared to the
gas phase. It is interesting to note that the increase in the dipole mo-
ment of the phenolate anion is more than twice that of the carboxylate
anion. This large difference in the dipole moment of the isomers can be
seen as a consequence of the charge distribution of the solute in water.
While in the carboxylate, the two oxygen atoms at the carboxylate end
011 and 012 have almost the same charge (about -0.84 in the gas phase
and -0.92 in water, an increase of ~ 9%), which are more negative than
phenolic oxygen, 010 (-0.67 in the gas phase and -0.69 in water, an in-
crease of ~ 3%). In the case of the phenolate form, the three oxygen
atoms 010, O11, and O12 have similar charges in the gas phase (about
-0.76 for 010, -0.72 for O11, and -0.69 for 012), but they differed in
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water with the negative charge most located in deprotonated oxygen
(around -0.72 for O11 and O12 and -0.85 for 010). Thus, the effect of
the solvent on the electronic polarization of two isomers leads to a delo-
calization of the negative charge at different ends of the isomers. In the
case of the carboxylate, this charge is located in the COO™ group, while
in the phenolate it is located in the PhO™~ group. This result strongly in-
dicates that the effect of the solvent on the electronic polarization of this
type of compound is an essential factor in the determination of atomic
charges and must be taken into account for an adequate description of
their interaction with the solvent. This was observed by Garcia-Prieto
et al. [56], who studied the neutral and charged pCA forms in an aque-
ous solution using molecular dynamics simulations combined with the
ASEP/MD procedure. They demonstrated that the interaction of both 1-
pCA™~ and 9-pCA™ with solvent molecules alters the relative stability of
the isomers, where in aqueous solution, the carboxylate is more stable
than the phenolate form.

3.2. Theoretical deprotonation process of p-coumaric in gas phase and in
water

To further analyze the p-coumaric acid/base balance in water, we
initially calculated the gas phase free energy of the first and second de-
protonation using the free energy of the species involved as presented
in the Eq. (2). The free energy of the neutral form of pCA and its de-
protonated forms (1-pCA~, 9-pCA~ and pCA2~) in the gas phase was
calculated by adding the electronic energy with zero point, thermal,
and enthalpy corrections. For H, we used the value of Gg(H+) =-54
kcal/mol, reported previously [62]. Thus, the values calculated for the
first deprotonation process, AG,(pCA — 9-pCA™ +H%)and AG ¢(PCA —
1-pC™ + H"), using Eq. (2) are 333.75 and 320.34 kcal/mol. Similarly,
for the second deprotonation process, AG,(9-pCA™ — pCAZ~ +H*) and
AG,(1-pCA™ — pCA?~ 4+ H*), we obtained the values of 387.53 and
402.23 kcal/mol using Eq. (2) (more details in Table S2). For the pK,,
calculations, we use these values in the Eq. (5) as will be seen below.

By using the thermodynamic cycles shown in Fig. 2, the values for
AG, (gas phase free energy of the first and second deprotonation),
AG,,,(X) (standard solvation free energies for the proton X = Ht,
pCA, 9-pCA~, 1-pCA~ and pCA?~), we determined the values for the
first (pK,;) and second (pK,,) acidity constants of pCA in water. For
the proton, X = H*, several studies have been carried out to determine
its standard free energies of solvation in water [63-69]. Here, we de-
cided to use the experimental value of AG,,,(H") = 265.9 kcal/mol
obtained by Tissandier it et al. [68], under standard conditions (1.0
M concentration in the gas phase). For the other species, X = pCA,
9-pCA~, 1-pCA~, and pCA?~, AG,,,(X) were performed with QM cal-
culations, where the effect of solvent was included using the PCM
[39]. The three contributions of the standard free energies of solva-
tion, AG,(X), AG ,y (X), and AG,,,(X), as well as the total val-
ues of the standard free energy of solvation of each species, that is
AG,,(X)=AG, (X)) + AG 4y (X) + AG,,,(X), that are shown in Ta-
ble 2.

The results obtained for standard solvation free energies, AG,,;,,(X),
for X = pCA, 9-pCA~, 1-pCA~, and pCA>~, in water are -15.18, -78.18,
-59.17 and -185.81 kcal/mol, respectively. Note that the relative free
energy of solvation (AAG,,;, = AG,,,,(1-pCA™) — AG,,;,(9 -pCA 7)) of
the 9-pCA~ and 1-pCA~ isomers is 19 kcal/mol, indicating that the 9-
pCA~ isomer is more stable in water compared to 1-pCA~. This result
is in agreement with our QM results discussed in this section and with
those by Garcia-Prieto et al. [56]. The calculated values of the standard
deprotonation free energies of pCA in aqueous solution for the first de-
protonation are AG,,(pCA — 9-pCA™ + H') = 6.69 and AG,,(pCA -
1-pCA~ + H*) = 11.00 kcal/mol, obtained using Fig. 2. These values
for the second deprotonation are AG,,(9-pCA™ — pCA%~ + H*) = 14.00
and AG,,(1-pCA™ — pCA%~ + H*) = 9.69 kcal/mol, obtained using
Fig. 2. Therefore, the existence of two isomeric forms with deproto-
nation for pCA leads to two pathways of two-proton stepwise disso-
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Table 2
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Solvation-free energies in (kcal/mol) of p-coumaric forms (pCA, 9-pCA~, and 1-pCA~) involved in the first deprotonation process
in water according to the equilibrium reaction shown in Scheme 1. The values were calculated using QM calculation with HF/6-

31+G(d)/PCM/UAHF.
Free energy X = pCA X = 9-pCA~ X = 1-pCA™ X = pCA>™
AG,,(X) -18.19 -80.68 -62.00 -188.14
AG“,W(X) -18.92 -18.71 -18.51 -18.28
AG, ., (X) 21.94 21.21 21.33 20.61
AG,,,(X) -15.18 -78.18 -59.17 -185.81
Scheme 1 AG, AG,, rK, pK, [Exp.]
(pCA — 9-pCA™ +H") 335.59 6.69 4.90 4.36 [70], 4.6 [71]
(pCA — 1-pCA™ + H*) 320.89 11.00 8.06 4.36 [70], 4.6 [71]
Scheme 2
(9-pCA™ — pCA?™ +H*) 387.53 14.00 10.26 8.98 [70], 9.3 [71]
(1-pCA™ — pCA>~ + H*) 402.23 9.69 7.10 8.98 [70], 9.3 [71]
4 As shown in Fig. 3 and Table S3, similar MDDF profiles are ob-
served for the pCA forms, indicating identical structures of solvation
_ shells. However, a comparison among the MDDF profiles suggests that
30k the arrangement of water molecules around each pCA system is differ-
ent. The MDDF profiles show a more structured micro-solvation layer
I than the first and second solvation layers. This micro-solvation layer
. is observed starting at 1.2 A and ending at 2.2 A, containing approxi-
82.0 L mately 6, 9, 8, and 11 water molecules around pCA, 9-pCA~, 1-pCA~,
s and pCAZ~, respectively. It has precisely the water molecules about to
L participate in the hydrogen bonds between the solute and the solvent.
The first hydration layer is observed in the range from 2.2 to 3.8 A.
1.0 Integration to 3.8 A encloses 33, 27, 30, and 24 water molecules around
pCA, 9- pCA‘ 1-pCA~ and pCA2-, respectlvely The second save starts
3 at 4.8 A and extends to about 5.0 A. By integrating the MDDF pro-
files over the region of the micro solvation layer, as well as the first
0,%10 : 12 o 36 18 0 =5 3a Y3 and second solvation layers, it was determined that there are about 61,

r(A)

Fig. 3. Minimum distance distribution function (MDDF) between p-coumaric
forms (pCA, 9-pCA~, 1-pCA~, and pCA”>") and the water molecules obtained
from MC simulations.

ciation, with a free energy difference between the two pathways of
about 4.3 kcal/mol. This difference in deprotonation free energy leads
to two values for the pK, of pCA in aqueous solution (pK,;(pCA —
9-pCA™ + H*) =4.90 and pK,(pCA — 1-pCA~ + HT) = 8.06 kcal/mol)
for the first deprotonation and pK,,(9-pCA~ — pCA2~ + H*) = 10.26
and pK,,( 1-pCA— — pCA2~ + H*) = 7.10 kcal/mol) for the second de-
protonation. The best comparison between the calculated values for
K ,1(4.90 and 8.06 kcal/mol) and pK,(10.26 and 7.10 kcal/mol) and
experimental data (pK,, = 4.36 kcal/mol [70] with direct dissocia-
tion pCA — 9-pCA~ + H* for the first deprotonation and 9-pCA™ —
pCA 2~ + H* for the second deprotonation process. This result leads to
the conclusion that the first deprotonation of pCA in water occurs at po-
sition 9, that is, in the COOH while the second deprotonation a occurs
at position 1, i.e., in the PhOH group, results in the two-proton stepwise
dissociation pathway (pCA — 9-pCA ~ + H* — pCA >~ + 2H"),,

3.3. Structure and hydrogen bonding in the p-coumaric-water solution

As discussed above, the effects of the solvent on the electronic po-
larization of pCA in neutral and deprotonated forms are essential for
building solvation models to fully describe its interaction with the sol-
vent. The liquid structure around the molecules charged by a polar sol-
vent like water is probably more significant than the neutral molecules.
Therefore, the solvation shells surrounding the pCA forms in all simu-
lated systems were analyzed using the Minimum Distance Distribution
Function (MDDF) [88] between solute and water molecules.

62, 62, and 64 water molecules present around pCA, 9-pCA~, 1-pCA~
and pCA?~, respectively. The structural properties obtained from the
simulation analyses are summarized in Table S1. As expected, due to
charge redistribution and electronic polarization of the charged forms,
the solvation shell surrounding the species with a -2 charge had the
largest number of water molecules, followed by those with a -1 charge
and finally those that had a charge of 0. This tendency to increase
the number of water molecules around the species is also observed in
the microsolvation layer, since the simulation analyses returned more
hydrogen-bonded water molecules with the species charge equal to -2
than with charge -1, as will be discussed later.

To better compare hydrogen bonding (HB) in neutral and charged
species, we employ the order (a simple DICE tool) [89] to investigate
these interactions between the pCA species and the molecules of wa-
ter. The pCA has three acceptors (01, 02, and 0O3) and two donors
(H1 and H2) of the HB. HBs are obtained using a geometric distance
(radial Rg...q <3.25 A and angular OOH < 40°) and energy criteria
(E,j < —0.01 kcal/mol) [90,91]. We found an average of 3.8, 6.5, 4.4,
and 5.6 HBs formed between the pCA forms (pCA, 9-pCA~, 1-pCA~
and pCA2~) and water molecules, respectively. The calculated interac-
tion energies for these hydrogen bonds are -5.3, -11.9, -7.9, and -15.6
kcal/mol, respectively. As we can see, there are obvious differences
between the hydrogen bonding properties of the neutral and charged
(single and doubly deprotonated) forms. The number and energy (in
modulus) of H bonds in pCA structures are highest in pCA%~, followed
by 9-pCA~ and 1-pCA~, and finally by the PCA. In the case of the indi-
vidually deprotonated isomers, these properties of 9-pCA~ are much
stronger compared to those of 1-pCA~, indicating that 9-pCA~ has
strong HB interactions with water molecules.

3.4. Absorption spectra analysis

Table 3 and Fig. 4 show, respectively, the data for the ultraviolet-
visible (UV-Vis) spectra of pCA molecules considering implicit and ex-
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Table 3

Solvent effect on the 7 — z* excitation of p-coumaric forms. All values for
wavelength (1/nm) and oscillator strength (O.S.) are obtained at the TD-CAM-
B3LYP/6-311++G(d, p) level of theory using different solvent models.

Model A (nm) 0.S. Exp.(nm)
pCA Gas 282.6 0.7
PCM 294.8 0.8 308 [92]
ASEC 288.1 0.7
HB + PC 290.8 0.8
MS + PC 293.9 0.8
1-pCA~ Gas 360.5 0.9
PCM 367.7 1.1 356 [92]
ASEC 343.4 0.9
HB + PC 346.5 1.0
MS + PC 348.5 1.0
9-pCA~ Gas 261.3 0.4
PCM 273.9 0.6 285 [92]
ASEC 271.5 0.6
HB + PC 282.2 0.7
MS + PC 272.0 0.5
pCAZ~ Gas 298.7 0.5
PCM 321.8 0.7 333 [93]
ASEC 304.1 0.7
HB + PC 315.7 0.8
MS + PC 308.6 0.9
1O AseC — pcA
0.8 — 9-pCA
0.6 3 — 1pCA
5 — pca?
0.4
0.2+
0 0 1 I L
> 0.
=10
z Y[ HB-PC
208
g -
= 0.6
GN) -
= 0.4 C
o2
] L
Z 0.0
1L.OF wMs
0.8
0.6
0.4+
021
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Fig. 4. The UV-Vis spectra calculated for pCA (black), 9-pCA~ (red), 1-pCA~
(green), and pCA2~ (blue) for different solvation models using the TD-CAM-
B3LYP/6-311++G(d,p) level of quantum mechanics.

plicit solvation models and time-dependent DFT. The results allow us to
analyze both the dissociation of protons and the effects of the solvent.
The UV-Vis spectra of the pCA molecules are assigned by a strong
absorption band located in the visible region of the UV-Vis-Exp spec-
tra. As for the gas phase results, although an experimental report is not
allowed, the current results of TD-CAM-B3LYP indicate that proton dis-
sociation shifts electronic excitations over a wide range of values. As an
example, for the original pCA molecule, this absorption maximum is lo-
cated at 301 nm, and analysis of the frontier molecular orbitals shown
in Fig. 5 indicates that this spectral line is composed of a strong 7 — 7*
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s

(a) LUMO

(b) HOMO

Fig. 5. Illustration of the frontier molecular orbitals involved in the 7 — z*
transition: highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) plotted using the CAM-B3LYP/6-311++G(d,p) level
of theory.

symmetry. Regarding the loss of the proton, taking the pCA molecule
as a reference, a bathochromic effect would be observed. From Table 3,
in the gas phase, 1-pCA~, 9-pCA~, and pCA%~ molecules would present
an optical space located respectively at 361, 261, and 299 nm.

On the other hand, the inclusion of the solvent introduces some par-
ticularities, affecting the order shown above, and indicating that it is
dangerous to try to describe the liquid phase without proper model-
ing work. Based on experimental reports in an aqueous environment,
the correct ordering for A, is 9-pCA~ < pCA < pCA>~ < 1-pCA~. In
other words, the exchange between the pCA and 9-pCA~ molecules
must be taken into account. This effect has its origin in the different
solvatochromes made for pCA and its deprotonated forms.

As an example, from gas to solvent, all solvation models indicate that
the pCA molecule undergoes a bathochromic change. Electrostatic de-
scription, ASEC, and PCM show absorptions at 288 and 294 nm, which
is clearly a redshift from gas phase excitation (283 nm). This trend is
also corroborated by improving the level of modeling of the solvent. In
this line, HB+PC and MS+PC include, respectively, the solute-solvent
hydrogen bonds and the microsolvation layer in the electrostatic field
of the 300 water molecules, being a more realistic description. These
two models indicate absorptions at 291 + 1 and 294 + 1 nm, indicating
~ 11 +0.1 nm as a bathochromic effect.

However, in contrast to the pCA solvatochromism, all its deproto-
nated forms show a hypsochromic effect in a solvent. For 9-pCA~, which
lost its proton from the carbonyl group, both HB+PC, and MS+PC give
values at 282 and 272 nm which are in agreement with the experiment,
308 nm [92]. This displacement, although moderate, is enough to in-
vert the relative positions between the transitions 7 — 7* between pCA
and 9-pCA~ chromophores with respect to the gas phase.

Similarly, the remaining two chromophores also undergo hyp-
sochromic effects from the gaseous to the liquid medium. For the pCAZ~
molecule, the ASEC solvation model predicts the maximum to be at 304
nm, in good agreement with the experimental data of 333 nm [92],
and indicating a smooth redshift of 5 nm from the gas phase. The PCM,
HB+PC, and MS+PC solvation models show the same behavior.

Finally, the blue shift is visible for the 1-pCA~ form. The exper-
imental report for the lowest = — z* excitations is 356 nm [93],
which is in excellent agreement with some theoretical predictions set
out in Table 3. ASEC and HB+PC estimate 343 and 347 + 1 nm, re-
spectively. These values suggest blue changes around 18 and 14 nm.
Although the other models overestimate A they confirm molecular
hypochromics.

To appreciate it, it is possible to see the results with B3LYP in Ta-
ble S4 and Fig. S1 that shows a behavior similar to that obtained
with CAM-B3LYP. However, the B3LYP method presents results slightly
shifted towards high energies, indicating that the lack of long-range in-
teractions tends to overestimate the absorption energies.

max?

3.5. Frequency-dependent first hyperpolarizability

Table 4 presents the results of the NLO response of pCA molecules
considering different degrees of quantum mechanics using the 6-
311++G(d,p) basis set. First considering the pCA molecule under gas
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Table 4
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The frequency-dependent (@ = 1064 nm) first hyperpolarizabilities (f;zg/au) obtained within the hyper-Rayleigh scattering
formalism for different solvation models, quantum mechanics approximations and the 6-311++G(d,p) basis set.

Complex Model CCSD cc2 CAM-B3LYP ®wB97XD B3LYP
9-pCA~ Gas 159.55 284.80 164 152 369
ASEC 159.15 235.45 1028 990 1377
PCM 949 932 1281
pCA Gas 1097.70 1443.54 1373 1301 1708
ASEC 1098.46 1483.45 1702 1611 2095
PCM 2290 2159 2994
pCAZ- Gas 1673.18 2228.77 1902 1809 4567
ASEC 1643.44 2208.27 2359 2231 2511
PCM 3568 3358 2095
1-pCA~ Gas 4191.18 4495.79 3446 3500 2782
ASEC 4393.97 4906.18 3297 3252 2862
PCM 6105 6039 5193
8 8
—— Carboxyl pCA —— Carboxyl pCA
74 Carboxyl 1-pCA 74 Carboxyl 1-pCA
= Carboxyl 9-pCA = Carboxyl 9-pCA
64 64
5 51
2 2
~ 44 4 4
o ad
=9 =%
34 34
2 2
14 14
0 0
-8 -6 —4 el 0 2 A -8 -6 —4 welf 0 2 4
Energy (eV) Energy (eV)
(a) (b)
8 8
—— Phenolic pCA = Phenolic pCA
74 = Phenolic 1-pCA 74~ = Phenolic 1-pCA
= Phenolic 9-pCA —— Phenolic 9-pCA
64
54
9] [92)
g, S,
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=9 =
34 .
P
14
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-8 -6 —4 welf 0 2 A 8 6 —4 —2 0 2 4
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Fig. 6. PDOS os pCA molecules and their changes in the main molecular bands with the deprotonation. (a) carboxyl group at vacuum, (b) carboxyl group at PCM

(ethanol), (c) phenolic group at vacuum, and (d) phenolic group at PCM (ethanol).

phase conditions, the CCSD results indicate a value of 1097.70 au for
the first rate-dependent hyperpolarizability, firs. Regarding the pro-
ton dissociation effect, a different behavior is observed depending on
the molecular end where deprotonation occurs. Relative to the parent
chromophore, the 9-pCA™ molecule lost a proton from the carboxylic
group and the NLO response decreased to 159.55 au, representing a
divergence of 85.5%.

However, if the proton is removed from the phenolic group, the be-
havior is the opposite. For the 1-pCA™ molecule, the value of 4191.18
au is obtained for fygg, which represents an increase of 367.3% with
respect to the reference molecule (pCA). Furthermore, this effect pre-
vails if both carboxylic and phenolic protons are removed. The CCSD
predicts a higher value (1673.18 au) for the pCA2~ molecule than that
reported for pCA.
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(b) 9-pCA~

(c) 1-pCA™

Fig. 7. The molecular electrostatic potential (MEP) mapping obtained using the
B3LYP/6-311++G (d,p) for gas-phase molecules. Blue colors denote the number
of positive charges, while orange shows higher electronic density.

Based on CCSD data, the order of gain of fyrg under gas phase con-
ditions would be 9-pCA~ < pCA < pCA?~ < 1-pCA~. If we examine the
other results obtained with CC2, as well as those calculated for the
methods based on DFT, CAM-B3LYP, and wB97XD, it is immediately
obvious that these methods reproduce the results of CCSD at least for
molecules in the gas phase. However, B3LYP gives other order of gain
(9-pCA~ < pCA < 1-pCA~ < pCA?~), which indicates that including in-
teractions like Van der Waals and long-range corrections is essential for
correct NLO description of coumarin chromophores.

Concerning the inclusion of the solvent and regardless of the dipo-
lar or even octupolar nature of the NLO response, in general, the first
hyperpolarizability presents a linear dependence with respect to the
optical gap (f « Ay,,) [19,72-74]. As shown above, the experimental
analysis indicates the following order for the gain of 4,,, with respect
to proton dissociation: 9-pCA~ < pCA < pCA>~ < 1-pCA~. Thus, even
in a solvent environment, f;zs should obey the same order, and accord-
ing to the theoretical results presented in Table 4, this effect is observed.
According to the CCSD/ASEC solvent approach, even in an aqueous
environment, proton dissociation is key to encompassing the NLO re-
sponse of pCA molecules over a wide range of values between 159.15
and 4393.97 au with all other methods, pointing to the same behav-
ior. Regarding the performance of these materials, recent reports on the
first frequency-dependent hyperpolarizability in urea and p-nitroaniline
indicate optical responses of 37.3 and 74.3 au, respectively [76]. There-
fore, pCA molecules hold promise for NLO uses.

Regarding the proper effect of the solvent, compared to CCSD and
the less accurate CC2 methods and all DFT functionals present serious
problems. For example, based on the relationship between f and A,
an increase in the optical response of the pCA molecule is expected,
and the CCSD/ASEC and CC2/ASEC methods confirm this expectation,
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although predicting mild solvent effects, approximately 0.1% and 2.8%,
with respect to the gas-phase value.

However, the hypochromic shift in the optical gap made for all de-
protonated forms of pCA (see Table 3) indicates that the solvent should
reduce the optical response. Except for the 1-pCA™ molecule, CCSD and
CC2 predict the correct trend for all remaining deprotonated pCA struc-
tures, but all other methods indicate an unrealistic gain in fygg. Thus,
care must be taken when analyzing the NLO response of deprotonated
chromophores using DFT-based methods.

It is worth making a brief comment on the effects of geometry on
the NLO response of studied coumarin molecules. We calculated the
NLO parameters for the gas phase and geometries in water (see Table
S5) without accounting for the environmental contributions, and the
results suggest slight geometry effects. For example, g values of 1373
au (11.8 x 10730 esu) and 1414 au (12.2 x 10730 esu) are obtained for
the molecule of pCA. A similar conclusion is reached for the remaining
chromophores.

Taking the CCSD approximation as a reference, DFT-based methods
are known for underestimating properties like the first and second hy-
perpolarizabilities (f and y). These effects have been attested for a va-
riety of dyes like acid bases [77], cyanines [78], and p-quinodimethane
derivatives [36]. Our results indicate that higher orders of electron-
correlation effects are necessary to describe parameters like f and y.
That puts functionalities like ®B97XD, M06-2X, and B97XD at an ad-
vantageous position. For instance, looking at Table 4, B3LYP gives the
poorest description of the fyrg parameter. On the other hand, except for
1-pCA~, the ®B97XD method is the one with the best results. Further-
more, the WB97XD functional has the advantage of providing results
consistent with experimental values for different systems [80,81].

In the face of the results above, it is noteworthy to mention
some probable applications. The pCA deprotonation clearly provides
a switchable device with at least four operator stages. This idea is fac-
tual and has been suggested by Wang and collaborators who proposed
a two-dimensional pincer with second-order nonlinear optical response
modulating among at least three well-defined stages [22].

Other applications are concerned with assessing higher third-order
effects from charged systems. The hyper-Rayleigh scattering allows the
evaluation of the second hyperpolarizability (y), which domains third-
order effects. Moreover, the Electric Field-Induced Second Harmonic
Generation (EFISHG) only can be applied to uncharged systems. How-
ever, it has been shown by theory [79] and experiment [23] that a
systematic inclusion of appropriate counterions can be administrated to
develop nonlinear optical switches based with higher third order coef-
ficients (Ygpisug)-

3.6. PDOS and MEP analysis

To better understand the specific effect of deprotonation on pCA
molecules and to verify the influence of PCM solvent on energy lev-
els, the Projected Density of States (PDOS) was calculated. Regarding
UV-vis spectroscopy, PDOS helps to observe which molecular radicals
are involved in an electronic transition [82-85]. From this work, it is
clear that deprotonation has a great influence on the 4,,,,, and con-
sequently on the fyr¢ [19,86,87] (see section 3.4 and 3.5). Once the
major molecular regions evolved into these effects, the phenolic and
carboxyl groups, the PDOS was set up to observe specific changes in
their bands in gas-phase and solvent PCM ethanol. This solvent has a
relative permittivity value of e = 24.5, sufficient to observe the electro-
static interaction of the deprotonated molecules and the environment.

The PDOS of the carboxyl groups of PCA, 1-PCA~ and 9-PCA™ are
shown in Fig. 6. Taking the pCA molecule as a reference (black line),
it can be observed (Fig. 6a) that the carboxyl group has small contri-
butions in the available states around the Highest Occupied Molecu-
lar Orbital (HOMO) (Egpp0 = —6.41 V) and the lowest unoccupied
molecular orbital (LUMO) (E; 0 = —2.12 eV), and the relative tran-
sition is AE,-, =4.29 eV. Relevant contributions arise at 0.0 eV and
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beyond 1.50 eV. In contrast, the carboxyl of the 1-pCA™ molecule (red
line) has some peaks in the occupied states but is visible the impor-
tance of its orbitals in the HOMO (Egop0 = —1.51 e€V) and LUMO
(Erymo = 1.73 eV) composition (AEl,pCAf = 3.24 eV). Their contri-
butions in the region of the unoccupied states are almost null, except
for a faint band around 2.0 eV. In the case of the 9-pCA™ molecule (blue
line), the HOMO (E o0 = —1.58 €V) and the LUMO (E; 0 = 143
eV) were shifted to higher energies, but HOMO is less sensitive than
LUMO. The HOMO-LUMO gap narrowed to AEg_,c4 =3.01 eV. The
emergence of the large band can be observed around —2.0 eV. Depro-
tonation, in these cases, shifts the energy levels to higher energies and
reduces the HOMO-LUMO transition. The ethanol PCM (Fig. 6b) makes
the pCA carboxyl bands broader, but there are no appreciable displace-
ment effects. Between —6.0 eV and 0.0 eV, the 1-pCA~ and 9-pCA~
bands are suppressed and the redistribution of energy levels modifies
the HOMO-LUMO gap: AE,c4 =4.20 eV, AE|_,c4- = 3.34 eV, and
AEy_,cs- =4.62 eV. This difference in the band gap for 9-pCA™ from
gas-phase to ethanol confirms the sensitivity of the deprotonated radi-
cal to electrostatic effects.

The analysis of the phenolic group in a gas phase is shown in Fig. 6¢c.
As can be seen, the associated bands have the majority of states avail-
able for occupation. In the case of the pCA molecule, the phenolic group
(black line) has a small contribution to the HOMO composition, but
peaks around —2.0 eV are contributing to LUMO. The bands in the re-
gion of the unoccupied orbitals are shifted to lower energies. Compared
to the gas-phase results, there is a higher PDOS throughout the ana-
lyzed energy range and the bands are more dense. The same conclusion
could be reached for 1-pCA~ (red lines) and 9-pCA~ (blue line). Since
these results are on different regions of the same molecules, and if these
curves are put together, it can be seen that the phenolic group is more
prominent and their contributions are complementary. It occurs due to
the larger number of 7 electrons in the phenolic group and the pres-
ence of oxygen, which is an electron attractor. For 1-pCA~ the trend
of the band extends throughout the energy interval and for 9-pCA~ the
central bands are suppressed and redistributed in order to concentrate
their peaks and increase the degeneracy in their bands. When the effect
of PCM solvent is taken into account (Fig. 6d) the separation between
the contributions of HOMO-LUMO to PDOS for 1-pCA~ and 9-pCA~ be-
comes clear. The pCA molecule is less sensitive to the PCM solvent. It
shows the sensitivity of the phenolic group to electrostatic effects and
the shift of the bands at lower energies. A large band is shown by 1-
pCA™ and 9-pcA~ in the region of unoccupied orbitals.

In summary, the redistribution of molecular energy levels under
deprotonation shows that the phenolic group is determinant in the dy-
namics of electronic transitions. Despite the contributions of z-electrons
from the carboxyl group and from the central chain of atoms, the phe-
nolic group shows sensitivity to deprotonation even in the 9-pCA~
molecule. Once these dynamics change the electronic transitions, it
is associated with the change of the NLO response of these molecules
through the loss of H atoms in the phenolic and carboxyl groups.

Molecular electrostatic potential (MEP) plots, Fig. 7, for the neutral
PCA molecule, and its two monoanionic forms, is another way to un-
derstand the effect of proton removal. As can be seen, the removal of
the H atom from the phenyl group attracts the electron density onto the
phenyl ring, in agreement with the prediction aforementioned in the
PDOS analysis.

3.7. Dipolar and octupolar contributions

The NLO response of a chromophore is composed of dipolar (®;_;)
and octupolar (®;_3) contributions [19], and it is important to know
which is predominant to propose suitable NLO applications. There-
fore, to better classify the optical response of pCA molecules, Table
S6 presents the CAM-B3LYP results for these contributions obtained in
both gas and solvent.
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Fig. 8. The octupolar (¥;_;) and dipolar (®;_,) contributions plotted for the
PCA molecules at gas-phase (top) and in an aqueous solvent (bottom).

Under gas phase conditions, Fig. 8a allows us to see the effect of
proton dissociation. The neutral pCA molecule is essentially a dipole
(®;_; > ®,;_3). However, systematic removal of the proton from any
hydroxide group reverses this condition, making the system slightly
more octupolar (®;_; < ®;_3). The same behavior is attested by the
concept of depolarization ratio (DR), in which the values range from
1.5 (dipolar) to 9 (octupolar) values. According to Table S3, from pCA
to pCA2~, the DR values decrease from 4.55 to 3.45, indicating a pre-
dominance of dipolar architectures with deprotonation.

This effect occurs by reducing the dimensions of the molecules in
a preferential direction by removing the hydrogen from the hydroxyl
groups. This process makes the chromophores more three-dimensional,
which favors the charge transfer procedure in all molecular axes, be-
coming octupolar [50,75].

However, the effect of the solvent is opposite to that observed above.
Fig. 8b clearly shows that dipolar contributions prevail in the liquid en-
vironment for all pCA derivatives. This effect probably has its origin in
the polarization of the solute due to the solvent, which for ground-state
molecules, can increase the permanent molecular dipole moment. For
nearly one-dimensional molecules such as the pCA derivatives shown in
Fig. 1, this behavior favors unidirectional charge transfer procedures on
a preferential molecular axis, which is conduction for the establishment
of dipole contributions.

4. Conclusions

We have carried out a systematic investigation of the effects of
solvent and deprotonation on the thermochemical stability, solva-
tochromism, and NLO response of the pCA molecule and its depro-
tonated derivatives. The solvent has a large impact on the optical re-
sponse. The UV-Vis spectra of all deprotonated forms of pCA undergo
a blue shift from gas to solvent, while the neutral pCA molecule un-
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dergoes a bathochromic shift. As a general behavior, dissociation of the
proton changes the absorption maximum within a wide range of values
(285 < Apax <356 nm) in the visible spectrum. However, the impact on
the NLO response is more pronounced. The used QM methods indicate
that these properties are primarily sensitive to the molecular periphery
from which the proton is extracted i.e. the outer molecular electronic
cloud. An ionization in the carboxylic group leads to higher optical gaps
and the lowest NLO response. On the other hand, if the extraction oc-
curs in the phenolic group, lower values of the absorption maximum
and giant values of the NLO coefficients are observed. Solvated CCSD
calculations show a large value (159.15 < fyrg < 4393.9 au) which is
significant for the modulation of the second-order NLO response. From
the QM point of view, this effect occurs because the preferential re-
moval of protons affects the contribution of the z conducting orbitals
located in the aromatic ring. As a general conclusion, proton dissocia-
tion works as an NLO switch considerably improving the NLO behavior
of pCA molecules. Thermochemical analysis indicated that the two non-
ionic structures (9-pCA~ and 1-pCA~) are stable in a solvent, allowing
a wide range of NLO modulations.
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