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The solvation of gallic acid (in water and acetonitrile) is studied by means of its spectroscopic properties. IR,
UV, and NMR spectra are predicted by using various solvation models obtained in terms of both purely
classical and density functional approaches. Comparison with experiments is used to validate solvation models.
Hydrogen-bond and long-range (or bulk) effects are evaluated by comparing different solvation models. A
continuum-only approach, a purely discrete, and a mixed continuum/discrete approach based on quantum-
mechanical and classical molecular-dynamics solute-solvent clusters are tested.

1. Introduction

Gallic acid (GA, 3,4,5-trihydroxybenzoic acid) can be
considered the simplest prototype of vegetable tannins, a class
of natural polyphenolic compounds extracted from plants and
significantly present in human diets, whose chemical and
biochemical properties have been evidenced.1-4 Polyphenolic
compounds are involved in many metabolic reactions and are
widely used as antioxidant food additives:5 gallic acid itself is
a strong natural antioxidant commonly found in a wide variety
of foodstuffs and beverages such as tea and wine. Numerous
studies have demonstrated that polyphenolic compounds have
anti-inflammatory, antimutagenic, antibacterial, antiviral, and
immune-stimulating properties, and the main mechanism pro-
posed for their protective action has been related to their free
radical scavenging activity. There is more and more proof
indicating that they could be used as drugs in the prevention of
pathologies such as cancer (for their antiproliferative and
cytotoxic qualities), cardiovascular diseases, and inflammatory
disorders.2,6 In particular, gallic acid is a strong chelating,7

phytotoxic, and antifungal agent8 and has been shown to be
effective in atherosclerosis prevention.9

Polyphenols also show a wide and contradictory behavior
involving a variety of harmful effects on animals and humans.10

Indeed, they can affect negatively the utilization of vitamins
and minerals,11 and they can inhibit digestive enzymes and act
as second-stage tumor promoters.12 Besides their biochemical
and biological interest, polyphenolic compounds are also used
in the leather industry, in the processing of vegetable tanning.
This process involves the binding of polyphenols with col-
lagen.13,14The same binding property has recently been exploited
to develop an optical sensor based on FTIR spectroscopy.15

It has been shown that the activity of polyphenolic compounds
depends on their structural characteristics.2,16 Thus, the inves-
tigation of the structure and spectroscopic properties of such

molecules can hopefully lead to a better understanding, at the
molecular level, of their biochemical structure-activity relation-
ships. So far, however, the conformational and spectral proper-
ties of these systems have received only little attention; to the
best of our knowledge, only a few studies on molecular orbital
calculations on polyphenolic acids derivatives are present in the
literature.6,17,18 Even less investigated are the spectroscopic
properties of gallic acid, being the subject of only two recent
papers:3,18 one concerning the modification of absorbance and
fluorescence with the ionization state in aqueous and micellar
environment3 and the other dealing with vibrational spectra of
gallic acid in the gas phase.18

Here, for the first time, conformational and spectroscopic
properties of gallic acid in the gas phase and in polar solvents
are studied using a combination of molecular mechanics (MM),
molecular dynamics (MD), and quantum mechanics (QM)
calculations. Such a study is divided in two steps. First, the
potential energy surface (PES) of gallic acid is explored and
the minimum energy structures are identified both in the gas
phase and in solution. Then, the effects due to the environment
on infrared (IR), electronic absorption (UV), and nuclear
magnetic resonance (NMR) spectra are interpreted in terms of
various solvation models, ranging from a purely continuum one
to mixed continuum-discrete solvation approaches. The results
of the various models are finally compared so to predict and
rationalize spectroscopic properties of gallic acid in aqueous
and acetonitrile solution.

The continuum solvation model which will be used here is
the so-called integral equation formalism (IEF),19 the most recent
development of the largely diffused polarizable continuum
model (PCM) method.20 This is an accurate continuum solvation
model which uses a molecular-shaped cavity to define the
boundary between solute and continuum dielectric and apparent
surface charges to describe the electrostatic solvent effects. In
the past few years, this model has been extended to evaluate
solvent effects on molecular properties.21 The discrete model
used here exploits two approaches. In the first approach, small
clusters (the solute plus few H-bonded water molecules) are
obtained through ab initio geometry optimizations. This ap-
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proach has been successfully coupled to IEFPCM in previous
papers to study various molecular properties.22-24 In the second
approach, solute-solvent clusters are obtained from molecular
dynamics (MD) runs by defining a proper solvation shell
radius.25

2. Computational Details

2.1. Quantum-Mechanical Calculations.All QM calcula-
tions were performed with the Gaussian 03 computational code26

using the Becke three parameter Lee-Yang-Parr functional
(B3LYP) and the 6-311++G** basis set. Solvent effects were
introduced through a continuum, a discrete model in terms of
solute-solvent clusters, or with the combination of the two
approaches in terms of “solvated” clusters (e.g., solute-solvent
clusters with the addition of an external continuum).

The integral equation formalism (IEF)19 version of the
polarizable continuum model (PCM)20 was used as continuum
solvation model. The molecular cavity was obtained in terms
of interlocking spheres centered on carbons, oxygens, and
hydroxylic and phenolic hydrogens. The radius of each sphere
was obtained by scaling the corresponding van der Waals radius
by a factor of 1.2, thus obtaining the following R(C)) 2.04 Å,
R(CH) ) 2.28 Å, R(O)) 1.824 Å, R(H)) 1.44 Å.27

Two sets of solute-solvent clusters were exploited. One set
was obtained from MD runs (see below). The second set was
generated by optimizing at B3LYP/6-311++G** GA with one,
two, and eight water molecules H-bonded to carboxylic and
phenolic groups. The structures of both GA and QM clusters
were obtained both in gas-phase and with the IEFPCM
continuum.

IR spectra in solution were simulated by taking into account
cavity field effects according to the model reported in ref 28.
The first few singlet excitation energies of GA were calculated
at the density functional level using the time dependent
perturbation theory approach (TDDFT); the IEFPCM excitation
energies were obtained within the nonequilibrium solvation
scheme.29 NMR nuclear shieldings were computed by using the
Gauge-including atomic orbitals (GIAO):30 the inclusion of
solvent effects within this formalism has been presented in ref
31. NMRPCM For all clusters basis-set-superposition errors
were eliminated by using the Counter-Poise (CP) approach.32

2.2. Conformational Analysis. To identify the relevant
conformers of GA a systematic conformational search of the
potential energy surface (PES) was carried out using MMFF94
force field33 and charge model in SYBYL34 with a dielectric
constantε ) 1. The conformations were generated by rotating
τ1, τ2, τ3, τ4 and τ5 dihedral angles from 0 to 180° by 30°
increments (see Figure 1).

Each structure obtained in this way was optimized and its
energy was computed. Conformations with energies greater than
32 kcal/mol above the lowest energy structure were rejected
and the remaining geometries were analyzed. The relative
stability of the 16 selected conformers was computed with
molecular mechanics (MMFF94 and AMBER GAFF35) and
density functional (B3LYP/6-311++G** in the gas phase and
in water) methods.

In Figure 2a, the correlation between the MMFF94 relative
energies at its own minimum and those determined with B3LYP/
6-311++G** in vacuo, with B3LYP/6-311++G** in water
(e.g., with the IEFPCM), and with the AMBER GAFF force
field are reported.

The B3LYP/6-311++G** results in the gas phase correlate
satisfactorily with the MMFF94 ones (R ) 0.953), whereas the
correlation coefficient between B3LYP/6-311++G** in water

and MMFF94 is slightly worse (R ) 0.898). As far as the
AMBER GAFF force field is concerned, it compares fairly well
with MMFF94 (R ) 0.986).

In Figure 2b, the correlation between the AMBER GAFF
relative energies at its own minimum and those determined with
B3LYP/6-311++G** in vacuo, B3LYP/6-311++G** in water,
and MMFF94 are reported.

As it can be seen, AMBER GAFF correlates decidedly better
than MMFF94 with the B3LYP/6-311++G** results both in
the gas phase and in water with correlation coefficientsR )
0.985 and 0.959, respectively. However, all of the methods agree
in identifying the first and the second most stable conformers.

Among the 16 selected structures, the two most stable both
in gas-phase and in water are those withτi ) 0 (i ) 1-4) and
τ5 ) 180 (structure A) and withτi ) 0 (i ) 1-3) andτi )
180° (i ) 4 and 5) (structure B). The B3LYP/6-311++G**
free energy difference between A and B is-0.350 kcal/mol in
gas-phase and-0.059 in water (these data include zero-point
energy, ZPE, and thermal corrections at 298 K). All the other
conformations differ from the first two most stable structures
by more than 3.0 kcal/mol in gas-phase and 1.0 kcal/mol in
water; these differences imply Boltzmann factors of the order
of 5 × 10-3 in gas-phase and 5× 10-2 in water, and thus, they
can be neglected in the following analysis. We note that the
minimum energy structures A and B here found in gas-phase
and in aqueous solution are different from that proposed in a
previous study by Mohammed-Ziegler and Billes18 where
however a conformational analysis as that performed here was
not reported.

2.3. Molecular Dynamics Simulations.Following the previ-
ous analysis, GA lowest energy geometry (structure A) was
chosen for MD simulations in solution. MD simulations were
performed with AMBER7 software35 in aqueous and acetonitrile
solution using an explicit representation of solvent molecules.
The TIP3P model36 was used for water molecules, whereas the
acetonitrile solvent was modeled according to Grabuleda et al.37

with an all atom solvent model whose density, heat of
vaporization, and isothermal compressibility values are in good
agreement with available experimental data especially for a
generic force field such as the AMBER-GAFF one. Parameters
for GA were taken from the gaff force field and from previous
studies of ours.14

The partial charges were obtained from a 6-311++G**
density functional theory calculation with the B3LYP functional

Figure 1. Atom numbering of GA and definition of the torsional
angles.
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in the equilibrium geometry employing the RESP procedure;38

the effects of a continuum model (see above) were also included.
A residue based 12 Å cutoff was applied to the nonbonded

interactions using three-dimensional periodic boundary condi-
tions. A particle mesh Ewald (PME) correction to the long-
range electrostatics was applied. All MD simulations were
performed at constant pressure (1 atm) and at a temperature
maintained at 298 K by coupling the system to a thermal bath
using Berendsen algorithm,39 and the integration time step was
set to 1 fs. The equilibration procedure was done in two steps:
a solvent position randomization phase during which the system
was heated under constant volume conditions to 500 K over 5
ps of dynamics while keeping fixed the solute coordinates then
cooled to 298 K over 10 ps and a real equilibration at constant
pressure for a period sufficient to reach a reasonable density.
About 15 ps were needed for total achievement of the equilib-
rium. Starting from the equilibrated system, MD trajectories
were recorded for a maximum of 1 ns by freezing GA atom
positions in order to characterize the water and acetonitrile

cluster structures. The coordinates were saved every 0.1 ps to
analyze the trajectories.

With the information supplied from the computed radial
distribution functions (RDFs), some solute-solvent clusters
were selected on the basis of a cutoff distance (rcut) for the O-H
and H-O pairs: each cluster included all solvent molecules
having the hydrogen (oxygen) atom closer thanrcut to the solute
oxygen (hydrogen). The value used forrcut was 5 Å. With this
criterion, sets of 100 structures were generated, with 10 ps being
the separation between two consecutive structures. This large
time distance avoids any kind of correlation in the structures
selected, so a proper sampling can be performed based on the
configurations used. This has been confirmed by comparing the
RDFs resulting from the subsystems of selected structures with
those of the whole group of 10 000 configurations. From these,
10 structures, which have been used in the analysis on the
spectroscopic properties of GA in water solution, were randomly
extracted.

3. Results and Discussion

3.1. MD Analysis. In this section, the results obtained from
MD simulations of GA both in water and acetonitrile solutions
are examined. For both solvents radial distribution functions
together with an analysis on coordination numbers and residence
times for the different solute-solvent interacting sites are
reported.

3.1.1. Water.Our attention has been focused on the solute-
solvent hydrogen bonding interactions that mainly involve the
solvent molecules of the first solvation shell. To obtain
information on the extent of solvent structure and to illustrate
the hydrogen bonding behavior of GA hydroxyl and carbonyl
groups, intermolecular RDFs OX(GA)‚‚‚HW and HX(GA)‚‚‚
OW and the corresponding coordination numbers (CN) were
calculated (see Figure 3, parts a and b, for oxygen RDF and
CN, and Figure 3, parts c and d, for hydrogen RDF and CN).
The RDFs describe the local density of the solvent at a distance
r from the solute atoms relative to the bulk density and approach
unity for large distances where the local density converges to
its bulk value.

The O3(GA)‚‚‚HW and O4(GA)‚‚‚HW radial distribution
functions (see Figure 3a) show a sharp peak for the first
solvation shell with a maximum at a distance of 1.98 and 1.79
Å and coordination numbers of 1.1 and 2.0, respectively, and a
second more diffuse peak at 3.35 and 3.12 Å with coordination
numbers of 10.4 and 6.4, respectively (Figure 3b). The O1-
(GA)‚‚‚HW, O2(GA)‚‚‚HW, and O5(GA)‚‚‚HW RDFs show a
broad peak at higher distances in the second solvation shell
(3.36, 3.54, and 3.38 Å with coordination numbers of 10.0, 9.0,
and 15.6).

The H1(GA)‚‚‚OW and H4(GA)‚‚‚OW RDFs (Figure 3c)
show a pronounced first narrow peak at about the same distance
of 1.75 Å with a coordination number of 1.0 and a second peak
at 3.94 Å and 3.81 Å with coordination numbers of 15.5 and
13.0, respectively (Figure 3d). A first peak at 1.98 Å with a
coordination number of 0.9 and a second peak at about 3.77
and 3.47 Å with coordination numbers of 9.9 and 7.7 are
observed for H5(GA)‚‚‚OW and H6(GA)‚‚‚OW RDFs.

The RDFs analyses indicate that during the whole MD
simulation (1 ns) water approaches all GA “active sites” (those
that may be involved in intermolecular hydrogen bonds) at a
hydrogen bonding distance (2.5 Å). O1, O2, O5, H5, and H6
atoms are “poorly” solvated by water being engaged in
intramolecular hydrogen bonds, whereas O3, O4, H1, and H4
atoms are more exposed and thus accessible to solvent mol-

Figure 2. Correlation between the MMFF94 relative energies at its
own minimum and those determined with B3LYP/6-311++G** in
vacuo, B3LYP/6-311++G** in water (e.g., with the IEFPCM) with
AMBER GAFF force field (a); and between AMBER GAFF and
B3LYP/6-311++G** in vacuo, B3LYP/6-311++G** in water (e.g.,
with the IEFPCM) with MMFF94 (b).
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ecules. Water molecules exchange extensively between the first
and the second shell and some of them diffuse also from far
beyond this last one. The positive slope of all running coordina-
tion number plots (Figure 3, parts c and d) indicates solvent
exchange between the shells. No horizontal plateaux are
noticeable.

A series of solvent residence times were calculated by using
the whole trajectory and averaged out to obtain a mean residence
time. Such values were determined at GA oxygen sites to give
a description of solvent mobility and the strength of the
intermolecular interactions (Table 1).

Mean residence times (MRT) of water molecules around GA
oxygen atoms were calculated considering only those solvent
molecules within a distance of 2.5 Å which corresponds to the
first minimum in the radial distribution functions. Any water

molecule that returned to this coordination shell after escaping
for less than 1 ps was considered to be continuously bound to
the examined GA oxygen, whereas any molecule that was out
of the coordination shell for longer than 1 ps was considered to
be a free molecule. The residence time of 0, 1, 2, and 3 solvent
molecules around each GA oxygen was defined as the duration
of the time for which these molecules were bound to the
considered site.

As can be seen, O3 and O4 are always surrounded by at least
one water molecule, the 0-water MRT is zero for O4 and only
7.0 ps for O3. The 1-water O3 mean residence time together
with the 2-water O4 mean residence time are the longest. This
is not surprising as long as O3 and O4 are sites which are most
exposed to the solvent. At the other end of the time scale, waters
on O1, O2, and O5 have mean residence times lower than 10
ps and the 0-water mean residence times longer than 28 ps.
These results well agree with the steric hindrance of each
nucleus: O1 and O2, being the most hindered, present the
highest 0-water MRT while O5 MRT is twice lower.

3.1.2. Acetonitrile.The HX(GA)‚‚‚NMeCN solvent RDFs are
reported in Figure 4a.

H1(GA)‚‚‚NMeCN and H4(GA)‚‚‚NMeCN RDFs show a first
narrow peak with the maximum at about 1.95 Å with a density
of roughly 5 times the average bulk density. Integration of this
first peak up to the first minimum at approximately 2.75 Å gives
an average coordination number of 1.05 acetonitrile molecules.
H5(GA)‚‚‚NMeCN and H6(GA)‚‚‚NMeCN RDFs have a first
solvation shell peak centered at 2.15 Å with coordination number
of 1.05 obtained by integration up to their first minimum at
about 3.35 Å and a density of roughly 2 times the average bulk
density.

From these data, it is evident that acetonitrile molecules
equilibrate themselves closer to H1 and H4 (the most exposed

Figure 3. OX(GA)‚‚‚HW and H(GA)‚‚‚OW radial distribution functions (a and c) and coordination numbers (b and d).

TABLE 1: Water Residence Times (ps) around GA Oxygen
Atomsa

O1 O2 O3 O4 O5

0 WAT min 1.1 1.5 3.2 4.5
mean 46.4 50.9 7.0 28.4
max 200.6 137.0 11.4 70.9

1 WAT min 1.4 1.5 2.0 1.1 1.0
mean 9.5 7.6 40.6 3.0 5.0
max 34.3 17.8 96.4 8.1 17.0

2 WAT min 1.3 4.5
mean 7.0 49.4
max 21.4 127.5

3 WAT min 1.8
mean 3.6
max 8.6

a Four different cases are reported, namely the occurrence of zero
(0 WAT), one (1 WAT), two (2 WAT), and three (3 WAT) water
molecules. For each case, minimum (min), mean, and maximum (max)
values are reported.
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to solvent), whereas they are found at longer distances from
H5 and H6 which are involved in intramolecular hydrogen
bonds. All of the RDFs show a series of broad peaks at distances
longer than 3.5 Å.

The running coordination numbers, plotted in Figure 4b,
exhibit a positive slope which again indicates solvent exchange
between the shells. An average number of 14 acetonitrile
molecules is found in the first solvation shell during the whole
simulation. Notice also that, with respect to the parallel plot
for water (3d), here the CN for the 5 Å shell is 1/4 the value
found for water.

Residence times of acetonitrile molecules around GA oxygen
atoms were calculated considering only those solvent molecules
within a distance of 3.0 Å (Table 2). Similarly to water, any
acetonitrile molecule that returned to this coordination shell after
escaping for less than 0.5 ps was considered to be continuously
bound to the examined GA oxygen, whereas any molecule that
was out of the coordination shell for longer than 0.5 ps was
considered to be a free molecule.

O1, O2, O3, and O5 have the longest 1-MeCN mean
residence time with a maximum of 16.0 ps for O1 whose
hydrogen is more exposed to the solvent. O5 has the longest
3-MeCN mean residence time whereas O3 has the longest
2-MeCN mean residence time. Among the O4 mean residence
times, the 0-MeCN is the longest.

The times that acetonitrile molecules spend near each GA
oxygen before moving to other sites are shorter than those found
for water molecules. There are no acetonitrile molecules that
do not move at all, and a high exchange rate between sites and
shells is observed. Most traffic involves also exchanging with
the bulk. This rate is reduced for water due to the highest number

of interaction sites (both GA oxygen and hydrogen atoms) and
to stronger hydrogen bonding interactions.

All these findings show that acetonitrile has not preferential
interaction sites with GA and that its molecules rapidly exchange
among shells. These two behaviors suggest a by far larger
selectivity of water with respect to acetonitrile and that the
effects of this latter on GA are of averaged (or “bulk”) type.

3.2. IR Spectra in Water. To reproduce experimental IR
spectra of GA in water, the two most stable conformations (the
structures A and B introduced in section 2.2) have been
considered, whose Boltzmann factors at 298 K are 0.644 and
0.356 in the gas-phase and 0.525 and 0.475 in water, respec-
tively. These factors have been obtained from the free energies
including zero-point and thermal corrections of the optimized
B3LYP/6-311++G** A and B structures.

The resulting averaged spectra are reported in Figure 5
together with the experimental one measured at pH) 1.68. At
this pH value, the observed spectrum can be considered as
determined by the neutral form of GA only.

The comparison between calculated and experimental spectra
shows that the portion of the spectrum in the range 1200-1500
cm-1 is badly reproduced (both frequencies and peak intensities)
by the calculations, either in the absence or in the presence of
the continuum dielectric. Further analysis of Figure 5 shows
an improvement in the peaks intensities passing from vacuo to
IEFPCM; nevertheless, the discrepancies between calculated (in
water) and experimental data indicate that, at least in the case

Figure 4. HX(GA)‚‚‚NMeCN radial distribution functions (a) and
coordination numbers (b).

TABLE 2: Acetonitrile Residence Times (ps) around GA
Oxygen Atomsa

O1 O2 O3 O4 O5

0 MeCN min 0.8 0.5 0.5 4.6 0.5
mean 2.5 10.4 5.7 9.4 5.1
max 4.1 34.3 19.6 14.3 18.6

1 MeCN min 0.8 0.5 0.5 0.5 0.8
mean 16.0 13.0 12.6 6.1 10.5
max 53.4 67.2 41.7 22.1 36.2

2 MeCN min 0.5 0.8 2.0 0.7 0.5
mean 9.3 6.3 11.3 8.8 9.6
max 41.7 17.6 35.3 35.6 48.2

3 MeCN min 0.9 1.6 0.5 0.5
mean 3.3 6.6 2.6 7.4
max 8.6 8.4 11.7 25.4

a Four different cases are reported, namely the occurrence of zero
(0 MeCN), one (1 MeCN), two (2 MeCN), and three (3 MeCN)
acetonitrile molecules. For each case, minimum (min), mean, and
maximum (max) values are reported.

Figure 5. B3LYP/6-311++G** (gas and IEF) and experimental (in
water at pH) 1.68) IR spectra of GA. The calculated spectra are
obtained by averaging over the A and B conformers.
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of GA, the reduction of the effects of the aqueous environment
to an average dielectric effect is not sufficient to explain the
experimental behavior. For this reason, the description of the
environment has been ameliorated by explicitly including
specific first-shell hydrogen bonding effects. To this end, the
information on the solvent structure around GA gained by means
of MD simulations has been exploited and two different GA-
water systems have been optimized at QM level (B3LYP/6-
311++G**) with and without the IEF continuum.

As a first step, only two systems have been considered: in
the first one (from now on indicated as A1w) a single water
molecule hydrogen-bonded to the GA O4 atom is present; in
the second one (which from now on is called A2w), the GA
system bears two water molecules each involved in a single
H-bonding with O4 and (O5)H.

As a further refinement in the model, the presence of the
IEF continuum around the A1w and A2w structures has been
considered. In Figure 6 the graphical representation of A1w (left)
and A2w (right) with the indication of selected interaction
distances is reported; the values refer to gas-phase optimization
(upper panel) and to the IEF optimization (lower panel).

On these structures, IR spectra have been computed. We do
not report here all the spectra, which can be found in the
Supporting Information section, but we only note that little
differences are found between the spectra of the A1w clusters
and the averaged A+ B spectra. As a result, the pure continuum
approach seems to be able to well reproduce the solvent-induced
polarization on the carbonyl group even in absence of the
explicit consideration of first-shell effects. On the contrary, the
A2w clusters lead to IR spectra markedly different from both
the ones of the A1w clusters and that of the A+ B system. In
particular, a new intense band at about 1250 cm-1 appears, either
when the continuum solvent is considered or not. The com-
parison between the spectrum of the A2w cluster and experi-
mental findings15 (Figure 7) shows an improvement in the
overall description as a result of the introduction of the two
water molecules. On the contrary, it appears that the explicit
inclusion of hydrogen bond effects on the carboxylic groups
does not affect the prediction of the intense band which is found
in the experimental spectrum at about 1345 cm-1. Notice that
the intense band at around 1600 cm-1 in the calculated spectrum
is due to water molecules and thus it cannot appear in the
experimental spectrum, where such contribution has been
subtracted.

To further investigate the nature of the intense experimental
band at around 1345 cm-1 and in particular to connect the

experimental findings to the microscopic solvated structure,
additional calculations on the systems depicted in Figure 8 (from
now on called A8w and B8w) have been performed: note that
in this case, to obtain a complete description of the solvated
system, both the A and B conformers of GA have been
considered. Such structures model the GA system with all of
the potential hydrogen bond sites saturated by water molecules.
The calculations on the 8w clusters have been limited to the
isolated systems, because in this case the solvent effect due to
the explicit presence of the solvent molecules should reasonably
be larger than the one due to the additional inclusion of the
continuum environment.

The comparison between the averaged A8w+B8w spectrum
and the experiment (see Figure 9) shows a clear improvement
in the description. In particular, all of the peaks which are
experimentally detected are now present in the calculated
spectrum. The complex structure of the peaks at around 1250
and 1350 cm-1 is now reproduced very well and calculated
intensities almost match experimental ones. The analysis of the

Figure 6. Graphical representation of A1w (left) and A2w (right) with
the indication of selected interaction distances (in Å); the values refer
to gas-phase optimization (upper panel) and to the IEF optimization
(water, lower panel).

Figure 7. Comparison between B3LYP/6-311++G** IR spectrum
of the A2w (including IEF continuum) cluster and experiments.

Figure 8. Graphical representation of A8w (top) and B8w (bottom)
clusters.
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calculated frequencies of the 8w clusters shows an intense
vibration at 1358 cm-1, whose normal mode is composed of
bending vibrations of the C-(phenolic)OH groups. In the case
of GA (A or B structures), such a vibrations occurs at 1351
cm-1, but its intensity is more than 7 times weaker than for the
8w clusters. In addition, in the A and B structures, the vibration
at 1351 cm-1 is the weakest in the range 1300-1500 cm-1,
whereas in the case of the 8w clusters, the intensity of the mode
at 1358 cm-1 is the largest between 1200 and 1600 cm-1. This
behavior can be due to the highest local asymmetry of the
phenolic groups in the 8w clusters in comparison with A and
B; the complex normal mode lying at 1358 cm-11 causes a
distortion in the 8w structures which is greater than the
corresponding ones in observed A and B (or equivalently 1w
and 2w, where no water molecules are H-bonded to the phenolic
groups). Such a greater distortion results in a larger variation
in the molecular dipole moment, i.e., a greater infrared intensity.

3.3. UV Spectra.The electronic absorption spectrum of GA
has been measured in two different solvents:40 water (at pH)
1.9 and 4.5) and acetonitrile (Figure 10). Notice that here
acetonitrile has also been considered because the comparison
of the spectra in these two polar solvents permits to analyze
solvation effects on GA into their bulk and H-bonding com-
ponents.

The spectra show a strong resemblance to each other having
the same band structure with two well separated bands: I (240-
310 nm) and II (205-230 nm).

The exact position of the two peaks depends on the ionization
state of gallic acid molecules. In acidic solution, where gallic
acid molecules are mostly neutral, the absorbance maxima are
located at 270 and 215 nm; at pH) 4.5, the maxima shift to
260 and 212 nm respectively, due to the fact that in this case
the carboxylic group is in the anionic form. The absorption
maxima of the peaks in acetonitrile are red-shifted compared
to those in water. The first maximum is shifted to 268 nm
compared to 260 nm in water, whereas the shift of the second
maximum is smaller (216 nm in acetonitrile compared to 212
nm in water).

The first few singlet excitation energies of GA have been
calculated at the TDDFT level. The calculations have been
performed in the gas phase, in acetonitrile and in water with
IEFPCM.

Following the analysis of solvation given in section 3.1, which
showed a by far larger selectivity of water with respect to
acetonitrile, a continuum-only description for acetonitrile is used,
whereas in the case of water, also in this section, clusters
obtained by adding one, two, and eight explicit water molecules
(eventually adding the external IEF continuum) are considered.

In Figure 11 theoretical simulated spectra, which have been
obtained by summing oscillator strengths (f) weighted Gaussian
curves with a full width at 1/e of the maximum of 0.15 eV for
each calculated electronic transitions are compared.

In Table 3, the calculated vertical transitions, which have a
clear correspondence to the two experimental distinct bands I
and II, are reported. The lowest state yielding band I is a shorter
wavelength excitation from the HOMO into the LUMO orbital
(Figure 12), aπ,π* transition by which the band is dominated.
Notice that the HOMO is aπ type orbital mainly involving the
aromatic ring while the LUMOπ* has important contributions
from the carbonyl moiety. This excitation is located at 265 nm
in the gas phase but it is red-shift in polar solutions to values
that are in satisfactory agreement with the experimental data. It
is interesting to analyze the effect of explicit water molecules
and the bulk solvent effect computed by IEF.

To discuss these perturbations we will refer to the transition
wavelength obtained in the gas phase. The influence of one or
two explicit molecules hydrogen bonded to the carboxylic group
on theπ,π* transition wavelength is a small red-shift of about

Figure 9. Comparison between B3LYP/6-311++G** averaged
A8w+B8w IR spectrum and experiments.

Figure 10. UV absorption spectrum of GA measured in two different
solvents:40 water (at pH) 1.9 and 4.5) and acetonitrile.

Figure 11. B3LYP/6-311++G** absorption spectra in gas-phase and
in water (with various solvation models) obtained by summing oscillator
strengths-weighted Gaussian curves with a full width at 1/e of the
maximum of 0.15 eV for each calculated electronic transitions.
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8 nm (=0.14 eV), whereas when considering the isolated GA
molecule optimized in water described using the continuum
approach, a much larger red-shift (11 nm,=0.19 eV) is
observed. On the other hand, by optimizing the clusters after
the addition of the continuum, a substantial wavelength enlarge-
ment of the computed transition is obtained.

A complementary analysis can be done introducing clusters
obtained from MD simulations (see section 2.3). The results
reported in Table 3 for MD-derived systems refer to a set of 10
clusters selected as described above and used to compute band
I without adding the IEF continuum. The computed energies
of the different structures (which are not reported) of each set
have been arithmetically averaged to give the values reported
in Table 3 and marked as〈md〉.

The 〈md〉 average result for band I is in line with the values
computed including H-bond and bulk effects (see for example
1w+IEF).

This analysis appears to indicate that most of solvent effect
is of pure electrostatic origin, in fact the main part of the gas-
to-water shift is recovered by the continuum-only description
and the additional inclusion of explicit waters only results in a
further small correction. This is also shown by the results
obtained for MD clusters when the water molecules are
substituted by point charges (TIP3P): in this approximation a
13 nm shift with respect to isolated GA is obtained.

A larger red-shift (20 nm) occurs in the case of 8 explicit
water molecules hydrogen bonded to all GA donor and acceptor
atoms. This result indicates an overestimation of solvent effects
in this cluster; if we consider that this band mainly involves
the carbonyl moiety our results seem to suggest that the solvation
introduced by this cluster overestimates H-bond effects on the
carbonyl.

The highest energyπ,π* transition is the dominant contribu-
tion to the II band, which experimentally appears at (205-230
nm). It consists mainly of one single excitation from HOMO
to LUMO+2 (in the gas phase and in water-IEF and in
1w+IEF), from HOMO to LUMO+3 (in 1w, 2w, and 2w+IEF),

and from HOMO to LUMO+5 (8w), where LUMO+2,
LUMO+3, and LUMO+5 are the sameπ* orbital (refer to
LUMO+n in Figure 12). This excitation is located at 215( 3
nm and no solvent effect on the wavelength position is found,
in fact the HOMO-(LUMO+n) gap is nearly constant. This
picture can be explained by looking at the orbitals involved in
the transition, both are mainly centered on the aromatic ring
and thus the effect of a polar (and eventually protic) solvent
should reasonably be small.

3.4. Nuclear Shielding.To complete the analysis of the
solvent effects on the spectroscopic properties of GA, in this
section, a study of the17O nuclear shielding in gas-phase,
acetonitrile, and water is presented. Unfortunately, to the best
of our knowledge, there are no experimental data to compare
with. However, in our opinion, this study on NMR still can
give interesting information on the effects of polar but aprotic
and polar and protic solvents. This further analysis when
compared with the previous IR and UV ones should in fact give
a more complete picture of the solvation of GA.

As in the two previous analyses, also here we start by looking
at the differences between isolated and IEFPCM solvated GA.
In Table 4,17O nuclear shieldings are reported for GA in each
phase together with solvent shiftsδ ) σ(sol)- σ(vac) (in ppm).
The results reported in Table 4 can be analyzed from different
points of view.

First, the solvent shift is negative for O1 and O2 and positive
for all of the other oxygens. This implies that the presence of
a polar solvent leads to a deshielding for the internally H-bonded
O and a shielding for all of the solvent-exposed oxygens. Let’s
try to better understand this point.

Nonspecific solvation as simulated by a continuum model
like IEFPCM leads to a stronger diamagnetic shielding.41 In
fact, at the cavity surface, apparent charges are induced with
opposite sign to those of the solute molecule. In this way, the

TABLE 3: Calculated (B3LYP/6-311++G**) and
Experimental Wavelengths for the Two Lowestπ,π*
Transitions (Corresponding to Bands I and II) of GA
Conformer A in Gas-Phase (vac), in Acetonitrile (MeCN),
and in Water (wat)a

band model λ (nm) f

vac I 265 0.1986
II 213 0.2293

MeCN I IEF 277 0.2799
II IEF 217 0.2416

wat I IEF 276 0.2775
1w 273 0.2194
2w 273 0.2369
1w+IEF 281 0.2908
2w+IEF 277 0.2888
8w 284 0.2672
〈md〉 282 0.2878

wat II IEF 217 0.2420
1w 214 0.1455
2w 214 0.1797
1w+IEF 218 0.2214
2w+IEF 218 0.2361
8w 219 0.1312
〈md〉 217 0.1626

a For solvated systems, the IEF model has been used, as well as
QM (1w,2w,8w) and MD clusters (〈md〉) possibly including the IEF
continuum (nw+IEF). Calculated oscillatory strengths (f) are also
reported. Experimental data are 268 and 216 nm for bands I and II in
acetonitrile and 270 and 215 nm for bands I and II in water at pH)
1.9.40

Figure 12. Occupied (HOMO) and virtual orbitals (LUMO,LUMO+n)
involved in theπ,π* transitions studied.

TABLE 4: B3LYP/6-311++G** (GIAO) 17O Nuclear
Shieldings (ppm) of GA A Conformer in Gas-Phase and in
Solutiona

vac MeCN water

σ σ δ σ δ

O1 233.03 231.50 -1.53 231.53 -1.50
O2 243.35 240.68 -2.67 240.86 -2.49
O3 225.50 230.67 5.17 230.89 5.39
O4 -64.09 -40.04 24.05 -38.26 25.83
O5 127.71 129.52 1.81 129.81 2.10

a For solvated systems, gas-to-solution shiftsδ (in ppm) are also
reported.
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charges of the solute molecule are stabilized by Coulomb
attraction; that is, the negatively charged O atoms become more
negatively charged and therefore get a diamagnetic shift to
higher field. This means a shielding effect and thus an increase
of the net value ofσ. This is exactly what is observed for the
solvent-exposed O3, O4, and O5 (notice that for O4 theσ is
negative and thus an increase of the diamagnetic part implies a
less negative value). By contrast, for the internally H-bonded
O1 and O2, the effect of the continuum is in the direction of
decreasing the value ofσ: in this case, such an effect can be
explained looking at the changes in the H-bond lengths in Figure
6. The addition of the continuum in fact makes the internal
H-bond longer (and weaker) and thusσ becomes closer to that
of a free oxygen (i.e., O3).

The second observation to make about the results of Table 4
is that the carbonylic oxygen (O4) is the most sensitive to the
environment: this is not surprising, because this oxygen is
dominated by the paramagnetic part which is largely dependent
on the environment.

Following the analysis of the previous sections, a better
description of the solvent effects in the case of water, requires
to include possible intermolecular hydrogen bonding effects by
considering gallic acid-water clusters.

As done in the previous analysis of electronic transitions, also
here solute-solvent clusters alternatively obtained through QM
geometry optimizations and MD simulations are considered. The
QM structures here considered are those reported in Figures 6
and 8, whereas the systems obtained from MD simulations are
described in section 2.3. Once again, the results reported in Table
5 for MD-derived systems refer to a set of 10 clusters selected
as described above and used to compute O nuclear shieldings
without adding the IEF continuum. The computed shieldings
of the different structures (which are not reported) of each set
have been arithmetically averaged to give the values reported
in Table 5 and marked as〈md〉.

The comparison of the QM and MD clusters should give
further hints on the nature of the solvation around GA, and in
particular it should help in analyzing if these effects are better
represented in terms of rigid structures obtained as the minima
of the potential energy surfaces, or, on the contrary, if the real
situation is dynamic and a variety of different and representative
structures are to be considered.

As already noted above, a more direct analysis can be done
in terms of solvent shift, defined as the difference between the
oxygen shielding in the “model” solution (nw, nw+IEF, or〈md〉)
and in the isolated system. These data are reported in Figure
13. For a more direct analysis, in the same figures the values
computed with the continuum only (IEF) are also reported.

The analysis of these graphs is articulate and thus we prefer
to split it into parts, one focused on the small QM clusters
(namely 1w and 2w) and the other on the larger MD clusters
together with the QM 8w cluster.

The analysis on the small QM clusters (with or without the
external continuum) is strictly connected with the previous one

done on the different solvent shifts induced by the continuum
on the different nuclei. Also here, it appears evident the
specificity of O4 with respect to all of the other oxygens. For
O4, in fact, shifts ranging from 20 (with one water) to 50 ppm
(with two water molecules) are observed, whereas for all of
the others, the maximum shift is always less than 10 ppm for
O5 and less than 5 ppm for O1-O3.

The effect of an explicit H-bonded water (1w) on the O4
nuclear shielding is very similar to that obtained without the
explicit water but with the continuum (IEFPCM), i.e., a less
negativeσ: by combining the two effects (in 1w+IEF cluster),
a double effect is not obtained (as it would be if the two were
additive) but still a positive combination leading to a larger 37
ppm shift. The H-bonded water, as expected, does not signifi-
cantly affect the other oxygens, and their nuclear shieldingsσ
remain very similar to the ones (in gas or with IEF) in the
corresponding systems without the explicit water molecule. The
second explicit water (in 2w and 2w+IEF clusters) is directly
bonded to O5 (see Figure 6) and only indirectly affects O4 (in
the case of 2w+IEF this indirect effect is expected to be even
smaller due to the larger O4-HOH distance). As a result, one
would expect thatσ(O5) nuclear shielding changes significantly
passing from 1w to 2w (or from 1w+IEF to 2w+IEF) but not
σ(O4). This is not the case, as both oxygens are modified in a
similar way by the second water: to explain this unexpected
result, we have to resort to some kind of conjugation effects
through the COOH moiety.

Another interesting result is that, for O5, the effects of an
explicit H-bond and that of the continuum are opposite: the
H-bond induces a deshielding (negative shift), whereas the
continuum induces a shielding (positive shift) effect with the
H-bond effect being stronger, because in the 2w+IEF a net

TABLE 5: B3LYP/6-311++G** (GIAO) 17O Nuclear
Shieldings of the QM (1w,2w,8w) and MD Clusters (〈md〉),
Possibly Including the IEF Continuum

VAC IEF

1w 2w 8w 〈md〉 1w 2w

O1 232.69 233.10 218.54 223.92 231.20 231.97
O2 242.02 241.60 220.46 231.55 239.51 240.26
O3 226.29 226.54 214.34 216.49 230.32 230.69
O4 -41.77 -15.42 3.58 -16.43 -26.66 -19.06
O5 126.31 120.52 109.06 116.59 128.27 117.39

Figure 13. Solvent shift (ppm), defined as the difference between the
oxygen shielding in the “model” solution (nw, nw+IEF, or 〈md〉) and
in the isolated system for O4 and O5 nuclei (a) and for O1, O2 and O3
nuclei (b). For a more direct analysis, in the same figures values
computed with the continuum only (IEF) are also reported.
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negative shift is observed. This opposite effect can be explained
as follows. As said before, the continuum increases the negative
charge at the O atom (and it decreases the electron density at
H) and thus it induces a shielding effect. The same would be
valid also for the electrostatic part of H bonding, but the covalent
part leads, by contrast, to a delocalization of the O-H bonding
pair over three centers and, accordingly, decreases diamagnetic
shielding (and increases paramagnetic deshielding).

As expected, for O1, O2, and O3, the addition of one or two
waters H-bonded to the carboxyl group does not induce
important changes either in the gas-phase clusters or in the
IEFPCM solvated ones.

Let us now pass to the second part of the analysis namely
that on MD-derived clusters and the large QM 8w system.

The first thing to note is that, although the results obtained
by averaging on different MD clusters are in line with the
previous ones (even if with some differences which will be
analyzed below), the 8w results are quite different from all of
the rest especially for O4 and O5. Let us try to identify possible
reasons by first looking at the MD results.

For both O4 and O5, the averaging over different clusters is
almost identical to the combination of short-range H-bond
effects and bulk effects: in fact, for both nuclei, the〈md〉 shift
is very similar to that obtained in the 2w+IEF model. Things
are different for O1-O3 nuclei, where the〈md〉 shift is
significantly different from that obtained with any other QM
cluster: this is easy to understand as the QM clusters do not
involve any short-range intermolecular effects between hydroxyl
groups and water molecules, whereas the MD clusters do include
these effects. This is also confirmed by the 8w results which,
for O3 (i.e., the nucleus not internally H-bonded), are very
similar to the MD ones as this time the QM clusters include
water molecules directly interacting with the O3H (see Figure
8). For the other two phenolic oxygens (O1 and O2) the
agreement between〈md〉 and 8w results is worse: this is due
to the by far stronger H-bonding effects introduced in the QM
8w cluster than in the ones obtained from MD simulations.
However, the largest discrepancies between〈md〉 and 8w results
are on O4 and O5. In the case of O4, the shielding effect of the
water molecules in the 8w cluster is so strong to largely reduce
the paramagnetic contribution, and as a result, theσ (O4)
becomes positive (see Table 5). This large effect can be
explained in terms of the overestimation of H-bonding effects,
as already observed for UV spectra. Indeed in the 8w clusters
there are two waters directly H-bonded to O5 and a third one
indirectly linked through the O5H group.

A parallel strong but opposite effect is found on O5: here
the presence of the waters directly H-bonded to O5 and to the
linked hydrogen leads to a decrease of the net nuclear shielding
σ (i.e., a deshielding effect) when compared to all of the other
clusters.

4. Summary and Conclusions

In this paper, a study on the solvation of GA has been
performed by means of its spectroscopic properties. Various
solvation models obtained in terms of both purely classical and
quantum-mechanical approaches have been used and compared.

The first step of the analysis has been the study of the
minimum energy structures of GA. Using such a structure, an
MD study has been performed, which has shown the different
solvation of GA in water and in the aprotic acetonitrile. This
MD analysis has been finally complemented with QM calcula-
tions on IR, UV, and NMR spectra of GA in water and in
acetonitrile.

The comparison between experimental and calculated IR
spectra of hydrated GA with different solvation models (con-
tinuum-only description or clusters obtained by adding one, two
and eight explicit water molecules, possibly adding the external
IEFPCM) shows that the inclusion of explicit solvent molecules
affects the prediction of IR spectra more than the inclusion of
averaged dielectric effects. In addition, the complete saturation
of all possible H-bond sites of GA (in the cluster with eight
waters) results in a better agreement between experimental and
predicted spectra, whereas the simple inclusion of H-bond effects
on the carboxyl groups does not lead to significative improve-
ment in the quality of calculated spectra. This is not surprising
if the nature of normal modes associated to bands in the range
1300-1500 cm-1 is considered, because they are due to
complex motions mainly involving bending vibrations of the
phenolic groups.

A parallel analysis has been performed on UV spectra both
in water and in acetonitrile. Following the MD analysis, a
continuum-only description has been used for the less selective
acetonitrile, whereas for water clusters obtained by adding one,
two and eight explicit water molecules (eventually adding the
external IEFPCM) have also been considered, as well as clusters
obtained from MD simulations. The results obtained with these
latter clusters are in line with the values computed including
both H-bond and bulk effects through QM clusters. This seems
to indicate that most of solvent effect is of pure electrostatic
origin, in fact the main part of the gas-to-water shift is recovered
by the continuum-only description and the additional inclusion
of explicit waters only results in a further small correction. It is
interesting to note that the eight water cluster, which proved to
give a correct picture for IR vibrations, in the case of UV gives
a large red-shift which does not reproduce experimental findings.
This shift seems to be due to an overestimation of solvent effects
in this cluster.

This apparent contradiction between IR and UV results can
be explained observing that the electronic transitions mainly
involve the carbonyl moiety while IR vibrations for this part of
the molecule cannot be compared to experiments. In fact, there
is big noise in the region around water bending vibration (1640
cm-1), and this noise hides the frequency region corresponding
to the CdO stretching. IR and UV analyses can thus give only
complementary information and, as a consequence, it is possible
that the large 8w cluster properly describes solvation in the
phenolic region while it overestimates H-bond effects on the
carbonyl moiety.

For NMR shieldings, there are not available experimental data
to compare with and thus it is not possible to discriminate among
the different models by looking at the comparison between
computed and measured shieldings. However, some conclusions
can still be drawn. The first important observation is the very
good agreement between MD clusters and the QM-IEF cluster
with two water molecules on the carbonyl (IEF+2w) as far as
the nuclear shieldings of O4 and O5 are concerned. This shows
that, by combining a small solute-solvent cluster (which
accounts for the most important specific and short-range
interactions) with an embedding continuum (which accounts for
the longest range bulk interactions) an accurate description can
be obtained on solvation effects on a local property, i.e., the
nuclear shielding of strongly H-bonded sites such as the COOH
group in water. A parallel description on O1-O3 is not
necessary because these sites are already partially “solvated”
by internal H-bonds and thus the rest of solvation (the external
contribution) can affect the net values in a much more limited
way. It is also interesting to note that for all oxygens, the rigid

1942 J. Phys. Chem. A, Vol. 109, No. 9, 2005 Cappelli et al.



picture represented by the large QM 8w clusters seems to
overestimate solvation effects. This means that, to represent a
dynamic phenomenon such as solvation, careful attention has
to be paid to the reliability of the simplified and static picture
given by a single large solute-solvent cluster. In fact, effects
of statistical averages have always to be taken into account either
by referring to MD studies or, more simply, by introducing
continuum descriptions, at least to properly account for the
effects of the “nonbonding” part of solvent.
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