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The absorption spectra of molecular organic chromophores in aqueous media are of considerable
importance in environmental chemistry. In this work, the UV-vis spectra of benzoic acid (BA), the simplest
aromatic carboxylic acid, in aqueous solutions at varying pH and in the presence of salts are measured
experimentally. The solutions of different pH provide insights into the contributions from both the non-
dissociated acid molecule and the deprotonated anionic species. The microscopic interpretation of these
spectra is then provided by quantum chemical calculations for small cluster models of benzoic species
(benzoic acid and benzoate anion) with water molecules. Calculations of the UV-vis absorbance spectra are
then carried out for different clusters such as CgHsCOOH-(H,0),, and CgHsCOO™-(H,0),,, where n = 0-8.
The following main conclusions from these calculations and the comparison to experimental results can be
made: (i) the small water cluster yields good quantitative agreement with observed solution experiments;
(i) the main peak position is found to be very similar at different levels of theory and is in excellent agreement
with the experimental value, however, a weaker feature about 1 eV to lower energy (red shift) of the main
peak is correctly reproduced only by using high level of theory, such as Algebraic Diagrammatic Construction
(ADC); (iii) dissociation of the BA into ions is found to occur with a minimum of water molecules of n = 8;
(iv) the deprotonation of BA has an influence on the computed spectrum and the energetics of the lowest
energy electronic transitions; (v) the effect of the water on the spectra is much larger for the deprotonated
species than for the non-dissociated acid. It was found that to reproduce experimental spectrum at pH 8.0,
additional continuum representation for the extended solvent environment must be included in combination
with explicit solvent molecules (n > 3); (vi) salts (NaCl and CaCly) have minimal effect on the absorption

Received 13th December 2019, spectrum and; (vii) experimental results showed that B-band of neutral BA is not sensitive to the solvent

Accepted 10th February 2020 effects whereas the effect of the water on the C-band is significant. The water effects blue-shift this band up

DOI: 10.1039/c9cp06728k to ~0.2 eV. Overall, the results demonstrate the ability to further our understanding of the microscopic
interpretation of the electronic structure and absorption spectra of BA in aqueous media through calculations

rsc.li/pccp restricted to small cluster models.

1. Introduction large complex organic clusters. For example, BA is a simple but

important moiety within the large, more complex naturally
Organic acids are widely present in natural waters.' These acids  occurring humic substances found in soils, humic-like sub-
can form complexes with transient metals or are components of stances found in atmospheric aerosols and chromophoric
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dissolved organic matter (cDOM) found in the sea surface micro-
layers and, more recently found within sea spray aerosol.>” All of
these are effective photosensitizer,”” exhibit strong absorption
extending into the visible spectral region,®*! that can play a
significant role in the Earth’s radiative energy balance. Therefore,
systematic investigation of small molecules can provide some
initial understanding of the optical properties of these more
complex light absorbing substances.

Aromatic organic acids have their own strong absorption
bands in the UV range, and are subject to photochemical
transformation under solar radiation.">™*> BA and BA derivatives
have three characteristic absorption bands: an A-band around
190 nm (6.5 eV), a B-band around 230 nm (5.5 eV) and a C-band
around 280 nm (4.5 eV).">*'® In this paper, we will focus on a
study of the 200 to 300 nm region of the optical absorption
spectrum (B- and C-bands). There is agreement on several aspects
of the absorption spectrum from previous studies including the
general shape and position of these bands with the B-band is a
strong sharp peak, whereas the C-band is weak and broad.’****® In
addition, the C-band is about 1 eV lower energy from the main
B-band. Kamath and co-workers ascribed the B-band to an intra-
molecular charge transfer or electronic transfer absorption, whereas
the C-band was considered as the shifted benzene band."® There are
some differences in the shape of the curve and the position of the
peak maxima for the C-band in polar solvents and alcoholic
solutions."” Smith et al. performed an experimental and made a
theoretical study of optical absorption spectra of BA and eight
benzoic acid derivatives at different pH in water solutions.™*

Photoactivation processes of benzoic acid derivatives have
also been studied."””>" Results show that BA and its derivatives
frequently undergo excited state configurational changes such
as conformational isomerization,'” photolysis,'®'® and proton
transfer.”>>" Nevertheless, investigation of the photoexcitation
of BA and BA derivatives is important for further understanding of
the processes in larger systems. The photophysical and photo-
chemical properties of these relatively small species in solution are
complex, even for single benzoic acid due to: (i) medium effects -
many solvent molecules may be involved in influencing the
structure and chromophoric activity?® and; (ii) contribution of
the speciated forms (neutral molecules and their deprotonated
anions) to the optical absorption spectrum can be significant. An
important source of information is pH, which changes the equili-
brium between neutral and anionic species.”*** In such cases, the
combination of the experimental study with theoretical simula-
tions can provide deeper insight into processes of photoactivation
of molecules, for example, benzoic acid.

In this work, experimental spectroscopic measurements are
combined with theoretical calculations to study the optical
absorption spectra of BA in aqueous solution at different pH,
which therefore throws the light both on the non-dissociated
molecule and on the anionic speciated form of BA. Experi-
mental measurements were performed for BA with concentration
0.1 mM in the solution of water, 0.5 M NaCl and 0.167 M CacCl,.
As benzoic acid has two speciated forms, the UV-vis experiments
are carried out at pH = 2.5 and pH = 8.0 which correspond to
the two different species: protonated and deprotonated forms,
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respectively (pHs are adjusted using 1 N HCl and 1 N NaOH).
Theoretical calculations were performed for several small clusters
of the formulae CsH;COOH-(H,0),, and C¢H;COO™ -(H,0),, (where
n = 0-8) in gas phase and with additional the extended solvent
environment (polarizable continuum model). Ab initio Molecular
Dynamic simulations in the ground state were performed to
include all possible speciated forms into the total optical absorp-
tion spectrum. To calculate the excitation energies and oscillator
strength, methods ADC(n) (where n = 2 and 3)*>*® and TDDFT*
were applied. Additionally, solvent effects on the simulated optical
absorption spectra of neutral and ionized speciated forms of BA
were studied. Solvent effects were included using two approaches.
The first involves only explicit water molecules were introduced
into our model systems (calculations were performed in gas
phase). The second where explicit water molecules are combined
with continuum representation for the extended solvent environ-
ment (isolated and hydrated BA clusters were calculated using
polarizable continuum model). This systematic investigation of
the photoexcitation of BA is very important for further under-
standing of more complex organic substances.

Additionally, we want to state main achievements of this
study. Introduction of the high level of theory such ADC allowed
to obtain additional information about systems of interest.
Specifically, we were confirmed with appropriate interpretation
of the weak low-energy peak (C-band). Investigation of strength
and limitations of cluster model for simulation of BA in solution
at different pH were obtained. Now we understand the relation-
ships between cluster model and continuum model.

2. Experimental data

The UV-vis spectra between 200 nm to 300 nm for benzoic acid in
water at acidic and basic pH is shown in Fig. 1a. Based on the pK,
of 4.2 for benzoic acid,?® the absorption spectrum at pH 2.5
represent that for neutral benzoic acid as the system consists
above 98% of neutral species at this pH and the absorption
spectrum at pH 8 represent that for anion species as the system
consists above 99.9% of anionic species at pH 8. The neutral
benzoic acid at acidic pH obtain higher absorbance and red shift
on both B-band and C-band compare to anion species. The B-band
peak maximum for neutral and anion species were found to be
centered at 230 nm and 225 nm respectively. The C-band is broad
with the peak maximum centered at around 274 nm and 269 nm
for neutral and anion species, respectively. These results are in
agreement with previous studies."*'® The effect of salt ions that
commonly found in the marine environment, such as NaCl and
CaCl,, on the absorption spectra of benzoic acid were also tested,
which is shown in Fig. 1b and c. No obvious difference observed
between the spectra for benzoic acid in water and in other salt
solutions at both acidic and slightly basic pH.

3. Theoretical methods and models

Theoretical calculations were performed for a neutral molecule
of benzoic acid and its anion in the gas phase and stabilized by
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Fig. 1 Experimental UV-vis spectra of 0.1 mM benzoic acid in aqueous solutions: (a) in water at pH 2.5 and 8; (b) in water compared to in 0.5 M NaCl and
0.167 M CaCl, solutions at pH 2.5; and (c) in water compared to in 0.5 M NaCl and 0.167 M CaCl, solutions at pH 8.0.

water molecules. All calculations were performed using Q-Chem
program.”® Geometry optimizations employ the B3LYP functional®
and basis set 6-31+G*. Additionally, for hydrated species, dispersion
corrections from Grimme’s DFT-D2 method were used.”

Models for BA at pH 2.5.

It was mentioned that at pH 2.5 the system consists above 98%
of neutral species of BA. Recent theoretical study®” showing
that proton transfer from a neutral benzoic acid molecule to
solvent water molecules occurs only when at least eight water
molecules are attached to the benzoic acid, forming a hydrated
cluster. Our AIMD calculations for CgHsCOOH-(H,0); cluster
also detected the proton transfer from neutral BA to the water
cluster (and vice versa):

C¢H;COOH-(H,0); 2 C¢H5;CO0 ™ -(H;0)"-(H,0),

Partial charge analysis along the AIMD trajectories showed
that half of the time BA exists in a neutral form C¢HsCOOH:(H,0)g
and another half of the time it is ionized as CsH;COO ™ -H;0"-(H,0),
(Fig. S1, ESIt). This ionization process plays a significant influence
on the quality of the final optical absorption spectrum (Fig. S2, ESIT).

Therefore, to avoid the proton transfer in our model the
only clusters of BA with up to 7 water molecules will be
considered (C¢HsCOOH-(H,0), where n = 0-7). The initial
ground state geometries of these clusters were implemented
from the theoretical study.’?

Models for BA at pH 8.0

This system consists above 99.9% of anionic species (C¢Hs;COO ™) at
this pH. For this system, the proton transfer issue was not detected
for systems even with 8 water molecules. Thus, for simulation of the
optical spectrum at current pH, model systems CcHsCOO ™ -(H,0),
(where n = 0-8) were considered. The initial ground state geometries
of these clusters were obtained by removing the proton from BA in
the neutral clusters CgH;COOH:(H,0),,.

Optical absorption spectra

Excitation spectra are calculated using the Time-dependent
Density Functional Theory (TDDFT)*” method such as B3LYP*****
which was assessed with standard People (6-31+G*, 6-311+G*,
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6-311++G**) and Dunning (aug-cc-pVTZ and aug-cc-PVQZ) basis
sets.*>*® High-level calculations such as the Algebraic Diagram-
matic Construction (ADC)***”*® were performed as the bench-
mark TDDFT. Shemesch et al.*® demonstrated that ADC level of
theory can be successfully applied for study of photoinduced
reactions of carboxylic acids, such as acrylic acid. The ADC(3)
and ADC(2) methods with 6-31+G*, 6-311+G*, 6-311++G** basis
sets were applied for simulation of the optical absorption
spectrum of the global minimum of the isolated BA molecule.

Only a moderate basis set effect was found for all considered
methods (the maximum difference in the position of the peaks
is ~0.04 eV). However, the closest results to aug-cc-pVQZ basis
set obtained using aug-cc-pVTZ and 6-311++G**. The basis sets
assessment is given in the ESIf (Table S1). Therefore, the
6-311++G** basis set was chosen for further calculations, including
the molecular orbital analysis and UV spectra calculations.

All presented in the current work experimental spectra were
obtained in water solution. Thus, it is very important to take
solvent effects into account for calculations of the UV spectra.
To do this, the explicit solvent molecules (water clusters in our
suggested models) were combined with the polarizable continuum
model (C-PCM).** The C-PCM was employed in combination with
B3LYP/6-311++G** method. Solute cavities are constructed from
a union of atom-centered spheres whose radii are 1.2 times the
atomic van der Waals radii suggested by Bondi.*

To describe the nature of the excited states, the hole/particle
Natural Transition Orbitals (NTOs)*""** pairs were calculated for
every excited state involved into formation of B- and C-bands.

AIMD simulations

To include all possible speciated forms into the total optical
spectrum the combinations of AIMD with TDDFT was suggested. To
explore this, we applied ab initio molecular dynamics (AIMD)*>**
method for systems C¢H;COOH-:(H,0); and C¢H;COO™-(H,0)s at
constant energy in the ground state, with potentials at the B3LYP/
6-31+G* level of theory. Initial velocities were sampled for the
equilibrium structure of interest from a Boltzmann distribution
at 298 K. A total of 10 reactive trajectories per system were
propagated for up to 7.0 ps using a time-step of 0.4 fs. From
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each trajectory, we extracted a structure every 40 fs of the
simulation, and their vertical excitation energies and oscillator
strengths were calculated with the B3LYP/6-311++G** (with
C-PCM). For each excitation energy, the vertical transitions were
convoluted with a Lorentzian line shape with a width of 20 nm, and
all of the resulting Lorentzians were added to yield the excitation
spectrum. This approach was previously used by Shemesh and
co-workers*® for simulation of B-hydroxyalkyl nitrates.

4. Results and discussion
Spectra of isolated benzoic acid species

Theoretical optical absorption spectrum (in gas phase) of neutral
BA calculated with B3LYP/6-311++G**, ADC(2)/6-311++G** and
ADC(3)/6-311++G** is compared with experimental spectrum in
water at acidic pH of 2.5 (Table 1 and Fig. 2).

Experimental results showed that B-band of neutral BA is
not sensitive to the solvent effects (Table 1). Both optical
spectra of isolated BA*® and BA in water at pH 2.5 exhibit
B-band at 5.4 eV (230 nm). However, the effect of the water on
the C-band is significant. The C-band of isolated BA*® appears
between 4.59-4.68 eV (265-270 nm), whereas the water effects
blue-shift this band up to ~0.2 eV (Table 1). The maximum
energy gap between experimental B- and C-bands are around
0.8 and 1 eV for isolated BA and for BA in water at pH 2.5,
respectively.

All considered theoretical methods exhibit both absorption
bands (B- and C-) for benzoic acid in the range of 200-300 nm
(Table 1 and Fig. 2). As shown in Fig. 2a and b, offsetting the
theoretically predicted peaks by 0.2 eV (~12 nm) for ADC(3)
and 0.45 eV (17 nm) for ADC(2) methods leads to a very good
agreement with the experimental data. It is important to mention,
that the energy gap between theoretical B- and C-bands is between
0.9-1 eV (both ADC methods), which is in good agreement with the
experiment (Table 1).

TDDFT (B3LYP/6-311++G**) optical absorption spectrum of
isolated benzoic acid showed that the theoretical B-band has
the exact position as in the experiment and is localized around
231 nm (5.36 eV) (Fig. 2c and Table 1). The C-band is significantly
blue shifted with respect to experiment: the energy difference
between B- and C-bands is around 0.51 eV only (which is smaller
by ~0.3 eV than the experimental value for isolated BA*®). Smith
and co-worker,'* calculated optical absorption spectrum of neu-
tral BA using different exchange-correlation (XC) functionals
such as meta-GGA hybrid M06-2X, double hybrid B2PLYPD,
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Fig. 2 Comparison of the optical spectrum of isolated molecule
CeHsCOOH obtained using ADC(3), ADC(2) and B3LYP methods (basis
set is 6-311++G**) with experimental data at pH 2.5: (a) theory ADC(3) vs.
experiment pH 2.5; (b) theory ADC(2) vs. experiment pH 2.5; and (c) theory
B3LYP vs. experiment at pH 2.5.

and range-separated functionals CAM-B3LYP, ®B97XD, and
LC-oPBE, but all tested functionals could not reproduce the
correct energy gap between B- and C-bands as well.
Additionally, the hole/particle NTO pairs were calculated for
the first three excited states for all three methods. The energy of
these excited states, their oscillator strength and NTOs pairs are
present in Fig. 3. According to the method ADC(3), the low-lying
excitations (C-band) occurs due to 1 — n* electron transition
only, whereas the strong and sharp B-band is a mixture of both

Table 1 Experimental (in water at pH 2.5), experimental and theoretical optical absorption spectral data for benzoic acid (where the A(Eg — E() is the

energy gap between the maximums of C- and B-bands)

Peak maximum

Method C-band B-band A(Eg — E¢)
Experiment in water (pH 2.5) 4.35-4.50 eV (275-285 nm) 5.40 eV (230 nm) 0.90-1.05 eV
Experiment isolated BA*® 4.59-4.68 €V (265-270 nm) 5.40 eV (230 nm) 0.72-0.81 eV
ADC(3)/6-311++G** 4.70 eV (264 nm) 5.69 eV (218 nm) 0.99 eV
ADC(2)/6-311++G** 4.95 eV (250 nm) 5.84 eV (213 nm) 0.89 eV
B3LYP/6-311++G** 4.85 eV (256 nm) 5.36 eV (231 nm) 0.51 eV
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Fig. 3 Natural transition orbitals of the first three excited states (formed B and C-bands) of BA molecule calculated at the ADC(3), ADC(2) and B3LYP
level of theory with basis set 6-311++G**. Orbitals are represented with a contour value of 0.035.

transitions: n »n* and © — 7* (Fig. 3). Nevertheless, methods
ADC(2) and B3LYP exhibits the opposite results: C-band is a
mixture of n —»n* and 1 — 7* electron transitions, and the
B-band arises due to © — m* electron transition only. It should
be noticed, that in all methods, the oscillator strength of the
excited states which assign with n —n* transitions are very
weak (amplitudes are 10 °-10°) (Fig. 3). Therefore, we can
expect that contributions to the formation of the B-and C-bands
of neutral BA are mainly from n — m* electron transitions.
These theoretical results allowed us to conclude that, TDDFT
reproduces correctly the shape and maximum position of the
strong B-band (good agreement with experiment). However,

5050 | Phys. Chem. Chem. Phys., 2020, 22, 5046-5056

in the case of C-band, TDDFT cannot reproduce the correct
position of this band (it is blue-shifted by ~0.3-0.4 eV with
respect to experimental C-band), but TDDFT reproduces the
nature of involved orbitals with ADC(2) level accuracy. In addition,
TDDFT is computationally less expensive with respect to ADC(n)
levels of theory. Thus, in this work, TDDFT level of theory will be
used to study the nature of B-band only.

Cluster size and predicted spectra: CcH;COOH-(H,0),, and
C¢H5CO0-(H,0), (1n = 0-8)

To check the effect of the solvent effects on the optical properties
of the BA at different pH two speciated forms of BA stabilized by

This journal is © the Owner Societies 2020
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water cluster of different sizes were tested: C¢H;COOH:(H,0),
and C¢HsCOO™-(H,0), (n = 0-8). Optical absorption spectra of
these clusters were calculated using B3LYP/6-311++G** method in
the gas phase and with the additional inclusion of a continuum
representation for the extended solvent environment (C-PCM).

Benzoic acid with water molecules (C¢H;COOH:(H,0),,)

The isolated neutral molecule of BA and BA hydrated clusters
were used for simulations of the experimental spectrum of BA
at low pH = 2.5. The ground state minimum energy equilibrium
structures C¢HsCOOH-(H,0),, (n = 0-7) and their optical spectra
are shown in Fig. 4. Theoretical results demonstrated that the
shape of the optical spectrum of neutral BA form is not
significantly sensitive to the number of water molecules in
the considered clusters. Results obtained in the gas phase
calculations (red curve) showed that all considered systems
exhibit the B-band around 230 nm (excellent agreement with
experiment). The maximum shift of theoretical B-band (around
0.1 eV (5 nm)) obtained for the larges system C¢H;COOH:(H,0).
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However, note, that this cluster is just one possible structure of
the system and when we consider the contribution to the
total optical absorption spectrum of all structures from MD
trajectories, the position of theoretical B-band can be improved.

The additional solvent effects such as the polarizable con-
tinuum model (C-PCM) does not make any significant changes
in the shape of the optical spectra of these neutral clusters.
However, the B-band is red-shifted with respect to the experi-
ment by 0.2 eV (~10 nm). The reason for this shift can be the
interaction of the hydrophobic Ph-group with the continuum.

Benzoate anion with water molecules (CcH;COO -(H,0),,)

To simulate the experimental spectrum of BA at high pH = 8.0,
the ionized form of BA was considered with different number of
water molecules C¢gH;COO™+(H,0),, (n = 0-8). The experimental
B-band of this system arises around 225 nm. The obtained
results showed that the spectrum of C¢H;COO™ is significantly
sensitive to solvent effects (Fig. 5). For example, the theoretical
optical absorption spectrum of isolated C¢HsCOO™ does not
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Fig. 4 Experimental optical absorption spectrum at pH 2.5 (black line), theoretical optical absorption spectra of neutral clusters (equilibrium
structures) CgHsCOOH-(H,0),, (where n = 0-7) in gas phase (red line) and with including solvent effects (C-PCM) (blue line). Level of theory is

B3LYP/6-311++G**.
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CgHsCOO™ (H,0), (where n = 0-8) in gas phase (red line) and with including solvent effects (C-PCM) (blue line). Level of theory is B3LYP/6-311++G**.

exhibit any peaks between 200-300 nm (Fig. 5). Stabilization of
the BA anion with one water molecules allowed us to localize
one shoulder peak around 218 nm (Fig. 5) in gas phase.
Significant improvements with the position of the B-band
maximum and the curve shape were obtained when a model system
with n > 3 water molecules was considered and additional internal
solvent effects were included (CPCM). For example, the largest
system C¢H5COO™-(H,0)s exhibit the sharp peak around 5.41 eV
(229 nm), the difference with experiment is just 4 nm now (Fig. 5).

Comparison spectra of neutral and ionized BA forms

To understand the difference between the optical properties of BA at
different pH (two speciated forms), the optical absorption spectra of

5052 | Phys. Chem. Chem. Phys., 2020, 22, 5046-5056

two largest clusters (equilibrium structures) CsHsCOOH-(H,0), and
Ce¢Hs;COO™ (H,0)g were compared. The theoretical optical
absorption spectra together with the oscillator strength of the
excited states for CsHs;COOH-(H,0), and CsH;COO ™ (H,O)g clusters
are presented in Fig. 6 (method is B3LYP/6-311++G** with including
C-PCM algorithm). In the cluster CsHsCOOH:(H,0),, the B-band
arises due to one strong excited state at 5.16 eV (240 nm, f'= 0.370),
Fig. 6a. In the case of C¢H;COO -(H;O)s, the B-band has a
maximum at 5.39 eV (229 nm) and it is more complex with respect
to neutral BA cluster: it is formed by two excited states at 5.12 eV
(242 nm, f= 0.0014) and 5.39 eV (229 nm, f = 0.230), Fig. 6b.

The NTOs pairs involved in the transitions of the B-band
both clusters are shown in Fig. 7. The orbitals have similar
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Fig. 6 Theoretical optical absorption spectra calculated using B3LYP/6-311++G** with including solvent effects (C-PCM): (a) of neutral cluster
CgHsCOOH-(H,0)5; (b) clusters CgHsCOO™ (H,0)g; and (c) comparison these two theoretical spectra.

features but there are subtle differences as well. For example, in
the optical absorption spectrum of C¢HsCOOH:(H,0), system,
the B-band arises due to 1 — m* only (Fig. 7a). However, in the
cluster CcH5;COO™-(H,0)g, non-bonding HOMO orbitals are
involved as well: n —» n* and n — =n* transitions (Fig. 7b).
Comparison of the orbitals of CsH;COOH:(H,O); cluster
with orbitals of the isolated CsHsCOOH molecule in the gas
phase showed, that in both cases the orbitals involved in the
electron transitions of the B-band localized on the BA fragment
(Fig. 3 and 7a).

Additionally, obtained theoretical data reproduce the relative
intensities of B-band at different pH (Fig. 1a and 6c). Experi-
mental B-band at pH 2.5 (Iexp(2.5)) much intense than at pH 8.0
(Iexp(s.))- The ratio of experimental B-band intensities is
Lexp(s0) _ 0.76. Theoretical ratio of B-band intensities for con-
Iexp(2.5)
sidered clusters is very close to the experimental value and

Iphcoo-(H,0)

equivalent to = 0.80.

IpncooH (H,0),

a) PhCOOH:(H,0), b)

AIMD simulations and final optical spectra of CsH;COOH-
(H,0), and C¢H;CO0 -(H,0),

To consider the contribution to the total optical absorption spectrum
of all possible structures, AIMD trajectories were simulated and used
to calculate total TDDFT optical absorption spectrum of largest
systems: C¢Hs;COOH:(H,0); and C¢Hs;COO ™ -(H,0)s. It was found
(Fig. 4 and 5) that in the case of CgH;COO™ that additional explicit
solvent molecules are needed to be included in combination with a
continuum representation for the extended solvent environment to
be able to reproduce the experimental spectrum correctly.
Method for calculation of vertical excited states along AIMD
trajectories is B3LYP/6-311++G** with including additional solvent
effects by C-PCM.

Overall, the total theoretical optical absorption spectra of
Ce¢H5COOH:(H,0); and C¢HsCOO -(H,O)s systems from the
AIMD simulations are presented in Fig. 8. The maximum of
the B-band was found at 5.16 eV (240 nm) for CsH;COOH:(H,0),
and 5.41 eV (229 nm) for CgH;COO™ -(H;O)s. As shown in
Fig. 8a and b, offsetting the theoretically predicted peaks by 4
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Fig. 7 Natural transition orbitals of the excited states (for B-band) of two speciated forms of BA: (a) CgHsCOOH:(H,0); and (b) CgHsCOO™ (H,0)q
calculated at the B3LYP/6-311++G** (with including solvent effects by C-PCM). Orbitals are represented with a contour value of 0.035.
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(for ionized BA) and 10 (neutral BA) nm leads to a very good
agreement with the experimental data. In the case of the neutral
structure C¢H;COOH-(H,0),, the 10 nm shift is related to the
effect of the extended solvent environment model (C-PCM).
Additional calculations of total (AIMD) optical absorption spectrum
for CcHsCOOH:(H,0); in the gas phase allowed us to localize
B-band at 234 nm (experimental value is 230 nm), Fig. S3 (ESIY).

5. Concluding remarks

In the present work, experimental spectroscopic measurements
are combined with theoretical calculations to study the optical
absorption spectra of BA in aqueous solution at different pH.
The experimental results for absorption spectra of benzoic acid
in water at acidic and basic pH are in agreement with early
studies. There is no obvious effect on the benzoic acid absorption
spectra found due to the presence of salt ions such as NaCl and
CaCl,. Experimental results showed that B-band of neutral BA is
not sensitive to the solvent effects whereas the effect of the water
on the C-band is significant.*® The water effects blue-shift this
band up to ~0.2 eV.

Small theoretical clusters of BA with different numbers of
water molecules demonstrated that solvent effects are very
important for reproducing the correct optical spectra of BA
species: especially for the deprotonated form of BA such as
CsH;COO™-(H,0),, (Where n = 0-8). Only systems with n > 3
water molecules combined with the extended solvent environment
provide a good agreement with the experiment, in particular, the
shape and the maximum position of the B-band.

Small theoretical clusters can be successful in describing
chromophores in solution. Theoretical results showed that B-band
of neutral BA (experiment at pH 2.5) arises from the = — w*
transitions only, whereas in the case of ionized BA (experiment at
pH 8.0) this band appears due to the combination of n — n* and
7 — m* transitions. NTOs analysis of the theoretical clusters allowed
us to see that the orbitals involved in the electron transitions of the
B-band are mainly localized on the BA molecule, which indicates
that the excitations have a contribution from BA and ion of BA.

Overall, we can conclude that the combination of the excited
states quantum chemistry with molecular dynamics provides a
very good interpretation of the experiment, and the results

5054 | Phys. Chem. Chem. Phys., 2020, 22, 5046-5056

demonstrate the possibility of microscopic understanding of the
absorption spectra of organic molecules in water by calculations
restricted to small cluster models.
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