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ABSTRACT: Gallic acid (GA) has been characterized in terms of its optical properties in
aqueous solutions at varying pH in experiments and in theoretical calculations by analyzing the
protonated and deprotonated forms of GA. This work is part of a series of studies of the optical
properties of different carboxylic acids in aqueous media. The experimental electronic spectra of
GA exhibit two strong well-separated absorption peaks (B- and C-bands), which agree with
previous studies. However, in the current study, an additional well-defined low-energy shoulder
band (A-band) in the optical spectra of GA was identified. It is likely that the A-band occurs for
other carboxylic acids in solution, but because it can overlap with the B-band, it is difficult to
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discern. The theoretical calculations based on density functional theory were used to simulate 200 250 300 350 400
the optical absorption spectra of GA in water at different pH to prove the existence of this newly Wavelength (nm)
found shoulder band and to describe and characterize the full experimental optical spectra of
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GA. Different cluster models were tested: (i) all water molecules are coordinated near the carboxy-group and (ii) additional water
molecules near the hydroxy-groups of the phenyl ring were included. In this study, we found that both the polarizable continuum
model (dielectric property of a medium) and neighboring water molecules (hydrogen-bonding) play significant roles in the optical
spectrum. The results showed that only an extended cluster model with water molecules near carboxy- and hydroxy-groups together
with the polarizable continuum model allowed us to fully reproduce the experimental data and capture all three absorption bands (A,
B, and C). The oscillator strengths of the absorption bands were obtained from the experimental data and compared with theoretical
results. Additionally, our work provides a detailed interpretation of the pH effects observed in the experimental absorption spectra.

1. INTRODUCTION found that a lower pH (up to 7) leads to a blue shift, which can

Gallic acid (GA)(3, 4, S trihydroxy benzoic acid) is a naturally
occurring low-molecular-weight triphenolic compound. This
molecule was found to have significant biological activity,
including anti-flammatory, anti-fungal, and anti-viral activ-
ities.”” GA is also an important antioxidant that exhibits anti-
cancer and anti-mutagenic activity. GA and its esters are 6,11
industrially important chemicals used in the food and
pharmaceutical industries.”* It is an important precursor for
many synthetic compounds and has been used as a source
material for paints, ink dyes, and in the manufacturing of

low-energy bands of the optical spectrum at high pH.

be related to the deprotonation of the carboxy-group.
Increasing the pH above 7 leads to the formation of the
dianion after the deprotonation of a hydroxy-group, which can
be associated with a red shift of the GA spectra.’ Earlier
experimental studies'”"” showed that the pK,, of GA is around
8.6. However, theoretical models of GA considered in these
papers”  could not successfully reproduce the experimental

Moreover, GA is a photochemically active molecule. Cossu
and co-workers showed that the antibacterial effect of GA was
attributed to the photo-irradiation of GA by UV-A light, and

S
paper. thus, GA can be used as a photosensitizer. This feature makes

GA is a phenolic acid where the carboxy-group and three
hydroxy-groups are attached to a phenyl ring. Quantum
chemical calculations propose an entirely planar geometry with
the three adjacent hydroxy-groups oriented in the same

direction."® Although a significant number of experimental

GA a model for more complex photochemical systems,
including humic substances and marine chromophoric
dissolved organic matter (m-CDOM) found in the sea surface
microlayers and, more recently, found within sea spray

and theoretical studies related to the optical properties of this
molecule can be found in the literature,”””~'" all of these Received: ~August 19, 2021
studies state that the electronic spectrum of GA has only two Revised:  December 13, 2021
strong well-separated absorption peaks, assigned to n — 7* Published: January 6, 2022
and 7 — 7*-type transitions.” Additionally, it was demon-

strated that the peak positions and intensities vary with

changes in the pH and the solvent.”””~"" Badhani and Kakkar®

© 2022 American Chemical Society https://doi.org/10.1021/acs.jpca.1c07333

W ACS PUblicationS 190 J. Phys. Chem. A 2022, 126, 190—197


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natalia+V.+Karimova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Man+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Izaac+Sit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vicki+H.+Grassian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="R.+Benny+Gerber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.1c07333&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07333?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07333?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07333?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07333?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07333?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcafh/126/2?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/2?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/2?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/2?ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpca.1c07333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf

The Journal of Physical Chemistry A pubs.acs.org/JPCA
A) s B)
c Exp(pH=2) c Exp(pH=6) ——
2 25
8 £ 2
£ 15 -
'g B 5 A 2 L5 A
= 1 < B B
< 1
0.5 AL . Py c
T aengnom) . A .

200 250 300 350 400 450

Wavelength (nm)

200 250 300 350 400 450
Wavelength (nm)

Figure 1. Experimental UV—vis spectra of 0.1 mM GA in aqueous solutions at pH 2 (A) and pH 6 (B). The inset shows the second derivative of
the spectrum to better identify peaks A, B, and C that contribute to the spectrum.

Table 1. Optical Absorption Spectra: Experimental Data for GA in Water at pH 2 and 6; and Theoretical Spectral Data for an
Isolated GA Molecule and Hydrated GA*(H,0), and GA:(H,0),(H,0),, Clusters (B3LYP/6-311++G** Combined with C-

PCM)
system experiment at pH = 2/neutral GA model experiment at pH = 6/ionized GA model
band A (nm) B (nm) C (nm) A (nm) B (nm) C (nm)
Experiment
experiment 295 271 215 287 259 211
Theory”
GA 280 207 244 206
GA-(H,0), 281 207 249 208
GA-(H,0), 280 207 253 207
GA-(H,0); 279 207 255 207
GA-(H,0), 278 207 256 207
GA-(H,0),(H,0), 290 267 207 270 253 210
GA-(H,0),(H,0), 299 278 211 273 250 210

“Theoretical data correspond to the maxima of the convoluted spectra obtained from the vertical excitations.

14—16
aerosols.'*

The role of m-CDOM as a photosensitizer,
which can also play a significant role in atmospheric chemistry,
is currently under investigation. Unfortunately, the structure of
m-CDOM is complex and it contains many compounds, most
of which are still not known. We are performing a series of
studies of the photochemistry of individual organic compounds
(such as carboxylic acids) in aqueous media through a
theoretical—experimental collaboration which allows for a
better understanding of the nature of m-CDOM."" " For
example, it helps with the identification of the contributing
species and chromophores.

The current work is a continuation of our previous studies
related to the investigation of m-CDOM. GA is a promising
model system for m-CDOM and can be used to better
understand the environmental effects of pH and solvation. To
study the optical properties of GA in aqueous solutions at
different pH, experimental spectroscopic measurements were
combined with theoretical calculations to study. This study
should provide theoretical insights into the optical and
electronic properties of both: the non-dissociated molecule
(low pH) and the anionic, deprotonated speciated form (high
pH) of GA. Experimental measurements were performed for
GA with a concentration of 0.1 mM in water. To distinguish
between GAs, two speciated forms in experiments, the UV—vis
experiments are carried out at pH = 2 and pH = 6, which
correspond to the two different species: protonated and
deprotonated forms, respectively, as GA has a pK,; of 4.3."

Calculations of the excitation energies and oscillator strength
were performed using time-dependent density functional
theory (TDDFT)*' for two types of small clusters (both
neutral and anionic forms): (i) GA-(H,0), (where n = 0—4)
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and (ii) GA-(H,0),(H,0),, (with m = 1, 2). To validate the
TDDEFT results, algebraic diagrammatic construction
(ADC)**™** calculations were additionally performed (see
the Supporting Information). Solvent effects could play an
essential role in the reactions that occur in aqueous condensed
phases or at aqueous surfaces” " and significantly affect the
photochemical properties of solvated species.'’~>° In this
work, solvent effects were included using two methods—
explicit water molecules were combined with a continuum
representation for the extended solvent environment (con-
ductor-like polarizable continuum model, C-PCM). This gives
us a better understanding of the relationships between the
cluster model and the continuum model. Additionally, this
systematic investigation of the photoexcitation profile of GA is
important for further understanding of cluster model
applications for more complex organic substances such as
those present in the environment.

2. EXPERIMENTAL DATA

Aqueous solutions of GA were prepared using Milli-Q water
with an electric resistance of 18.2 MQ. GA was prepared as 0.1
mM solutions. Solution pH was determined using an Oakton
700 pH meter and was adjusted by either hydrochloric acid (1
N stock solution, Fisher Chemical) or sodium hydroxide (1 N
stock solution, Fisher Chemical).

UV—vis spectral information of GA obtained using a
PerkinElmer Lambda 35 UV-VIS spectrometer in the wave-
length range from 200 to 450 nm in water at acidic and basic
pH is shown in Figure 1. For these experiments the wavelength
accuracy was +0.1 nm, and the bandwidth was 1 nm with a
scan time of 240 nm/min. Solutions of 0.1 mM GA at different

https://doi.org/10.1021/acs.jpca.1c07333
J. Phys. Chem. A 2022, 126, 190—197


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c07333/suppl_file/jp1c07333_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07333?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07333?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07333?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c07333?fig=fig1&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c07333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A pubs.acs.org/JPCA
C D
¢ ™
¢ ©
© ¢
F '“. © ¢ ¢
L" e O ? ¢ ¢ b
o 09 g M

9

C /8(‘L(?
© (‘

Figure 2. Structure of different cluster models: (a) neutral GA-(H,0),, (b) ionized GA™-(H,0),, (c) neutral GA-(H,0),(H,0),, and (d) ionized

GA—'(H20)4(H20)2-

pH were placed in a quartz cell with a 1 cm path length. Two
strong and well-separated B- and C-bands and one shoulder A-
band were found in the spectra of GA at both pH. The C-band
peak maximum for the neutral and anion species were found to
be centered at 215 and 211 nm, respectively. The B-band has
the peak maximum centered at around 271 and 259 nm for
neutral and anion species, respectively. The A-band is a broad
shoulder in the spectrum. The second derivative curve (Figure
1 insert) from the UV—vis spectrum allowed us to better
indicate the A-band position and the wavelength range for all
these bands (A—C) (see Table 1).

3. COMPUTATIONAL METHODS

In the current work, experimental UV—vis spectra of GA were
obtained in a water solution. Therefore, it is necessary to take
solvent effects into account for simulations of the UV spectra.
Cluster preparation was as follows. Theoretical calculations
were performed for a neutral molecule of GA (low pH model)
and its anion (high pH model) in the gas phase and stabilized
by several water molecules. The geometries of the obtained
structures were optimized using method B3LYP/6-31+G*.
Different cluster models were considered: (i) GA-(H,0),
(where n = 0—4)—in this model all water molecules are
coordinated by the carboxy-group of GA (Figure 2a). To get
these structures, we used clusters of benzoic acid (BA) with
water molecules from our previous work,'® where we
substituted three hydrogen atoms in the aromatic ring of BA
with three OH groups in an orientation similar to the crystal
structure of GA.” Orientations of the water molecules were
retained as they were in the BA water clusters. The geometry
of the obtained structures was optimized (Figure 2ab). (ii)
The second model is GA-(H,0),(H,0),, (with m = 1,2). One
and two water molecules were added to the GA-(H,0), cluster
coordinated by hydroxy-groups of the aromatic ring (Figure
2¢,d). Considered conformers of the GA-(H,0),(H,0),, (with
m = 1, 2), the clusters and their relative energies can be found
in Figures S1 and S2. All calculations were performed using the
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.”

Excitation spectra were calculated using the TDDFT.*' Our
previous study for BA'” showed that the aug-cc-pVTZ and 6-
311++G** basis sets provide very close results to the large
aug-cc-pVQZ basis set results. Therefore, in the current study,
the standard People basis set (6-311++G**) together with a
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method such as B3LYP**** was chosen for the molecular
orbital analysis and UV spectra calculations.’>*® The
absorption spectra are convoluted with a Lorentzian with a
full width at half-maximum of ¢ = 25 nm.

Additionally, in our previous study, we found that solvent
effects are very important for reproducing the correct optical
spectra of BA species,'” and only the combination of explicit
and implicit solvent effects allowed us to reproduce the optical
absorption spectrum of the deprotonated form of BA. Thus, in
this study, the explicit solvent molecules (water clusters in our
suggested models) were combined with the polarizable
continuum model (C-PCM)*” as well. The C-PCM was
employed in combination with the 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
orbital (NTO)*** pairs were calculated for every excited state
involved in the formation of A-, B-, and C-bands for both
speciated forms of GA.

High-level calculations such as the ADC**™** were
performed as the benchmark TDDFT. The ADC(3) and
ADC(2) methods with 6-311+G* and 6-311++G** basis sets
were applied for simulation of the optical absorption spectrum
of the global minimum of the isolated neutral GA molecule
with and without C-PCM (Supporting Information, Figure
S3). We found that all three methods exhibit very similar
excited states related to A-, B-, and C-bands: number of
significant excited states and their intensity. However, the
maxima in each of the band positions varied (Supporting
Information, Figure S3). B3LYP correctly reproduces the
shape and maximum position of the strong B- and C-bands
(good agreement with the experiment). However, the A-band
is not visible in the calculation with the TDDFT optical
spectrum because the first excited state (associated with this
band) is blue-shifted; this shifting reduces the gap between the
A- and B-bands, which makes the A-band shoulder not visible.
In the calculated spectrum, the theoretical gap is just 13 nm,
whereas according to the experiment, it should be on the order
of 24 nm. ADC(n) methods also cannot reproduce the gap
between the A- and B-bands correctly. The calculated gaps are
29 and 44 nm with ADC(2) and ADC(3), respectively.
Additionally, the full spectrum of ADC(3) is significantly blue-
shifted, and there is little to no agreement with the experiment
in the bands’ positions (Supporting Information, Figure S3).
Method ADC(2) can reproduce the high energy C-band
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Figure 3. Experimental (black line) and theoretical (colored lines for n = 0 to 4) optical spectra of (A) neutral and (B) ionized GA water clusters—
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Figure 4. Experimental and theoretical optical spectra with vertical excited states of (A) neutral and (B) ionized GA-(H,0),. (B3LYP/6-311+

+G** with C-PCM.)

position; however, the A- and B-bands are blue-shifted by at
least 25 nm. This poor performance of all theoretical methods
can be related to the solvent effects of this system. To test the
solvent effects on the optical spectrum calculated with B3LYP
and ADC(n) methods, we added the C-PCM model to the
isolated neutral GA. Unfortunately, C-PCM only is not
enough, and the results for the gas phase and with C-PCM
are very similar (Supporting Information, Figure S3).

Therefore, the results for the isolated GA molecule showed
that TDDFT correctly reproduces the shape and maximum
position of the strong B- and C-bands. Also, we found that
B3LYP and ADC(n) provide very close results such as the type
and intensity of the excited states. The incorrect prediction of
the position of the first excited state can be related to the
solvent effect, which may require combining implicit and
explicit water molecules in our models. Additionally, TDDFT
is computationally less expensive with respect to ADC(n)
levels of theory. Therefore, in this work, we will use the B3LYP
method to study the solvent and pH effects on the optical
properties of GA in aqueous solutions.

4. RESULTS

4.1. Solvent Effects. Our previous studies demonstrated
that solvent effects play a significant role in the optical
properties of organic acids such as pyruvic acid,'” BA,"” and m-
CDOM.” For example, we obtained good agreement with the
experimental spectrum of BA at high pH only when the explicit
solvent molecules near the carboxy-group (water clusters in
our suggested models) were combined with the polarizable
continuum model."” A similar approach was applied in the
current study.

4.1.1. Model GA-(H,0),. In the first step, we consider the
neutral and ionized complexes GA-(H,0), (where n = 0—4).
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In these structures, all water molecules are located by the
carboxy-group (Figure 2a,b). Electronic spectra for this type of
model calculated using the B3LYP method in the gas phase
and with C-PCM show just two strong well-spaced B- and C-
bands, with the A-band not visible on the theoretical spectra
because the first excited state is blue-shifted and located closer
to the B-band (Table 1, Figures 3 and 4). However, the
positions of the theoretical B- and C-bands bands are in good
agreement with the experiment.

Interestingly, in the case of the neutral system, the number
of water molecules does not play a significant role in the
position and intensity of the peaks (Figure 3a). However, the
situation is changed when GA is ionized: the B-band is
sensitive to hydration. Without water molecules, the B-band is
poorly defined (it looks like a weak shoulder band which is
significantly blue-shifted with respect to the experimental
peak), see Figure 3b. However, the increased number of water
molecules near the carboxy-group improved the position and
intensity of the B-band. In the next step, we want to improve
our model to reproduce all three experimental bands (A, B,
and C). More GA—water interactions may be required to
introduce all solvent effects to this molecule.

4.1.2. Model GA-(H,0),(H;0),. The GA molecule, in
addition to the carboxy-group, has three OH-groups. In the
previous model, these three groups did not interact with
explicit water molecules (all waters were located near the
COOH-group). In addition to the four water molecules near
the carboxy group, our new cluster model has one or two water
molecules coordinated by hydroxy-groups connected to the
phenyl ring (Figure 2c,d).

The results showed that two additional water molecules near
hydroxy-groups improved the quality of the theoretical spectra.
The new model detected all three bands, A-, B-, and C-, in the

https://doi.org/10.1021/acs.jpca.1c07333
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Figure 6. Theoretical optical spectra (black) and vertical excitations (purple) of neutral and ionized GA: (A) neutral GA-(H,0),(H,0), and (B)

ionized GA™-(H,0),(H,0),.

simulated spectra of GA (Table 1, Figures S and 6). Excited
states (responsible for the A-band formation) appeared for
these new complexes: at 299 nm for the neutral system and at
273 for the ionized one. We did not have these excited states
with the model GA:-(H,0), (Figure 4). Thus, the polarized
continuum model cannot completely reproduce interactions
between OH-groups of GA and medium water molecules. The
representative model for GA in water should have the explicit
water molecules near carboxy- and hydroxy-groups and should
be combined with the polarizable continuum model.

Additionally, we notice that calculations of the absorption
spectrum as a function of temperature were not carried out.
The reason is a good agreement in the band intensities and
band positions between theoretical and experimental data,
which indicates that the temperature effect is not significant.

4.2. Effect of pH. Experimental results showed that the
deprotonation of the carboxylic group as a result of the
increase in the pH leads to a blue shift of the spectral peaks: 8,
12, and S nm for A-, B-, and C-bands, respectively. Both
theoretically simulated absorption spectra for the neutral and
ionized complexes are in good agreement with the experiment
(Table 1, Figure S). Theoretical results predicted a similar blue
shift for the spectrum of the ionized GA™-(H,0),(H,0),
system when compared to neutral GA-(H,0),(H,0),.

We can see that the B-band is the most sensitive to pH
changes, whereas the C-band is less responsive. This may be
related to the nature of orbitals involved in electron transitions
formed in the excited states of these bands.

Additionally, oscillator strengths of absorption bands were
obtained from the experimental data and compared with
theoretical results (see Supporting Information, Table SS).
Theoretical oscillator strengths are in reasonable agreement
with experimental data. Theoretical oscillator strengths of low
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energy bands (A- and B-) are higher by about 30%,
corresponding to the experiment. Experimental oscillator
strengths of the C-band at both pH are significantly stronger
than theoretically predicted, but it should be noticed that the
theoretical C-band is a combination of several relatively strong
excitations (Table SS), which makes the intensity of the
theoretical C-band comparable to the experiment.

4.3. Electron Transition Analysis and Peak Character-
ization. To characterize the absorption peaks, the hole/
particle NTO pairs were calculated for the selected excited
states for both systems: neutral and ionized.

4.3.1. A-Band. The spectra show that the A-band is a
shoulder peak corresponding to 7 — 7™ type transitions for
both neutral and ionized systems. The HOMO () orbitals are
localized on the phenyl-ring and OH-groups, whereas the
carboxy-group does not participate. The LUMO (7*) orbitals
are located on the entire molecule: phenyl ring and OH- and
carboxy-groups (Figures 7a, 8a).

4.3.2. B-Band. We found that the nature of the B-band
depends on the pH of the system. For example, in the neutral
system (low pH model), the B-band arises only from 7 — 7*
type transitions. However, in the ionized system (high pH
model), the B-band corresponds to a combination of the n —
#* and £ — 7* transitions (Figure 8b). All 7 and 7* orbitals of
both systems are delocalized over the entire molecule.
However, non-bonding (n) orbitals of the ionized system are
localized on the COO-fragment only, which explains the
significant blue shift of the B-band with increasing pH (Figures
7b, 8b).

4.3.3. C-Band. This band arises mainly from the 7 — #*
transitions. This band is less sensitive to the pH changes
because all participating orbitals are located on the phenyl-ring

https://doi.org/10.1021/acs.jpca.1c07333
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Figure 7. Orbitals of the excited states (A-, B-, and C-bands) of
neutral GA-(H,0),(H,0), calculated at the B3LYP level of theory
with the basis set 6-311++G** and C-PCM. These involved electron
transitions.

and hydroxy-groups primarily, and the orbitals of the
carboxylic group are just slightly involved (Figures 7c, 8c).

5. CONCLUSIONS

In the present work, experimental spectroscopic measurements
are combined with theoretical calculations to study the optical
absorption spectra of GA in an aqueous solution at different
pH. The current work is a continuation of our previous studies
related to investigation of optical properties and the structure
of the m-CDOM. It was shown that small theoretical clusters
could be successful in describing chromophores and lead to
correct predictions of main spectral features of organic
substances in solution. Theoretical results demonstrated that
solvent effects are very important for reproducing the correct
optical spectra of a GA molecule at different pH. The issue of
the divided role of the explicit and implicit water molecules
was discussed. The representative model for GA in water
should have the explicit water molecules near carboxy- and
hydroxy-groups and be combined with the polarizable
continuum model. Our models allowed us theoretically to
reproduce all experimental bands on the optical absorption
spectra of GA at different pH.

The experimental and theoretical study for the absorption
spectra of GA in water found and characterized a new A-band
located at 295 nm for low pH and at 287 nm for higher pH. It
is likely that this band exists for other carboxylic acids in the
solution but is masked by the B-band. All three absorption
bands, A, B, and C, were studied and characterized
experimentally and theoretically. In particular, experimental
and theoretical results demonstrate that the deprotonation of
the carboxylic group as a result of the increase in the pH leads
to a blue shift of the spectral peaks. It was found that bands
have different sensitivities to pH changes. The considered
small theoretical clusters were successful in explaining this
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Figure 8. Orbitals of the excited states (A-, B-, and C-bands) of
ionized GA™-(H,0),(H,0),, calculated at the B3LYP level of theory
with the basis set 6-311++G**. These involved electron transitions.

phenomenon. Theoretical results showed that orbitals of the
carboxy-group were actively involved in the B-band formation,
especially in the case of the ionized form where the B-band
arises from the mixture of the n — 7* and 7 — ™ transitions.
For A- and C- bands, orbitals of the carboxy-group are slightly
involved.

Overall, this is a promising model, and the theoretical
approach that has been developed here can be applied to
understand other molecular species in aqueous systems.
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