
rsc.li/pccp

PCCP
Physical Chemistry Chemical Physics

rsc.li/pccp

ISSN 1463-9076

PAPER
H.-P. Loock et al. 
Determination of the thermal, oxidative and photochemical 
degradation rates of scintillator liquid by fluorescence EEM 
spectroscopy

Volume 19
Number 1
7 January 2017
Pages 1-896

PCCP
Physical Chemistry Chemical Physics

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  N. V. Karimova, O.

Alija, S. L. Mora Garcia, V. Grassian, R. B. Gerber and J. Navea, Phys. Chem. Chem. Phys., 2023, DOI:

10.1039/D3CP01520C.

http://rsc.li/pccp
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d3cp01520c
https://pubs.rsc.org/en/journals/journal/CP
http://crossmark.crossref.org/dialog/?doi=10.1039/D3CP01520C&domain=pdf&date_stamp=2023-06-05


1

pH Dependence of the Speciation and Optical Properties of 4-

Benzoylbenzoic Acid 

Natalia Karimova1, Onita Alija2, Stephanie L. Mora García3, Vicki H. Grassian3, R. Benny 

Gerber1,4, and Juan G. Navea 2,*

1Department of Chemistry, University of California Irvine, CA 92697, USA

2Chemistry Department, Skidmore College, Saratoga Springs, NY, 12866-1632, USA

3Department of Chemistry, University of California San Diego, CA 92093, USA

4The Institute of Chemistry and Fritz Haber Research Center, The Hebrew University of 

Jerusalem, 91904 Jerusalem, Israel

* Corresponding author: Juan G. Navea, jnavea@skidmore.edu

Page 1 of 36 Physical Chemistry Chemical Physics

P
hy
si
ca
lC

he
m
is
tr
y
C
he
m
ic
al
P
hy
si
cs

A
cc
ep
te
d
M
an
us
cr
ip
t

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
5 

Ju
ne

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/1

3/
20

23
 4

:5
0:

28
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online

DOI: 10.1039/D3CP01520C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp01520c


2

Abstract

Organic chromophores initiate much of daytime aqueous phase chemistry in the environment. 

Thus, studying the absorption spectra of commonly used organic photosensitizers is paramount to 

fully understand their relevance in environmental processes.  In this work, we combined UV-Vis 

spectroscopy, 1H-NMR spectroscopy, quantum chemical calculations, and molecular dynamics to 

investigate the absorption spectra of 4-benzoyl benzoic acid (4BBA), a widely used photosensitizer 

and common proxy of environmentally relevant chromophores. Solutions of 4BBA at different pH 

show that protonated and deprotonated species have an effect in its absorbance spectra. Theoretical 

calculations of these species in water clusters provide physical and chemical insight into the 

spectra.  Quantum chemical calculations were conducted to analyze the UV-Vis absorbance 

spectra of 4BBA species using various cluster sizes, such as (C6H5COC6H4COOH·(H2O)n) where 

n = 8 for a relatively small clusters or n=30 for larger clusters. While relatively small clusters have 

successfully been used for smaller chromophores, our results indicate that simulations of 

protonated species of 4BBA require relatively larger clusters of n=30. A comparison between 

experimental and theoretical results shows good agreement in the pH-dependent spectral shift 

between the hydrated cluster model and the experimental data. Overall, theoretical and empirical 

results indicate that the experimental optical spectra of aqueous phase 4BBA can be represented 

by the acid-base equilibrium of the keto-forms, with a spectroscopically measured pKa of 3.41 ± 

0.04. Results summarized here contribute to a molecular-level understanding of solvated organic 

molecules through calculations restricted to clusters models, and thereby, broader insight into 

environmentally relevant chromophores. 
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Introduction

Light-absorbing organic acids are ubiquitous chromophores in natural systems and play a 

significant role in the daytime chemistry of the environment.1-7 These organic acids are important 

fractions of dissolved organic matter (DOM), one of the most abundant and strongest light-

absorbing compounds in environmental aqueous systems.8-14 The fraction of DOM that absorbs 

ultraviolet (UV) and visible light is referred as chromophoric dissolved organic matter (CDOM), 

commonly found in the sea surface microlayer and, more recently, within sea spray aerosol.14-18 

These chromophores are effective photosensitizers,19,20 exhibiting strong absorption bands that 

extend into the visible spectral region, overlapping with the solar spectral flux.3,21-30 Given that 

naturally occurring photosensitizers are known to induce photochemical reactions in aqueous 

environments, both in bulk and interface, the understanding of these photochemical processes are 

significant from an atmospheric point of view.31-33 In particular, studies that combine experimental 

techniques with theoretical simulations have provided deeper insight into the processes of 

photoactivation of molecules at interfaces.1,34-36

Present knowledge on this topic is incomplete due to the complex composition of CDOM. 

A recent analysis by Alves et al. shows that CDOM is rich in aromatic ketones, aldehydes, carboxyl 

alicyclic molecules, among other classes of compounds.37 Theoretical and experimental 

investigations of small molecules matching these molecular moieties can provide insights into the 

optical properties of these more complex light absorbing substances and the role of environmental 

factors (pH, hydration state etc.) in these properties.1,36,38,39 For instance, studies of the optical 

properties of simple isolated molecules, such as benzoic1 and pyruvic acids,36 have been shown to 

mimic some of the photochemistry and photophysics properties of CDOM in a simple-to-complex 

approach, leading to a possible molecular structure of CDOM presented through a large realistic 
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simulation, where aromaticity is shown to play a significant role.34 4-benzoylbenzoic acid (4BBA), 

a well-known photosensitizer, has been used as a model to mimic the optical properties of more 

complex marine CDOM.5,40-43 Aromatic carboxylic acids have strong absorption bands in the UV 

spectral region above 290 nm, overlapping with the solar spectral region.44,45 With a relatively low 

solubility, 4BBA can be considered as one possible model of marine CDOM and terrestrial humic 

substances that mimic the aromatic fraction of the chromophores. Yet, little is known about the 

optical properties and excited states of this widely used photosensitizer, especially in the context 

of environmental factors such as pH.

For example, the photoactivity of 4BBA, like those of other carboxylic acids and 

chromophores in CDOM, can change with pH.1,36 Protonation and deprotonation of keto organic 

acids such as 4BBA, a common moiety within CDOM, can establish a hydrate under acidic 

conditions, leading to a possible keto-diol equilibrium, as shown in Scheme 1. These possible 

increase in keto-acids speciation has the potential to impact the optical properties and 

photoactivation of photosensitizers.36 This is particularly important considering the wide pH 

variations in the marine atmosphere, with a basic sea surface microlayer (SSML) of pH ≈ 8, and 

nascent sea spray aerosol (nSSA) reaching acidic conditions of pH ≈ 2,46 a more typical pH for 

aerosol deliquescent layer.3,47-51 
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Scheme 1. Possible equilibria of species found in aqueous solutions of keto acids. R represents an 
organic group, with [R] including the possible absence of it. 

Thus, any keto acid molecular model system needs to consider the more complex 

speciation arising from hydrate equilibria.  Acidification of aqueous phase molecular models, such 

as 4BBA, impacts the photophysics and photochemistry by shifting the speciated forms of the 

organic molecule from neutral to protonated forms.36,52 It is, thus, paramount to investigate the pH-

induced changes in photoactivity of molecular models of environmental photosensitizers to better 

understand their role in daytime chemistry. Although the 4BBA molecule is a relatively simple 

system, the possibility of hydration in the keto group, leading to a geminal diol-form of protonated 

and deprotonated species has not been investigated.

In this work, we carried out experimental spectroscopic measurements combined with 

theoretical calculations to study the optical properties of 4BBA in aqueous solution at different 

pHs, providing insight on both the acid form and its conjugate base. We elucidate the speciation 

of 4BBA as a function of pH and show the effects of protonation in its optical properties. Titrations 

of 100 μM 4BBA solutions were carried out from pH = 1.0 to pH = 12.0, with UV-Vis spectral 

data collected at each pH unit in order to determine the pKa of the system. A major challenge of 

the current study is the complexity of the photophysical and photochemical properties of 4BBA in 

solution. These challenges arise from: (i) medium effects –solvent molecules have been shown to 
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have an effect in the structure of chromophoric compounds in environmental interfaces;1,36 (ii) the 

contribution of the different speciated forms to the optical absorption spectrum have not been 

investigated and; (iii) 4BBA, the molecule of interest here, is a relatively large molecule compared 

to what has been done in previous studies. Along with aromaticity, larger molecular species make 

the calculations computationally challenging, especially when solvent molecules are included (the 

largest system contains around 120 atoms). Here, our calculations provide insight on: (i) the nature 

of 4BBA excited states; (ii) solvent effects; (iii) orbitals participated in the electron transition, and 

(iv) the contribution of speciated forms to the 4BBA optical spectrum at different pH. 

Experimental methods and materials. 

Optical properties and speciation analysis

The chromophore 4-benzoyl benzoic acid (4BBA) was purchased from Sigma Aldrich and 

used without further purification. Aqueous solutions of 4BBA were prepared using 18 MΩ Milli-

Q water at concentrations of 100 μM. All the pH adjustments were carried out by adding either 

hydrochloric acid (1 N stock solution) or sodium hydroxide (1 N stock solution), both solutions 

from Fisher Chemical. Potentiometric titration for the measurement of pKa and pH measurements 

were carried out using an ACUMET AB15 pH meter. All UV-Vis spectral data was acquired using 

a Perkin Elmer Lambda 35 spectrophotometer. Speciation and further pKa studies were carried out 

by 1H-NMR performed using a 500 Jeol ECA NMR spectrometer with solvent suppression in the 

acquisition parameters. The solutions contained 10% D2O for instrument locking and 5uM sodium 

trimethylsilylpropanesulfonate (DSS) purchased from Sigma Aldrich was used as the internal 

standard for peak locking.  
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In order to determine if the observed optical changes correspond to acid-base equilibria of 

the keto acid for of 4BBA, or a more complex speciation is responsible for the changes in the 

optical spectra of 4BBA, a combination of potentiometric titration and solvent-suppression 1H-

NMR spectra were carried out. The UV-Vis spectra for the 100 μM solution of 4BBA at pHs was 

acquired at pHs ranging from 1.0 to 12.0. Similarly, 1H-NMR were collected for solutions with 

pHs from 1.0 to 7.0. 

Theoretical Models and Methods

To better understand the water-4BBA interaction as a function of pH, theoretical spectra 

of all possible forms of 4BBA, as described in Scheme 1, were simulated and compared with UV-

Vis spectral data of 4BBA. To confirm the NMR spectral data, keto and diol-forms of water-4BBA 

protonated and deprotonated were also calculated and its absorption spectra simulated. In this 

work, theoretical results of neutral keto- and diol-forms of 4BBA were associated with the 

experimental spectrum measured at pH=1, whereas the deprotonated keto- and diol-forms of 

4BBA were considered as possible models for the experimental spectrum of 4BBA at pH=6. This 

pH range around pKa,1 is used to model the protonated and deprotonated species, allowing the 

study of which speciated form of 4BBA is favored at low and high pH.

Small clusters - 4BBA·(H2O)8. Recent works showed that solvent effects play a crucial role in the 

quality of the simulated spectra of benzoic acid and humic substances.1,34 Without including water 

molecules in the model system it is almost impossible to reproduce experimental results, especially 

for experiments at high pH when deprotonated speciated forms are dominant. This indicates that 

water solvation contributes to the electron excitation of the chromophore. According to previous 

studies involving benzoic acid,1 a total of eight water molecules in addition to the extended solvent 
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environment (polarizable continuum model) provide a good agreement with the experiment, in 

particular, the shape and the positions of the peaks. Therefore, as a first step of the present work, 

clusters of 4BBA species with 8 water molecules were considered - 4BBA·(H2O)8. The initial 

water cluster structure and its position near 4BBA, was modeled based on the methods 

implemented in the theoretical study of benzoic acid.1  Accordingly, water molecules were only 

located near the carboxylic acid group and do not interact with keto- and diol-groups of 4BBA 

(Figure 1).1 

Figure 1. Geometrical structures of hydrated 4BBA molecules: (A) neutral keto-form of 4BBA, 
(B) neutral diol-form of 4BBA, (C) deprotonated keto-form of 4BBA, and (D) deprotonated diol-
form of 4BBA.
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All theoretical calculations for small clusters 4BBA·(H2O)8 were performed using Density 

Functional Theory (DFT) and Time-Dependent DFT (TD-DFT) methods within the Q-Chem 

program.53 Geometry optimizations employ the B3LYP functional54 and basis set 6-31+G*, with 

dispersion corrections from Grimme’s DFT-D2.55 For calculations of excited states, the explicit 

solvent molecules (water clusters in our suggested models) were combined with the polarizable 

continuum model (C-PCM).56 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.57 The choice 

of functional and basis set is crucial in accurately studying molecular systems. Here, B3LYP/6-

311++G** method was selected. This functional and basis set combination has been successfully 

applied before to study the benzoic acid (BA).1 In this study, the B3LYP functional was assessed 

with various standard basis sets, including Pople (6-31+G*, 6-311+G*, 6-311++G**) and 

Dunning (aug-cc-pVTZ and aug-cc-PVQZ) basis sets. The results revealed that the aug-cc-pVTZ 

and 6-311++G** basis sets provided the closest agreement to the aug-cc-pVQZ basis set, which is 

known for its accuracy. Therefore, using the Pople's basis set 6-311++G** can be a reasonable 

alternative that saves computational time compared to the more expensive augmented Dunning's 

basis sets. This finding suggests that by employing the appropriate basis set, reliable results can be 

obtained while reducing the computational cost.

To assess the accuracy of the B3LYP functional in predicting the optical absorption spectra 

of 4BBA systems, we performed a comprehensive comparative analysis involving various 

functionals such as B3LYP, CAM-B3LYP, LRC-wPBEh, and wB97X. The calculations focused 

on the neutral keto-form of the 4BBA∙(H2O)8 complex, and the obtained spectra were compared 

to the experimental data obtained at pH=1. The findings of this investigation will be discussed in 

detail in the forthcoming "Results and Discussion" section. 
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This relatively small size of this water cluster limits the solvent interaction with 4BBA to 

the carboxyl group, leaving the keto/diol groups with no solvating water interactions.  To gain 

deeper insights into the nature of the excited states responsible for the I- and II-bands, we 

conducted calculations of hole/particle Natural Transition Orbitals (NTOs) pairs using the 

B3LYP/6-311++G** method. Additionally, we explored the NTOs for the neutral keto-form of 

4BBA·(H2O)8 by employing the CAM-B3LYP/6-311++G** method in the gas phase to evaluate 

if there is the extent of orbital delocalization and investigate the potential contribution of water 

molecules in the excited states if any. This allowed us to examine if there is the possibility of 

charge transfer phenomena as the system's cluster size increased, which can be missed due to the 

B3LYP functional. CAM-B3LYP is known to be superior to B3LYP for studying charge transfer 

phenomena due to its ability to capture long-range electron transfer interactions accurately. Unlike 

B3LYP, which treats all electron-electron interactions equally, CAM-B3LYP incorporates a long-

range correction that improves the description of charge transfer states. This correction accounts 

for a fraction of Hartree-Fock exchange that contributes to long-range electron-electron 

interactions, which are crucial for charge transfer phenomena. The outcomes of these calculations 

will be extensively discussed, shedding light on the underlying electronic characteristics of the 

specific excited states under investigation. 

Large clusters - 4BBA·(H2O)30. To include interactions of solvent media with all functional groups 

present in the 4BBA molecule (keto-, diol- and carboxy-groups), large water clusters (30 water 

molecules) were used. Due to the system size of large clusters, the calculation of excited states 

using traditional ab initio approaches are very challenging and computationally expensive. One 

possible method that can accurately describe structural and optical effects in large systems with a 

reasonable computational cost is the density functional tight-binding (DFTB) method59 and excited 

states formalism TD-DFTB,59,60 which aims to achieve the accuracy of DFT methods and the 
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efficiency of tight-binding-based methods. To include all possible speciated forms into the total 

optical spectrum, the combination of Molecular Dynamics DFTB (MD-DFTB) method with TD-

DFTB was used. This approach was previously used for the simulation of β-hydroxyalkyl nitrates, 

pyruvic acid, benzoic acid, and humic substances.1,34,38,61 

For large systems, all calculations were performed using the DFTB+ (18.2 version) 

package.62 Calculations were performed using the DFTB3-D3H5 formalism 60,63 and the 3ob-3-1 

parameter set.64-66 DFTB-D3H5 is a variant of DFTB3 with additional corrections for non-covalent 

interactions, including dispersion and hydrogen bonds. For a DFTB3-D3H5 calculation, a specific 

parametrization of the dispersion correction (DftD3) has to be used: sr6 = 1.25; alpha6 = 29.62; s6 

= 1.0; and s8 = 0.49.65 In addition, the hydrogen–hydrogen repulsion was also activated.67 The 

maximum angular momentum was set to: H = s; C = p; O = p; and N = p. The Hubbard derivatives 

(in atomic units) were specified for the selected parameter set: H = -0.1857; C = -0.1492; O = -

0.1575; and N = -0.1535. Excited states of the molecule 4BBA in a water cluster were calculated 

using TD-DFTB method62 as implemented in the DFTB+ package. To generate initial structures 

for four distinct forms of 4BBA, the most energetically preferable geometries of 4BBA (obtained 

in a gas phase using B3LYP/6-31+G* method) were surrounded by 30 water molecules. Packmol68 

program was used to randomly distribute these 30 water molecules around the 4BBA molecule, 

specifically placed into a center of the cluster sphere (radius 8 Å). Obtained geometries were 

optimized by DFTB and then used as an initial structure for MD-DFTB calculations. 

All MD calculations were performed at constant energy. Initial velocities were sampled for 

the equilibrium structure of interest from a Boltzmann distribution at 298 K. The time-step was 

0.4 fs, with a total of 40 trajectories, 10 of these trajectories were simulated for 4BBA·(H2O)30 per 

isomer. The total calculation time is around 10 ps per trajectory. Each of these trajectories was 
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used for the calculation of the total optical absorption spectrum: we extracted structures every 250 

fs of the simulation, and their vertical excitation energies and oscillator strengths were calculated 

with TD-DFTB. All the resulting Gaussian were added to yield the excitation spectrum. This 

approach has been successfully implemented for the simulation of β-hydroxyalkyl nitrates, pyruvic 

and benzoic acids.1,38,61 

To assess the performance of the TD-DFTB method, we conducted a comparative analysis 

of the optical absorption spectra obtained using the tight-binding approach and the TD-DFT 

method. Specifically, we examined the optical spectra of the neutral and ionized keto-forms of the 

4BBA∙(H2O)30, which were selected from the DFTB-MD trajectories. Our findings indicate that 

there is no significant difference in the curve shape of the optical spectra obtained with both 

methods. In the case of the neutral structure, the maximum difference in peak positions between 

TD-DFTB and TD-DFT is only 3 nm, as depicted in Figure S2 of the Supporting Information. 

However, for the anionic structure, there is a notable redshift of approximately 20 nm in TD-DFTB 

compared to TD-DFT. Overall, the results demonstrate that TD-DFTB yields reasonable 

agreement with TD-DFT in reproducing the optical absorption spectra for both the neutral and 

anionic structures of 4BBA. This suggests that TD-DFTB can be a reliable alternative method for 

studying the optical properties of these systems.

The optical spectra were simulated by convoluting the vertical transitions at each excitation 

energy with a Gaussian line shape. The selection of the full width at half-maximum (FWHM) for 

the Gaussian was based on the experimental FWHM, which ranged between 0.39 and 0.42 eV. To 

simplify the calculations, the FWHM value was approximated as 0.4 eV. Subsequently, all spectra 

were convolved in energy units (eV). Then the result was converted to wavelength units (nm) using 

the formula λ(nm) = 1239.9/E(eV), where λ represents the wavelength and E denotes the energy.
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Results and Discussion

Experimental results.

The UV-Vis spectra for 100 μM solutions of 4BBA at pHs 1.0 to 12.0 is shown in Figure 

2A. At low pHs, two bands are clearly observed, highlighted as minima in the first-order derivative 

of the UV-Vis spectra (Figure 2B): an intense I-band centered at 260 nm and a II-band at 333nm. 

The I-band has a long absorbance tail across all pHs examined, reaching the visible spectral region. 

Between pHs 1.0 to 3.0, there are no significant changes in the spectral features of the solution. As 

pH increases from 3.0 to 4.0 a small redshift of 4 nm in the I-band is observed, after which the 

intensity of the I-band decreases and remains relatively contestant up to pH 12.0. Above pH 4.0, 

the II-band is no longer observable. 

Figure 2. (A) Representative UV−vis absorption spectra of 100 μM 4BBA solutions over a range 
of pH conditions from 1.0 to 12.0. Insert shows the redshift of band I. (B) First order derivative of 
spectral data, showing minima for bands I and II.  

As shown in Scheme 1, keto acids can be found in protonated and deprotonated forms.69 In 

order to determine whether the diol or keto-forms of 4BBA are present in aqueous phase, a pH-

dependent 1H-NMR analysis was carried out at 22 ºC (Support Materials, Figure 1S). This keto-

diol equilibrium has been observed in other environmentally relevant keto acids. While the diol-

form is not stable isolated, its presence in solution is possible and can increase the speciation of 
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the system. This 1H-NMR analysis shows no detectable formation of the diol in solution phase at 

any of the pHs examined. Thus, the speciation of 4BBA is primarily the acid and conjugate base 

of the keto-form, without any diol species detected:

(1)

Aromatic rings will tend to make the carbon in the keto group more electrophilic by 

induction, which would favor hydration and the formation of gem-diol species in aqueous phase.69 

However, resonance effects make the carbon in the keto group less electrophile, driving the charge 

density and thus preventing the formation of diols for 4BBA in aqueous solutions.69 1H-NMR only 

shows the keto-form of 4BBA, with the expected shifts in the spectra as protonation/deprotonation 

of the carboxylic acid takes place. 

Fitting of the NMR spectral data shifts in response to acid and conjugate base equilibrium 

yields a pKa of 3.41±0.02 (Supplementary Information, Figure S1B and S1C). Previous 4BBA 

pKa measurements have place the pKa near 4.85,70 yet these measurements were conducted in 

50% ethanol solutions, in order to increase the solubility of 4BBA. In addition to 1H-NMR, the 

acid-base equilibrium of 4BBA was investigated in 18 MΩ water via potentiometric titration, 

resulting in a pKa = 3.41±0.04 (Supplementary Information, Figure S1A), a statistically similar 

value than that reported via 1H-NMR analysis. Thus, the UV-Vis absorption spectra below pH 3.0 

represent that of neutral 4BBA, with over 98% of species in neutral form. Absorption spectra taken 

above pH 6 represent that of anionic species as the system is more than 99% deprotonated. At 

acidic pH, neutral 4BBA shows higher absorbance in the I-band and II-band. As pH increases, 
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forming deprotonated species, the I-band at 260 nm redshifts to 264 nm and the II-band is not 

observable above pH 4.  

The NMR analysis and pH-dependent changes in the optical properties of 4BBA in solution 

indicate slight variations in the electronic structure of protonated and deprotonated forms of 4BBA. 

The redshift, observed as pH increases, occurs at the reported pKa of 4BBA, suggesting that 

deprotonation plays a role in the absorbance spectral shift. These variations may alter the solvating 

effects and stability of 4BBA, as well as its optical properties in the aqueous phase. 

Comparison of experimental results with theoretical calculations 

As noted above, the experimental spectrum of 4BBA at pH=1 shows two bands: a strong 

I-band at 260 nm and a weak broad II-band between 320-360 nm (Figure 2). However, the 

spectrum at high pH has only one strong I-band centered at 264 nm. Above pH 4, the I-band on 

the UV-Vis spectra of aqueous 4BBA is redshifted by 4 nm and becomes significantly intense with 

increasing pH. The ratio of experimental I-bands intensities between pH 1 and 6, pH values that 

represent the theoretical models, is .IpH = 1

IpH = 6
= 0.84
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Figure 3. Experimental UV−Vis absorption spectra of 4BBA at both pH = 1 (blue line) and pH=6 
(green line). These two spectra were used to compare theoretical results of protonated and 
deprotonated 4BBA.

Spectral changes in aqueous 4BBA with respect to pH, summarized in Figure 3, suggest 

that the increase in pH, with the concomitant deprotonation of 4BBA, results in two competing 

effects that ultimately lead to a slight redshift of the I-band: First, the electron delocalization of 

the deprotonated species (higher pH) decreases the electron transition energy, leading to a redshift 

in the absorption spectrum as pH increases. Second, the interaction between water and the more 

polar anionic 4BBA is relatively more favorable, which stabilizes the ground state of the 

deprotonated species (higher pH) compared to that of neutral species (lower pH). This last solvent 

effect increases the electron transition energy, resulting in a slight blueshift. This last effect is not 

as significant, leading to an overall redshift with pH increase. Understanding the relative 

magnitude of these two competing effects is examined using theoretical clusters (vide infra). Yet, 

experimental results suggest that the relatively low solubility of 4BBA, interpreted here as a less 

favored interaction between water and 4BBA compared to smaller organic acids, minimizes the 

second effect, leading primarily to a redshift in the absorption spectrum as pH increases due 

primarily to electron delocalization. Water interaction with 4BBA, even though smaller than other 

organic acids, are enough to counterbalance the redshift due to delocalization, resulting in only a 

slight redshift as pH increases, shown in Figures 2 and 3. The relative combination of these two 

competing effects is more complex, as it involves 4BBA speciation, energy changes in the excited 

state, and the intermolecular interaction of each speciated form with water molecules. Overall, the 

small redshift observed in 4BBA solutions indicates that the electronic structure of the anions and 

neutral species are relatively similar.

Using the DFT method, we calculated the populations of the keto- and diol-forms of 4BBA 

in a water solution at various pH values by evaluating the free Gibbs energy change between these 
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forms (see Fig. S3a-b, SI). Our results revealed that the keto-form is energetically favored in both 

cases, with ΔG values of -8.31 kcal/mol for the neutral state and -13.69 kcal/mol for the ionized 

state. Consequently, at room temperature in low pH water, it is expected that the neutral keto-form 

will dominate (91.76%), while the neutral diol-form will constitute a smaller fraction (8.24%). 

Similarly, at high pH, the ionized keto-form is expected to be overwhelmingly predominant 

(99.98%), while the ionized diol-form will be present in negligible quantities (0.02%). These 

findings provide valuable insights into the relative populations of the different forms of 4BBA 

under specific pH conditions.

Small theoretical clusters - 4BBA·(H2O)8. Experimental results suggest that the keto-form is the 
primary species in the acid-base aqueous equilibrium of 4BBA. To confirm this observation and 
to reproduce the two bands observed in the 4BBA solution at pH 1.0, theoretical complexes of 

neutral keto- and the diol-forms of 4BBA were used as possible models of 4BBA at low pH. The 
comparison between the experimental optical absorption spectrum at pH=1 and two theoretical 
models are presented in Figure 4a and 4b, for the neutral keto-form and the neutral diol-form, 

respectively. The small cluster model of the neutral keto-form of 4BBA simulating low pH 
speciation exhibits two bands, similar to the experimental observation: a strong I-band and low-
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energy broad II-bands (Fig. 4a). 

Figure 4. Comparison of the theoretical (red line) and experimental (black line) optical absorption 
spectra at different pH. Level of theory is B3LYP/6-311++G** (gas phase).

In the theoretical spectrum of neutral keto-4BBA, the strong band at 265 nm can be 

considered as the experimental I-band and the second broad low-energy band at 300 nm can be 

assigned with the experimental II-band. This small cluster model provides reasonable agreement 

between experiment and theory in the case of strong I-band, with a difference in the peak position 

between theory and experiment of 5 nm. However, according to the theoretical results, the 

experimental II-band appeared at significantly lower wavelengths (Table 1). Additional solvent 

effects, such as the polarizable continuum model (C-PCM) do not make any significant 

improvements in the calculation (Fig. S4, SI). 

Page 18 of 36Physical Chemistry Chemical Physics

P
hy
si
ca
lC

he
m
is
tr
y
C
he
m
ic
al
P
hy
si
cs

A
cc
ep
te
d
M
an
us
cr
ip
t

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
5 

Ju
ne

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/1

3/
20

23
 4

:5
0:

28
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online

DOI: 10.1039/D3CP01520C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp01520c


19

Calculation of the optical spectrum for the neutral keto-form of 4BBA·(H2O)8 using 

different functionals, including CAM-B3LYP, LRC-wPBEh, and wB97X, revealed their inability 

to reproduce the low-energy band accurately (Fig. S5a, SI). This is consistent with our previous 

studies on benzoic acid (BA) at low pH, where the low-energy band was also challenging to 

reproduce using TD-DFT.1 In contrast, the ADC(2) method successfully reproduced the intensities 

and position of the peaks of the BA spectrum, with good agreement between theory and experiment 

(Fig. S5b, SI). Despite the fact that ADC(n) level of theory was able to address these issues, its 

computational demand makes it impractical for the current system. Also, it is important to note 

that in the study of benzoic acid (BA), TD-DFT could accurately reproduce the nature of the 

involved orbitals for both bands, achieving a level of accuracy comparable to the more advanced 

ADC(2) method (Fig. S5b, SI). Therefore, in the current work, we can confidently conclude that 

the theoretical broad low-energy band observed in the spectrum of the neutral keto-4BBA is indeed 

related to the II-band observed in the experimental spectrum. This suggests that TD-DFT can 

capture the electronic characteristics of the excited states involved in this specific system.

The optical spectrum of neutral diol-form also exhibits two spectral bands at 251 and 289 

nm (Fig. 4b, Table 1). However, the difference with experimental data is more significant with 

comparison to the keto-form: the I-band of this theoretical spectrum is blue-shifted 9 nm and the 

II-band is shifted 51 nm. The experimental energy gap between these two bands is around 1.1 eV, 

whereas the theoretical calculation yields a significantly smaller value of 0.65 eV (Table 1).

Two additional models were considered to simulate the optical spectrum of 4BBA at high 

pH: deprotonated keto- and diol-forms of 4BBA with 8 water molecules. The shape of the 

theoretical spectrum of the deprotonated keto-form of 4BBA is in good agreement with 

experimental results (Fig. 4c, Table 1). However, the calculated spectrum of the deprotonated 

diol-form of 4BBA exhibits a shoulder band blue-shifted with respect to the experimental peak II 
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. There is only a weak shoulder band above 250 nm (Fig. 4d). Calculated spectra for four speciated 

forms of 4BBA allowed us to conclude that molecule of 4BBA at pH=1 exists in neutral keto-

form, whereas at pH=6 it should have a deprotonated keto-structure. These theoretical results agree 

with the experimental findings and further suggest that the hydrate form of 4BBA is not present in 

aqueous phase.

The orbitals involved in the electron transitions in both protonated and deprotonated 

clusters are shown in Figure 5 and 6. The low-energy II-band of the neutral keto-form arises due 

to the π→π* transitions (Fig. 5). However, the strong I-band appearances due to the mixture of 

n→π* and π→π* transitions for both speciated forms: neutral- and deprotonated keto-4BBA 

(Fig.5 and 6). 

Figure 5. Natural transition orbitals of the selected excited states of neutral keto-form of 
4BBA·(H2O)8 calculated at the B3LYP/6-311++G** (gas phase). 
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Figure 6. Natural transition orbitals of the selected excited states of deprotonated keto-form of 
4BBA·(H2O)8 calculated at the B3LYP/6-311++G** (gas phase). 

Comparison of orbitals corresponding to the neutral and deprotonated keto-clusters 

indicate clear similarities. For example, the I-band of both structures arises due to the mixture of 

n→π* and π→π* transitions (Fig. 5 and 6). However, there are certain differences that impact the 

spectral features of aqueous 4BBA. In particular, the natural transition orbitals (NTOs) of 

deprotonated structure located on the entire 4BBA fragment, whereas in the case of the neutral 

keto-form these orbitals are only located on the C6H5-C(=O)- or -C6H4-COO fragments only 

(Figure 5 and 6). Additionally, we can see that orbitals on the water molecules participate in the 

electron transitions of the I-band of both neutral- and the deprotonated keto-forms of 4BBA. This 

suggests that both the organic acid and water molecules within the cluster contribute to excitation 

and further emphasizes the relevance of water cluster modeling around the chromophore.  Thus, it 

is paramount to examine the effect of water solvation on the optical properties of 4BBA.
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Calculated NTOs for the neutral keto-form of 4BBA·(H2O)8 using CAM-B3LYP/6-

311++G** level of theory can be found in Figure S6, SI. The results obtained from both B3LYP 

and CAM-B3LYP functionals exhibit striking similarity, with all Highest Occupied Molecular 

Orbitals (HOMOs) and Lowest Unoccupied Molecular Orbitals (LUMOs) being localized solely 

on the 4BBA molecules. Notably, there are no orbitals involving the water molecules, indicating 

the absence of any detected charge transfer process.

Large water clusters - 4BBA·(H2O)30. The experimental data and DFT population analysis based 

on Gibbs energy indicated that the keto-form of 4BBA is the dominant species at low and high 

pHs. Presented TD-DFT results for the small models reproduce the agreement with the experiment 

well. However, despite the success achieved with small model systems for other chromophores,1,36 

the solvent effects cannot be fully reproduced for aqueous phase 4BBA using just 8 water 

molecules, as the solvent interactions are limited to the carboxylic acid group. Therefore, larger 

water clusters are necessary to simulate the interactions of the carboxy-, keto- and diol-groups of 

the 4BBA system with water. To achieve this level of interactions between water and all functional 

groups within the 4BBA molecule, larger clusters of 30 water molecules were simulated. To 

consider the contribution to the total optical absorption spectrum of all possible speciated forms, 

MD-DFTB trajectories were simulated and used to calculate the total TD-DFTB optical absorption 

spectrum of the largest systems. It is important to mention that our comparative analysis of the 

optical absorption spectra using the TD-DFTB and TD-DFT methods demonstrated good 

agreement, particularly for the neutral systems (Fig. S2). This suggests that the observed 

differences in the optical spectra between small systems calculated with TD-DFT and large 

systems calculated with TD-DFTB along the MD-DFTB trajectories can be attributed to solvent 

effects and the contribution of different speciated forms.  
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The optical spectra of the neutral forms of 4BBA (low pH models) were found to be 

significantly influenced by the contribution of different speciated forms and solvent effects, as 

evidenced by the results obtained for larger clusters 4BBA∙(H2O)30 (Figure 7a-b). In Figure 7a, 

we can see some improvements in the theoretical spectrum of neutral keto-form of 4BBA∙(H2O)30 

related to the position of the low-energy II-band. This band still has a higher amplitude than it has 

in the experiment, but the position of this band is closer to the experiment. The gap between the I 

and II peaks is closer to the experimental value for the larger complexes (Table 1). 

The optical spectrum of the neutral diol form of 4BBA, calculated with 30 water molecules, 

exhibits a distinct feature not observed in the spectrum obtained with eight water molecules: the 

intensity of the low-energy broad peak (II-band between 325 - 375 nm) increases in the presence 

of the larger water cluster (Fig. 7b). Additionally, the energy gap between I- and II-bands became 

larger, around 1.0 eV.  This result is likely due to solvating stabilization of the diol-forms, which 

can form hydrogen bonding with water molecules in the geminal diol carbon. The separation 

between the carbonyl and the hypothetical diol functional groups in the neutral diol-form of 4BBA 

prevents the formation of intramolecular hydrogen bonding, leaving the diol-form and carbonyl 

groups available for intermolecular hydrogen-bonding with the water solvent. This effect is in stark 

contrast with smaller environmentally relevant chromophores, such as pyruvic acid, where 

intermolecular interactions tend to stabilize the protonated forms and weaken intermolecular 

hydrogen bonding with the surrounding water.35 This intramolecular H-bonding likely contributes 

to the stability of the diol-form of keto-acids in solution, the effect absents in 4BBA. This low-

energy band on the spectrum of the neutral diol-form of 4BBA∙(H2O)30 is very close (position and 

size of magnitude) to the experimental II-band of 4BBA at low pH. 
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Figure 7. Comparison of the theoretical (red line) and experimental (black line) optical absorption 
spectra at low pH. The theoretical spectrum is an average spectrum of all structures along MD-
DFTB trajectories. The level of theory is TD-DFTB.

Table 1. Experimental and theoretical optical absorption spectral data for 4BBA at different pH
TD-DFT

neutral 4BBA∙(H2O)8

TD-DFTB
neutral 4BBA∙(H2O)30

Bands Experiment 
(pH=1)

keto-form diol-form keto-form diol-form
I-band 260 nm

4.77 eV
265 nm
4.68 eV

251 nm
4.94 eV

267 nm
4.64 eV

274 nm
4.53 eV

II-bands 320 -360 nm
3.44-3.89 eV

300 nm
4.13 eV

289 nm
4.29 eV

315-375 nm
3.31-3.94 eV

325-375 nm
3.31-3.82

TD-DFT
deprotonated 4BBA∙(H2O)8

TD-DFTB
deprotonated 4BBA∙(H2O)30

Bands Experiment 
(pH=6)

keto-form diol-form keto-form diol-form
I-band 264 nm

4.67 eV
283 nm
4.38 eV

< 250 nm
>4.96 eV

309 nm
4.01 eV

261 nm
>4.74 eV
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The optical spectra of the deprotonated keto-form complexes (high pH models) exhibited 

a noticeable redshift compared to both the experimental data and the small water cluster system 

(Table 1). However, the overall shape of the theoretical curve closely matches the experimental 

results. Despite the I-band centered at a higher wavelength than the experimental band, it is 

consistent with the redshift experimentally observed upon pH increase across the pKa of 4BBA 

(Fig. 7c). This matching behavior from protonated to deprotonated forms suggests that 4BBA at 

pHs above the pKa exists in deprotonated keto-form, in good agreement with the experimental 

findings. Overall, there is a 48 nm difference between experimental and theoretical spectra of the 

deprotonated keto-forms due to the increasing effect of solvating water molecules in the 

deprotonated 4BBA, demanding more challenging computation. This significant spectral shift of 

the theoretical spectra of 4BBA complexes in the keto-form with respect to the experimental data 

can be related to the relatively short MD trajectories where the system did not have enough time 

for relaxation. Thus, extending the molecular dynamics trajectories should increase the agreement 

between theoretical simulations and experimental observations where the system will reach a more 

stable and equilibrated state.

In contrast to the small cluster, the calculated spectrum of the deprotonated diol-form of 

4BBA∙(H2O)30 exhibits a strong peak at 261 nm (Fig. 7d). The peak of the large cluster has stronger 

intensity and it is red-shifted compared to the small cluster. This phenomenon can be attributed to 

solvent effects, specifically the interaction between water molecules and the diol group, which 

leads to a stabilization of the diol-form of 4BBA.. 

The structures of all speciated forms of 4BBA were initially placed at the center of a 30-

water cluster sphere. Diol- and keto-forms exhibit different water distribution distributions during 

the MD simulations. In the case of the keto-forms (Fig. 8a-b), the keto-group coordinates with just 
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1 or 2 water molecules. For the neutral keto-structure, there are 60% of trajectories lead to the 

formation of structures with two water molecules coordinated nearby the keto-group (Fig.8 a.2-

3), whereas, in the case of deprotonated form, there are 90% of all trajectories where just one water 

molecule is located near the oxygen of keto-group (Fig.8 b.2-3). The opposite is found for the diol-

forms, the diol-functional group increases the capability of hydrogen bonding with surrounding 

water molecules compared to the keto-group. A strong diol-group and water molecules interaction 

is observed (Fig.8 c-d). Given the additional OH functional group in the geminal carbon, the diol-

group coordinates with 3 or 4 water molecules with an average hydrogen bond distance of 2 Å 

(Fig.8 c-d). These hydrogen-bond lengths do not significantly change during the MD simulation 

time (Fig.8 c.3, d.3). 

Figure 8. Selected structures of (A.1) neutral keto-form of 4BBA; (B.1) deprotonated keto-form 
of 4BBA; (C.1) neutral diol-form of 4BBA; (D.1) deprotonated diol-form of 4BBA; (A.2, B.2, 
C.2, D.2) water molecules coordination around keto- and diol- groups. Distances between the 
oxygen atom of keto-group and oxygen atoms of nearest water molecules (along MD trajectory) 
for neutral (A.3) and deprotonated (B.3) clusters of keto-form 4BBA. Hydrogen bonds along MD 
trajectory between the diol-group and nearest water molecules in the cluster of neutral diol-form 
of 4BBA (C.3) and deprotonated diol-form of 4BBA (D.3). Note: for the keto-form, we considered 
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O…O distances, because some of the water molecules using different hydrogen atoms to 
coordinate by an oxygen atom of keto-group along the trajectory.  

Overall, theoretical calculations and experimental findings indicate that the experimental 

optical spectra of aqueous phase 4BBA at low pH can be represented by the neutral keto-form. 

Similarly, the theoretical spectrum of deprotonated keto-form successfully represents experimental 

spectra at high pH, as it models the experimentally observed redshift that takes as pH increases. 

Calculations confirm that the more electron-delocalized deprotonated keto-form form of 4BBA, 

observed at higher pHs, leads to a small decrease in the excitation energy observed as a redshift in 

Figure 1. In contrast, the deprotonated keto-form leads to a shift to the blue as pH increases, likely 

due to water interactions. While the theoretical spectrum of the deprotonated keto-form form of 

4BBA models the correct direction of the spectral shift with respect of pH, a more accurate 

simulation of water solvent effects at different pH is needed to improve the agreement between 

theory and experiment further. 

Conclusions

Chromophoric organic acids containing aromatic groups are widely present in the sea 

surface and can partition into the atmosphere through bubble bursting and wave breaking.19, 37 

Thus, these chromophores can undergo significant pH changes, from the slightly basic sea surface 

microlayer (SSML pH 7.8) to the more acidic sea spray aerosol (SSA pH 2 to 4).46 Molecules like 

4BBA, often used as a proxy of more complex organic substances, such as CDOM and humic-like 

substances, can provide molecular level understanding of light-induced environmental processes 

and the role of chromophores in the Earth’s radiative energy balance.5, 40-43 Therefore, the 

systematic investigation of 4BBA absorption carried out here provides critical understanding of 

Page 27 of 36 Physical Chemistry Chemical Physics

P
hy
si
ca
lC

he
m
is
tr
y
C
he
m
ic
al
P
hy
si
cs

A
cc
ep
te
d
M
an
us
cr
ip
t

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
5 

Ju
ne

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/1

3/
20

23
 4

:5
0:

28
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online

DOI: 10.1039/D3CP01520C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp01520c


28

the optical properties as it is applied to represent more complex light absorbing substances in 

specific environmental conditions. 

In the present work, spectroscopic measurements are combined with theoretical 

calculations to study the optical absorption spectra of 4BBA in an aqueous solution. 1H-NMR 

spectra were used to experimentally determine that no hydration diol-forms of 4BBA are 

detectable at the pHs examined, indicating that the speciation of aqueous phase 4BBA consists on 

keto-forms. These experimental data, combined with potentiometric titrations, were used to 

determine the pKa of 4BBA at 3.41±0.04. The theoretical hydrated model agrees well with the 

experimental spectra, especially for neutral speciated forms. Calculated absorption spectra also 

indicate that the keto-forms of 4BBA are the predominant form of 4BBA in the aqueous phase. 

Overall, the work shown here suggests that 4BBA, when used as a moiety of environmental 

photosensitizers, has characteristic speciation and optical properties depending on the pH of the 

environment, primarily as a protonated keto-form when present in SSA to the deprotonated keto-

form in SSML and bulk natural waters. For these calculations, solvent effects are an important 

parameter for reproducing the correct optical spectra of 4BBA in the water environment, especially 

at low pH. Our theoretical results agree with experimental observations, with lower pH I-band 

showing both experimentally (at 260 nm) and theoretically (at 265 nm, TD-DFT). At higher pHs, 

the effect of water becomes weaker, with the redshift upon pH increase at 4 nm experimentally 

and 18 nm (TD-DFT) in our simulation. 

Experimental optical spectra of 4BBA at different pH can be presented by the neutral keto-

form in the case of low pH and deprotonated keto-form in the case of high pH. Both experimental 

and theoretical results indicate the presence of a high-energy I-band that undergoes a slight redshift 

as pH increases, moving it closer to the solar spectral region. In addition, a low energy II-band at 
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330 nm only shows at low pHs characteristic of sea spray aerosols. Theoretical model clusters of 

4BBA with different numbers of water molecules demonstrated that solvent effects are crucial in 

reproducing the correct optical spectra of 4BBA. Theoretical clusters can be successful in 

describing chromophores in solution. Theoretical results showed that the I-band of both speciated 

forms of 4BBA arises from the combination of n→π* and π →π* transitions. Orbital analysis of 

the theoretical clusters allowed us to see that the orbitals involved in the electron transitions of the 

I-band involve a combination of 4BBA and water molecules within the cluster. Combining 

quantum chemical calculations of excited states with molecular dynamics thoroughly interprets 

experimental results and demonstrates the possibility of microscopic insight into the absorption 

spectra of organic molecules in water by calculations restricted to cluster models. The results show 

that a good spectroscopic description of organics dissolved in bulk can be obtained by simulations 

for clusters of water of moderate sizes. It seems sufficient when the waters roughly extend over 

the size of the organic species. Applications to other systems of this type should thus be feasible.

Supporting Information

The Supporting Information is available on the PCCP website. Additional data related to 

this paper can be accessed from the NSF-CAICE Data Repository (doi: PENDING) or may be 

requested from the authors.  
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