rsc.li/pccp

¥® ROYAL SOCIETY
OF CHEMISTRY

PCCP

Physical Chemistry Chemical Physics

Volume 27
Number 34
14 September 2025
Pages 17617-18040

ANNIVERSARY

ISSN 1463-9076

PAPER

Juan G. Navea et al.

pH-Dependent absorption spectra of agqueous
4-imidazolecarboxaldehyde: theoretical and experimental
insights into a marine chromophore proxy

PCCP

Owner Societies



Open Access Article. Published on 08 August 2025. Downloaded on 12/25/2025 2:07:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2025, 27, 17673

Received 23rd April 2025,
Accepted 26th July 2025

DOI: 10.1039/d5cp01553g

rsc.li/pccp

Introduction

pH-Dependent absorption spectra of aqueous
4-imidazolecarboxaldehyde: theoretical

and experimental insights into a marine
chromophore proxy

Lily J. Watson, Elizabeth Scholer, Caroline H. V. Calvert and Juan G. Navea (2 *

The sea surface microlayer (SSML) contains light-absorbing organic chromophores known to initiate
daytime aqueous-phase chemistry in the environment. These compounds, referred to as marine
chromophoric dissolved organic matter (m-CDOM), are known to partition from the sea surface into sea
spray aerosol (SSA), where they undergo substantial changes in acidity, transitioning from the slightly
basic SSML to the more acidic SSA. Recent studies suggest that the photosensitizing efficiency of
m-CDOM is pH-dependent, but its chemical complexity hinders direct molecular-level investigation.
Because m-CDOM contains more nitrogen than its terrestrial counterpart, 4-imidazolecarboxaldehyde
(41C)—a nitrogen-containing chromophore and known photosensitizer—has served as an effective
model system form m-CDOM. Yet, little is known about its pK, values or how its optical properties
respond to the variable pH conditions characteristic of the marine atmosphere. Understanding the pH-
dependent behavior of 4IC is essential for modeling the photochemical behavior of nitrogen-rich marine
chromophores. Here, we characterize the speciation and optical properties of 4IC across a wide pH
range, reporting its pK, and the pH effect in its absorption features. The diol-aldehyde equilibrium of
4IC, along with the optical properties of the species involved, was also investigated in the context of
daytime chemistry in the marine environment. Using theoretical and experimental techniques, we show
that the protonation state of 4IC significantly affects its electronic transitions. Under acidic conditions
typical of submicron SSA, 4IC exhibits low-energy absorption bands that overlap with the solar
spectrum, with more intense high-energy features extending into the actinic region. As pH increases to
values characteristic of the SSML, the more intense band redshifts towards the solar spectrum.
Theoretical results closely match experimental trends, reproducing the redshift and accurately predicting
the energies of key transitions.

aerosols, m-CDOM facilitates photochemical reactions that
influence atmospheric composition, aerosol properties, and

Environmental organic chromophores play a pivotal role in
daytime chemistry, influencing gas evolution, new particle
formation, redox cycling, and the marine chemical balance.'™
In the marine boundary layer (MBL), these organic chromo-
phores are a significant component of marine dissolved organic
matter (m-DOM), which is among the most prevalent light-
absorbing substances in the marine environment.’** The light-
absorbing fraction of m-DOM, known as marine chromophoric
dissolved organic matter (m-CDOM), has absorbance features
that overlap with the solar spectrum, making it an effective
photosensitizer and initiating photochemistry in the sea sur-
face microlayer (SSML)."**® Once partitioned into sea spray
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the chemical balance in the marine atmosphere.**** Under-
standing the properties of m-CDOM is essential for advancing
our molecular-level knowledge of chemistry and photo-
chemistry in the MBL. Particularly, the synergy between experi-
mental methods and theoretical modeling has offered valuable
insights into the mechanisms of molecular photoactivation
in aqueous environments and at complex environmental
interfaces.?* ™’

Marine dissolved organic matter (m-DOM) is present in low
concentrations and is unpredictably distributed throughout the
ocean, making its extraction challenging.'® Due to their simi-
larity in optical properties with m-DOM, humic substances (HS)
are sometimes used as proxies, though their chemical complexity
makes characterization equally difficult to study.”*?%* Thus,
molecular model compounds—such as benzoic acid, gallic
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acid, and 4-benzoylbenzoic acid (4BBA)—have been used to
probe specific chemical and physical processes relevant to
environmental photochemistry.>*?®** However, during the
2019 SeaSCAPE mesocosm campaign, a general compositional
analysis of m-CDOM was achieved, revealing that, while it
shares chemical features with terrestrial HS—including aro-
matic ketones, carboxylated alicyclic molecules, and aromatic
carboxylic acids—m-CDOM is characterized by a higher
presence of nitrogen-rich chromophores compared to its ter-
restrial counterpart.'® This characteristic has been shown to
influence various environmental processes, such as the water
uptake ability of organic aerosols and the photosensitization
that occurs at environmental interfaces.'”'°*> However, the
traditional model compounds mentioned above lack nitrogen
heteroatoms and therefore do not capture these nitrogen-
dependent chromophoric features of marine-derived DOM.

The identification of nitrogen-rich chromophores in m-CDOM
has thus highlighted the need for new molecular models that
incorporate this functionality, enabling a better representation
of photochemistry in the MBL.?® In this context, recent studies
have identified imidazole-carboxaldehyde compounds, such as
4-imidazolecarboxaldehyde (4IC) and its isomers, in atmo-
spheric particles.>”° These compounds are increasingly recog-
nized as valuable molecular models for nitrogen-containing
chromophores within atmospheric particles, including marine
photosensitizers.'”** Among these, 4IC stands out for its small
size, structural simplicity, and availability, making it especially
well-suited for molecular-level analysis. Its prior use in marine
aerosol studies further supports its potential as a representative
and tractable proxy for nitrogen-containing chromophores.”
However, the use of 4IC as a proxy for m-CDOM and other
environmental chromophores is constrained by the lack of
detailed spectroscopic and acid-base characterization under
environmentally relevant conditions.

Environmental conditions, such as pH, can add complexity
to the already intricate chemical composition of environmental
chromophores, shifting their acid-base equilibrium and chan-
ging their speciation.**®” While m-CDOM in the surface layers
of natural waters, including the SSML, typically exists at a
slightly basic pH, it can transition to an acidic medium with
pH levels as low as 2 when it partitions into spray aerosols.*"*?
This variation in pH can lead to significant changes in the
absorption spectra of environmental photosensitizers, with the
concomitant impact in the rate and yield of photochemical
reactions across the ocean-air interface.>’® In particular, the
photoactivity of 4IC, like those of other chromophores within
m-CDOM, can change with pH. Thus, to better understand
the photochemistry of 4IC, it is paramount to investigate the
pH-induced changes in its optical properties. Although the 4IC
molecule is a relatively simple system, the absorbance spectra
change due to the protonation and deprotonation of nitrogen
atoms, as well as hydration of the aldehyde group to form a
geminal diol, has not been investigated.

The use of models, such as 4IC, for molecular-level stu-
dies of environmental photosensitizers requires a careful exam-
ination of their physical and chemical properties under
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conditions relevant to the environment. This work integrates
experimental spectroscopic studies with theoretical calcula-
tions to explore the absorbance spectra of 4IC in aqueous
solutions across different pH levels in relation to the solar
spectral flux. This approach offers insights into the contribu-
tions of different speciated forms of 4IC in its optical absorp-
tion spectrum. Our theoretical studies allow the visualization
of the nature of the excited states of 4IC, as well as an
understanding of the effects of solvating water molecules,
the orbitals involved in electron transitions, and how the
contributions of speciated forms shape the 4IC optical spec-
trum at different pH levels.

Experimental section
Optical properties and speciation analysis

Sample 4-imidazolecarboxaldehyde (4IC), purchased from
Sigma Aldrich and used without further purification, was
dissolved in 18 MQ Milli-Q water to prepare 100 mM aqueous
solutions. The pH was adjusted by adding known volumes of
either hydrochloric acid (1 N) or sodium hydroxide (1 N), both
obtained from Fisher Chemical. UV-vis spectra of a 100 mM 4IC
solution were acquired at pH values ranging from 1.0 to 13.0,
with all pH measurements performed using an ACCUMET AB15
pH meter. Ionic strength across the pH range remained low,
with a maximum of approximately 0.1 M near pH 13. While
slight uncertainty is expected at high pH due to alkaline error,
measurements remained within the meter’s calibrated range
and were consistent with pH indicator paper. Thus, pH 13 is
used as a reasonable approximation of strongly basic condi-
tions. Spectral data were collected on a PerkinElmer Lambda 35
spectrophotometer using 1 cm quartz cuvettes.

The pK, values were determined using potentiometric titra-
tion and "H-NMR titration. "H-NMR spectroscopy of 4IC solu-
tions was performed using a Jeol 400 MHz instrument with
solvent suppression in the acquisition parameters. All "H-NMR
were collected for 4IC solutions with pH ranging from 1.0 to
13.0. The NMR samples contained 5 mM of sodium trimethyl-
silylpropanesulfonate (DSS), purchased from Sigma Aldrich, as
internal standard for peak locking. To provide additional pK,
analyses, potentiometric titrations were conducted on acidified
100 mM 4IC solutions by adding, dropwise, 0.3 M solution of
NaOH. Titrant addition followed a 15-minute N, bubbling
period, with all subsequent measurements conducted under a
continuous flow of 15 standard cubic feet per hour (scfh) to
remove CO, and other trace gases, minimizing pH fluctuations
caused by H,CO; formation.

All measurements, including UV-vis, "H-NMR, and potentio-
metric titrations, were conducted at a constant temperature
of 22 °C.

Theoretical models and methods

Water solvation plays a crucial role in the electronic excitation
of chromophores, significantly impacting the accuracy of simu-
lated spectra. Recent works shows that that without explicitly

This journal is © the Owner Societies 2025
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including water molecules in the model, it is nearly impossible
to reproduce experimental spectra, particularly at low and high
pH conditions where charged protonated and deprotonated
species prevail.>*2%** In particular, recent research has shown
that incorporating eight water molecules provides the best
agreement with experiment, accurately capturing band inten-
sity, shape, and energy.”>** Therefore, clusters of 4IC species
with 8 water molecules were considered - 4IC-(H,O)s. The
initial water cluster structure and its position near 4IC were
modeled based on the methods implemented in the theoretical
study of benzoic acid and 4-benzoyl benzoic acid.**** Gauss-
View program was used to randomly distribute eight water
molecules around the 4IC molecule, with 4IC positioned at
the center of a cluster sphere. Additional local minima were
generated by reallocating water molecules, near the carbonyl,
diols, amine, and imine functional groups of each 4IC form
modeled (Fig. S1) to capture a range of potential hydrogen
bonding interactions.

All theoretical calculations for small clusters 4IC-(H,0)g
were conducted using the quantum chemical computational
software Gaussian 09 and visualized using GaussView. Geome-
try optimizations, excited states, and energy calculations were
carried out using density functional theory (DFT) and time-
dependent DFT (TD-DFT) level of theory, with Becke’s three-
parameter hybrid method with the LYP correlation functional
(B3LYP) and basis set 6-311++G(d,p).** Additionally, all cluster
calculations used dispersion corrections from Grimme’s DFT-
D2 method.** For each excitation energy, the vertical transi-
tions were convoluted using Chemissian software package,
which first convolutes the spectrum with a chosen Gaussian
width in energy units (eV) before being converted to wave-
length (nm). Each vertical transition was convoluted with a
Gaussian line shape (half-width = 0.330 eV), and the resulting
functions were summed to generate the excitation spectrum.
To describe the nature of the excited states, the hole/particle
natural transition orbitals (NTOs)*>**® pairs were calculated
for every excited state involved in the formation of each
absorption band.

To better understand the water-4IC interaction as a function
of pH, theoretical spectra of all experimentally determined
forms of 4IC, as described in Scheme 1, were simulated and
compared with UV-vis spectral data of 4IC at the appropriate
pH. Based on the pK, calculations, theoretical results of proto-
nated aldehyde- and diol-forms of cationic 4IC were associated
with the experimental spectrum measured at pH = 2. Since the
neutral diol form was experimentally not found (vide infra), only
the neutral aldehyde form of 4IC was considered as possible
model for the experimental spectrum of 4IC at pH = 5. Finally,
the deprotonated aldehyde form of anionic 4IC and the neutral
aldehyde form were the species considered to model the
spectrum at pH 12. This pH range around pK,; and pK,, is
used to model the protonated and deprotonated species, with
the diol only present at pHs below pK, i, allowing the study of
which speciated form of 4IC is favored at low and high pHs
and what natural transition orbitals are responsible for the
absorption bands.

This journal is © the Owner Societies 2025
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Scheme 1 The associated protonation and hydration equilibrium reac-
tions that occur in aqueous solution for 4IC. Each species is labeled in red
in which HA refers to 4-imidazolecarboxaldehyde.

Results and discussions

Experimental results

The UV-vis spectra for 100 mM solutions of 4IC at pHs 1.0 to
12.0 is shown in Fig. 1A. Under acidic conditions (pH 1.0 and
2.0), two distinct bands are evident: a less intense band at
277 nm, which shows some overlap with the solar spectral
irradiance, labeled band-I, and a prominent high-energy band
centered at 237 nm, labeled band II. No significant spectral
changes are observed between pH 1.0 and 2.0. At pH 3.0, the
higher energy band broadens, exhibiting an extended absor-
bance tail beyond 300 nm, which begins to overshadow the
lower intensity band. By pH 4.0, a slight redshift of 8 nm is
observed in band-II, with its tail extending past 300 nm.
No spectroscopic evidence for the band-I is observed beyond
pH 4.0. Above pH 4.0, the absorption band-II continues to
redshift, accompanied by an increase in intensity, reaching a
center at 256 nm at pH 5.0. Band-II remains relatively stable in
both intensity and position up to pH 11.0. At pH 12.0, further
redshift is observed, shifting band-II to approximately 281 nm,
along with an additional increase in absorbance intensity.
While only one absorption band is clearly observed above pH
11.0, the second derivative of the UV-vis spectrum (Fig. 1B)
shows an additional high-energy absorption band, band-III,
centered around 230 nm.

As shown in Scheme 1, while 4IC has a relatively simple
structure, it can exist as a mixture of five different forms in
aqueous solution, making it a complex system to study. In
aqueous solution, 4IC exists in its aldehyde and its hydrate, the
geminal diol 4-imidazole-2,2-dihydroxy ((OH),HA). In addition,
each one of these forms also have their respective conjugate
acids, where protonation at different pK,s takes place in the N3
nitrogen, as shown in Scheme 1. At higher pK, the aldehyde
form of 4IC can be further deprotonated to form a net anionic

Phys. Chem. Chem. Phys., 2025, 27,17673-17685 | 17675
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Fig. 1 (A) Absorbance spectra of a solution of 100 mM of 4IC at different pHs — in yellow: solar spectral irradiance (data from NOAA, LASP spectral solar

irradiance).*” (B) 2nd derivative of the spectrum to better identify absorption bands.

aldehyde form of 4IC. Traditional potentiometric titrations
tend to overestimate the first pK, of the aldehyde form, as the
technique cannot distinguish between the aldehyde and diol
species. The second pK, is often missed or it is difficult to
estimate due to a low-sensitivity transition that is difficult to
detect potentiometrically (see Fig. S2). Thus, in order to deter-
mine the pK,s and the speciation of 4IC in aqueous phase, a
pH-dependent "H-NMR analysis was carried out at 22 °C. This
carbonyl-diol equilibrium is commonly observed in other envir-
onmentally significant chromophores. The pH ranges widely
from acidic conditions (around pH 2, typical of submicron
aerosols) to basic environments (around pH 8, characteristic of
the MBL).*" While the diol form is not stable isolated, its
presence in solution is possible and can increase the speciation
of the system.*87>°

The formation of the geminal diol in aqueous 4IC is gov-
erned by two opposing effects. On one hand, the aromaticity of
41C enhances the electrophilicity of the aldehyde carbon
via induction, promoting hydration and gem-diol formation
in aqueous phase.>® However, resonance effects decrease the

electrophilicity of the carbonyl carbon, redistributing the
charge density and inhibiting the diol formation.>" Solvent
suppression '"H-NMR analysis, shown in Fig. 2, suggests that
the diol form of 4IC is favored under acidic conditions, suggest-
ing acid-catalyzed formation of the gem-diol form, with proto-
nation at N3 being favored due to the acidity of the system. In
the acid-catalyzed hydration of 41C, protonation of the aldehyde
oxygen creates an intermediate in which the carbonyl carbon
becomes more electrophilic, facilitating nucleophilic attack by
water and leading to the formation of the hydrate or diol form
((OH),H,A").**? Fig. 2A shows an upfield shift in the "H-NMR
peaks, reflecting the deprotonation of both the aldehyde and
gem-diol protonated forms. The peaks assigned to the gem-diol
form (highlighted in red in Fig. 2A) are detectable only below
pH 5.5, whereas the aldehyde form persists across all pH
values. As pH increases, protonation becomes less favorable,
shifting the equilibrium toward the aldehyde form of 4IC. In
Fig. 24, the aromatic protons (2 and 5) shift closer together as
pH decreases. Fig. 2B shows the shift of the aldehyde proton
(6), with its singlet appearing downfield at 9.861 ppm under the

A [ mf ) c—————r ]
| [l 12.0 A 1o N 73
| [ 1.1 A 1.1 j\ g
I M 10.2 A 102 *200 | 6.1
11 9.6 A 96| ¥ RS
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Fig. 2 'H-NMR spectra of aqueous 4IC from pH 1 to 13. pH increases from bottom to top, as it is indicated in the right side of each spectra. (A) Shift of
aromatic protons (2 and 5) with the aldehyde form in black and diol form in red. (B) Shift of aldehyde proton (6). (C) Shift of nitrogen proton (1).
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most acidic conditions and shifting upfield to 9.445 ppm as pH
increases. In Fig. 2C, the nitrogen proton (1) is observed in the
geminal diol form at low pH, transitioning to the aldehyde form
as pH rises above 5.5.

Fig. 2B shows the NMR chemical shift changes with increasing
pH for the proton bonded to C6 in the aldehyde form, while
Fig. 2C presents the corresponding shift for the diol form. As pH
increases, the signal for the diol form gradually fades, consistent
with the hydration of the aldehyde being favored at lower pH.
Fig. 3 shows these pH-driven changes in NMR chemical shifts
plotted against pH, with the resulting titration curves enabling the
calculation of the pK, values for the aldehyde and diol forms.
Calculation of the aldehyde pK, were conducted using the 'H-
NMR data, through the chemical shift of the singlet peak assigned
to the aldehyde form (6) and the diol pK, by the chemical shift of
the red aromatic protons (2 and 5). This chemical shift can be
expressed in terms of mole fractions of the species in equilibrium,

expressed here generically as HA and its conjugate base A™:***°

Oobs = fradua * fa-0a- (1)

where J,ps is the observed chemical shift, and dy, and 0, are
the chemical shift of protonated and deprotonated 4IC, and fis
the mole fraction expressed by eqn (2) and (3):

_ ]
JHA = T+ K, @)
Ka
AENUETS @

The acid-base equilibrium constants, K,, were extracted
from a non-linear least-squares fitting of the experimental data
Oobs ¥S. PH to eqn (1)—(3), using the software package OriginPro
(OriginLab), as shown in Fig. 3. In the fitting, the equilibrium
constant is included as a free parameter in the model function
and is determined by regression to best fit the experimental
data. All pK, values reported in Table 1 were obtained from the
analysis of the "H-NMR titration data. Fig. 3A yielded the pK, ;
of the aldehyde form, Fig. 3B the pK,, of the aldehyde form,

View Article Online
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Table 1 pK, values of 4IC, extracted from the fitting of data in Fig. 3 using
egn (1). Values were determined at a constant temperature of 22 °C under
low ionic strength conditions, with a maximum estimated ionic strength of
approximately 1 x 10~ M at the highest pK,

pKa Equilibrium (speciation)
3.03 £ 0.06 PKa,1 (aldehyde form)
11.0 £+ 0.1 PKa,» (aldehyde form)
6.08 £+ 0.07 pKa,1 (diol form)

and Fig. 3C the pK, of the diol form. There is no detected pK, »
for the diol form, as it is no longer observed at the pH levels
required for further deprotonation of the geminal diol.

The chemical shift fitting shown in Fig. 3 aligns well with
eqn (1), yielding R* values of 0.995 and 0.975 for pK, ; and pK,,
in the aldehyde form of aqueous 4IC, and 0.998 for the diol
form. The measured pK,s also suggest that at pHs below 4,
relevant for atmospheric processing, protonated species will
determine the optical properties of the chromophore. This is in
good agreement with Fig. 1, which shows the disappearance of
a small band (band-I) around 255 nm, either as it fades or is
overlapped by the red-shifting intense band centered at 236 nm
(band-1I). Band-1II initially shifts 9 nm as pH increases from 2 to
3, followed by an additional 10 nm shift as pH reaches 4,
resulting in a total red shift from 236 nm to 255 nm as pH rises
from 2 to 4, around pK,,; of 3.03 for the 4IC aldehyde form. In
contrast, Fig. 1 shows no detectable shift as the pH increases above
the pK,, of the geminal diol form (6.08 £ 0.07). This is consistent
with Fig. 2C, which shows a relatively strong NMR signal for the
protonated diol form, while the signal for the neutral diol form
gradually fades, suggesting that 4IC hydration occurs primarily at
pH < 6 and, therefore, has little to no impact in the optical
propertties of the 4IC aqueous solution. Finally, as the pH increases
over pK,, of 11.0 £ 0.1, leading to the deprotonation of the 4IC
aldehyde form, there is a clear red shift in the absorbance spectra
of aqueous 4IC in Fig. 1 from 257 nm to 280 nm.

The equilibrium constant and subsequent speciation
between aldehyde and diol form can also be calculated based
off the "H-NMR spectra. The estimated hydration equilibrium

9.90
A 9_7_L Bl 7 C
9.851
(o]
~ = —~ 744
= g i IS
2 9.80 @96 &
2] 2] [Ze)
7.3
9.75 1 9.5 1
o
] 7.2
L | —— 9.4 ; : : S —
1 2 3 4 5 6 7 6 8 10 12 14 0 2 4 6 8 10
pH pH pH

Fig. 3

(A) and (B) in gray circles, chemical shift (0ops) vs. pH for the aldehyde proton (9.9 to 9.4 ppm); (C) in white circles, chemical shift (dops) vs. pH for

the nitrogen proton (7.5 to 7.2 ppm). The red line represents the non-linear fitting to egn (1).
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constant, Kpyq, is the ratio of the geminal diol and aldehyde

[diol]
[aldehyde]’
integration of the peaks in Fig. 2. The value of Kyyq changes
across the entire pH range of these data, consistent with an
acid-catalyzed hydration, following a sigmoidal-
Boltzmann model:

concentrations, estimated based on the 'H NMR

min max min
hyd (Khyd - hyd>
(pH—pHy)
1—¢ dpH

where hyiél is the lower limit of the hydration equilibrium, as
determined by its asymptotic approach to zero at higher pHs.
hya is the upper boundary of the hydration equilibrium, which

[dio]]
[aldehyde]
Under high acidity, the maximum formation of the diol is
reached, leading to quasi-steady state formation of diol and a
relatively constant Kiyq. Finally, pH, is the point of transition
between the upper and lower boundaries of K,yq, with dpH the
constant period of the pH that determines the profile. Here,
PH, is near the value of pK, ; for the aldehyde form, with pH, =
2.98 £+ 0.06. Below this pH, the concentration of neutral
aldehyde is more than twelve times that of diol, indicating that
most of the hydration reaction will take place on the protonated
4IC. Eqn (4) allows us to estimate the value of Kyyq at any pH,
which can then be used to determine the speciation of 41C with
respect of pH, as shown in Fig. 4.

The "H-NMR spectra indicate that both the geminal diol and
aldehyde forms are present below pH 5.5, with nearly all diol
present in protonated form. The speciation diagram shown in
Fig. 5 (with calculation details provided in the SI) indicates that
the fraction of 4IC in neutral diol form reaches a maximum of
only 0.016% at pH 3.2. At pH 1 and 2, the protonated aldehyde

4)

Kpya =

corresponds to the values calculated at low pHs.

1.0

o 2 4 6 8
pH

Fig. 4 Calculated hydration equilibrium constants for 4IC. K, q values are
calculated as the ratio between the integrations of the diol NMR peak to
that of the aldehyde. Consistent with an acid-catalyzed process, the
hydration equilibrium constant decreases with pH, following a
sigmoidal-Boltzmann model (red line).
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Fig. 5 Speciation of 4IC as a function of pH. Dotted lines represent the
values of pKj,s for the aldehyde and diol forms of 4IC.

and diol form coexist in solution and, as pH increases to 5, the
aldehyde form is the prevalent species in solution with frac-
tions above 0.99 between pH 5 and pH 9, as shown in Fig. 5.
Overall, the neutral aldehyde form is the dominant form of 41C
in aqueous phase from pH 3 to 11, which is consistent with the
calculated pK, values of 3.03 and 11.0. Above pH 11, the
deprotonated aldehyde becomes dominant, with a fraction at
0.91 above pH 12.

The experimentally determined pK,s and speciation calcula-
tions (Fig. 5) suggest that at pHs below 3, characteristic of
submicron sea spray aerosols*' or the aerosol deliquescent
layer,*>>*7® the dominating species of 4IC in aqueous phase
will be a combination of the protonated geminal diol and the
protonated aldehyde form. As pH increases above 4—typical of
total suspended particles in the MBL—and approaches pH 8,
characteristic of the SSML, aqueous 4IC predominantly exists
in its neutral aldehyde form, which remains dominant up to
pH 11. Finally, although less environmentally relevant, above
pH 11 the anionic aldehyde form is the dominant species of
aqueous 4IC. This speciation determination guided the time-
dependent quantum chemical calculation of the small 4IC-
(H,O0)s clusters to simulate the absorbance spectra in Fig. 1:
the aqueous 4IC spectrum at pH 2 is best represented by a
combination of the protonated geminal diol and aldehyde
species, while the spectrum at pH 5 corresponds to the neutral
aldehyde form. Finally, at pH 12, the absorbance spectrum is
better modeled by the anionic aldehyde form of 4IC.

Comparison of the theoretical and experimental results

In general, there is a good agreement between the experimental
and theoretical spectra, not only including the energy of
the absorption bands, but the intensity trends and shape of
the bands.

Experimental results indicate that at low pH, the acid-base
equilibrium of aqueous 4IC favors the formation of both the
geminal diol and aldehyde forms. To confirm this and account
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for the two absorption bands observed in 4IC solutions between
pH 1.0 and 3.0, theoretical models were developed using
protonated aldehyde and hydrated diol complexes as represen-
tative species of 4IC under acidic conditions. The match in the
optical spectra between the experiment and one of the theore-
tical models will allows to determine the natural transient
orbitals (NTOs) and role of solvent in the electronic transition.
The experimental optical absorption spectrum at pH 2 is
compared to two theoretical models, a protonated aldehyde
form and a geminal diol form of 4IC-(H,0)s. Each theoretical
spectrum was multiplied by the mol fraction found through the
experimental work for pH 2 (Fig. 5) and added together to
produce the theoretical combined spectrum of the solution
containing the two species, which is shown in Fig. 6A.

The spectra of the small cluster model indicate that most of
the absorbance for the diol form occurs below 200 nm, outside
the experimental dynamic range (200-1100 nm), except for a
theoretical band at 209 nm, which may contribute to the broad
absorption observed near 200 nm. Above this threshold and
extending into the visible range, absorbance is primarily domi-
nated by the protonated aldehyde form, which exhibits two
bands closely resembling experimental observations: a weak,
higher-energy band-I and a more intense, lower-energy broad
band-II. In the theoretical spectrum of protonated aldehyde-
4IC, the weak band at 258 nm, appearing as a shoulder in the
combined theoretical spectrum, corresponds to the experi-
mental band-I, while the intense high-energy band at 232 nm
aligns with the experimental band-II. Overall, the small cluster
model demonstrates strong agreement between experiment
and theory. For band-I, both experimental and theoretical
spectra show a slight tailing toward higher wavelengths, with
the experimental band-I appearing slightly more redshifted at
273 nm compared to the theoretical band at 258 nm (Table 2).
For the more intense band-II, the discrepancy between theore-
tical and experimental peak positions is minimal, with a
difference of only 4 nm.

As pH increases above the pK, ; of the aldehyde-4IC form to
pH 5, as shown in Fig. 6B, the theoretical spectra, calculated
using the small cluster of the neutral aldehyde form shows a
significant redshift of band-II of 28 nm, in good agreement with
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Table 2 Experimental and theoretical optical absorption spectral data for
4ICA (aldehyde form) at different pH. The term |AJg_1| indicates the
absolute difference between the center of the experimental band and
the theoretical band. Diol bands are not included as most of its absorption
bands fall outside the experimental dynamic range

TD-DFT Protonated 4IC-(H,0)g

Bands Experiment (pH 2.0) (nm) Aldehyde-form (nm) |AAg_r| (nm)
Band-1 273 258 15
Band-1I 236 232 4

TD-DFT deprotonated 4IC-(H,0)sg
Bands Experiment (pH 5.0) (nm) Aldehyde-form (nm) |A/g_r| (nm)
Band-1I 256 260 4
Band-III n.r. 212 —

TD-DFT deprotonated 4IC-(H,0)sg
Bands Experiment (pH 12.0) (nm) Aldehyde-form (nm) |Ag_r| (nm)
Band-1I 279 279 0
Band-III 230 242 12

n.r. = not resolved.

the experimental observations, which shows a redshift from pH
2 to pH 5 of 20 nm. At pH 5.0, the theoretical and experimental
positions in band-II is also similar, with the theoretical band
slightly redshifted in 4 nm (Table 2). An additional absorption
band, labeled band-III, is observed as a shoulder in the theore-
tical spectrum, yet not observable in the experimental spectra,
likely enclosed within the strong absorption near 200 nm.
As pH increases above the pK,, of the aldehyde-4IC form to
pH 12, as shown in Fig. 6C, the small cluster of the anionic
aldehyde form shows a significant redshift for band-II of 19 nm
in the theoretical spectra, in good agreement with the experi-
mental data, which shows a similar redshift of 23 nm. At pH 12,
however, the experimental band-III appeared at significantly
lower intensity and at lower wavelengths than the theoretical
model. While TD-DFT method reproduces the high energy
band-III, the intensity of the theoretical band is higher and
redshifted compared to the experimental observation, as shown
in Fig. 6C. As deprotonation takes place, the negative charge in

A B Band-1I C
Band-1I T o*
T —* Band-I11
3] T —*
8 ~——— Aldehyde form 51 Bg{[.SYP 8 BlzlLlYZP()
__8 Diol form § P g p .
5 ——B3LYP 2 2
2 ——pH 20 2 S
< ) .
< <
Band-1
n—om* Band-111
l L _>7[*‘ 1 T T 1 I Iy T . -
200 300 400 200 250 300 350 400 200 250 300 350 400
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 6 Comparison of the theoretical (red line) and experimental (blue line) optical absorption spectra at different pHs. (A) pH 2.0; (B) pH 5.0; (C) pH 12.0.
At pH 5.0 and 12.0, only the aldehyde form is used to simulate the spectrum. Level of theory is B3LYP/6-311++G(d,p) (gas phase). While all transitions
correspond to mixed n — n* and © — ©* character, the dominant transition for each band is indicated below the band designation.
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41C will cause the n orbitals in the aromatic ring to be more
diffuse, demanding more solvating water molecules to stabilize
the larger NTOs. The optimized anionic structure of the small
cluster, denoted as [4IC:(H,0),-(H,0),,"(H,0),] ", reaches a glo-
bal minimum with n = 3, representing water molecules around
the aldehyde group, m = 4 interacting with the aromatic ring,
and b = 1 bridging the two regions. This global minimum
structure (Fig. S1) corresponds to the spectrum in Fig. 6B,
which features a highly intense and redshifted band-III.
To explore alternative local minima, additional models were
tested (see Fig. S3) by gradually redistributing water molecules
to increase solvation around the diffused aromatic ring, result-
ing in two structures: one with n = 3, m = 5 and another with
n =2, m = 6, both with b = 0. The increase in solvation of the
aromatic © orbitals in 4IC has a minimum effect on band-II,
causing a slight blue shift with the addition of water molecules
in the solvation shell around the aromatic ring. Band-III under-
goes a total blue shift of 10 nm while also decreasing in
intensity, bringing it into closer agreement with the experi-
mental spectrum. This theoretical observation suggests that a
larger cluster may be needed to more accurately simulate
diffuse orbitals and anionic systems. While the small cluster
still models well the general features of the absorbance spectra
of 41C, the limitation in simulating diffuse molecular orbitals is
less pronounced under the acidic conditions of aerosol parti-
cles or the slight basicity of the SSML, where these effects are
less pronounced. These computational studies suggest that, for
the anionic form of 4IC, the redistribution of surrounding
water molecules plays a significant role in shaping the calcu-
lated spectral features, suggesting that larger water clusters
could further improve the accuracy of simulations for anionic
systems. Yet, the current small-cluster model provides strong
agreement with experimental spectra, even at high pH, well
within the deviations reported for similar systems.>>**** This
suggests that the approach is well-suited to simulate environ-
mentally relevant chromophores and effectively captures the
energy transitions observed experimentally.

Fig. 6 also shows a general trend in absorption band-II of
aqueous 4IC as pH increases: a redshift in this most intense
absorption band is accompanied by an increase in its absor-
bance intensity. As the pH increases across pK, ;, from pH 2 to
pH 5, the red shifting band-II becomes significantly more

intense, with a ratio of the experimental intensities ([;}) for
exp
pH=2

band-II at pH 2 to pH 5 of = 0.84. The theoretical spectrum
pH=5
also undergoes a similar increase in intensity (Igg), with a ratio of
I
[pTP;’Z =0.74. As pH continues to increase to pH 12, another
pH=5

significant increase in absorption intensity takes place in the

experimental spectra, with a ratio of the intensities for band-II at
exp

pH 5 to pH 12 of ISXI;ZS =0.81, in good agreement with the
pH=12
ITh
theoretical increase in intensity of Tp:l =3 = 0.89. Overall, Fig. 6
pH=12

17680 | Phys. Chem. Chem. Phys., 2025, 27,17673-17685

View Article Online

PCCP

and Table 2 show good agreement between the theoretically
calculated spectra and the experimentally obtained absorbances,
in particular in transition energy - as indicated by the absolute
difference between the center of the experimental band and the
theoretical band |AZz_r| - but also in the relative intensity of the
experimental and theoretical absorption bands.

Spectral changes in Fig. 1 and summarized in Fig. 6 suggest
that the increase in pH—which suppresses the hydration of 41C
and leads to its overall deprotonation—also brings about two
effects that together result in a net redshift of band-II, the
disappearance of band-I, and the rise of a third absorption
band. First, increased electron delocalization lowers the elec-
tronic transition energy, causing a redshift in the absorption
spectrum. Second, favorable interactions between water and
41IC species tend to stabilize the ground states, which increases
the electronic transition energy, resulting in a blueshift. At low
pH, protonated 4IC—whether in its diol or aldehyde form—
undergoes a cation-dipole interaction with water that stabilizes
its ground state, increasing the energy required for the transi-
tion to the excited state and resulting in a blue shift. As pH
increases and more neutral 4IC is formed, this interaction
becomes less favorable, leading to a less stabilized ground
state and a redshift as pH increases. Additionally, protonated
4IC has fewer resonance structures than its neutral counter-
part, as zwitterionic resonance forms are not favored in the
cationic state (Scheme S1). With increasing pH, the neutral
form of 4IC gains additional resonance structures, enhancing
electron delocalization and further lowering the electronic
transition energy. Collectively, these effects contribute to the
overall redshift in band-II observed in the absorption spectrum
in Fig. 6 in the spectra at pH 2 and pH 5.

The neutral form of 4IC, dominated by the aldehyde form
between pHs 4 and 11, has at least seven resonance structures
in the aromatic ring (Scheme S1), slightly more than the six
resonance structures of the anionic form of aldehyde-4IC.
However, this delocalization favors the negative charge of the
anion shifting toward the oxygen in the aldehyde group,
effectively distributing the charge without forming zwitterions.
This increased delocalization leads to a redshift in the absorp-
tion spectrum as the pH rises to 12. Although the interaction
between water and the more polar anionic 4IC is relatively
stronger, stabilizing the ground state of the deprotonated
species at pH 12 compared to the neutral form, this solvent
effect slightly increases the electron transition energy, resulting
in a minor blueshift. However, this effect is not as pronounced,
and the overall trend remains a redshift with increasing pH.

Fig. 7-9 show the hole-particle NTOs involved in the electro-
nic transitions of the protonated, neutral, and deprotonated
clusters of the aldehyde form of 4IC. These figures also report
the corresponding excitation energies, oscillator strengths, and
the molecular orbitals for the transition. At all pH values, the
absorption bands of the aldehyde form of 4IC—including the
low-energy band-1, the more intense higher-energy band-II, and
band-III (which emerges at higher pH)—originate from a
combination of n —» ©* and ® — w* transitions. In all cases,
the nitrogen lone pair contributes to the vertical excitation of
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Fig. 7 Natural transition orbitals of the selected excited states of proto-
nated aldehyde-form of 4IC.(H,O)s calculated at the B3LYP/6-
311++G(d,p) (gas phase).

the aldehyde species in aqueous solution. However, there are
subtle differences that impact the spectral features of aqueous
4IC. At low pHs (Fig. 7) the HOMO orbitals for the protonated
41IC involve the water molecules. This suggests that both 41C
and the surrounding water molecules contribute to the electro-
nic transitions observed in band I and band II. In particular,
the orbitals of water molecules interacting with the aromatic
ring of 4IC play a more significant role in band II. In contrast,
the modeled LUMO states show no involvement of water
orbitals across all forms of the aldehyde—protonated, neutral,
and deprotonated—indicating that water primarily stabilizes
the ground state rather than the excited state. This stabilization
increases the energy gap between ground and excited states,
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Fig. 8 Natural transition orbitals of the selected excited states of neutral
aldehyde-form of 4IC-(H,0)g calculated at the B3LYP/6-311++G(d,p) (gas
phase).

leading to a blueshift in absorption. At low pH, the protonated
form of 4IC exhibits stronger water orbital contributions due to
cation-dipole interactions, further highlighting the importance
of explicitly modeling solvation when investigating the chro-
mophore’s optical properties. At low pH, the electronic transi-
tion retains a nodal point between the aldehyde carbon (C6)
and the rest of the molecule, with the excited state shifting the
nodal point to include delocalization in C6, suggesting a
limited delocalization in both the ground and excited states.
This reduces the spectral impact of electron delocalization, as
both states involved in the transition are similarly constrained
by the nodal point. The presence of this nodal point reflects the
structural tendency of the carbonyl group: under acidic condi-
tions, nucleophilic attack favors diol formation, rather than
maintaining an open carbonyl that could support conjugation
with the aromatic ring. As a result, resonance between the
aldehyde and the ring is less likely, making extended delocali-
zation—and its corresponding spectral signature—less promi-
nent (Scheme S1).

As pH increases, the effect of water molecular orbitals in the
electronic transition decreases. In particular, for the neutral
aldehyde-form of 4IC, the cation-dipole interaction that stabi-
lized the ground state of the protonated 4IC is no longer
present. However, the participation of water orbitals is still
observed in the HOMO orbital for band-II and pH 5, in one of
the water molecules that solvates the aldehyde group of 4IC, as
shown in Fig. 8. Thus, with respect to low pHs, the role of water
solvation in the stabilization of the ground state is lower for the
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neutral 4IC cluster, resulting in a decrease in the energy gap
between ground and excited states, leading to a redshift in
absorption as pH increases, as shown in Fig. 1. For band-III,
some molecular orbitals from the water molecules solvating the
aromatic ring are participating in the NTO with higher prob-
ability, suggesting some level of water effect in the electronic
transition.

Finally, in the fully deprotonated aldehyde form of 4IC, band
11 is primarily associated with an n — m* transition localized on
the carbonyl group, while 1 — 7n* transitions dominate within
the aromatic ring. This suggests that resonance structures
involving partial delocalization into the carbonyl group become
more favorable, enhancing conjugation in the ground state.
The increased delocalization also stabilizes the excited state,
leading to a redshift in the absorption as pH increases, as
shown in Fig. 1. While this structure also shows a ground state
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stabilization via ion-dipole interactions, the higher amount of
resonance structures plays a significant role stabilizing the
excited state and decreasing the electron transition, with the
concomitant redshift.

Based on NTO analysis, all excitations observed in 4IC-
(H,0)s clusters are the result of mixed n - w*/n - =n*
transitions. In nearly all cases, the dominant transition is
n — w*, with band I having a dominant n — n* character, as
summarized in Table 3.

Combining theoretical calculations with experimental
observations shows that, at low pH, the optical spectra of
aqueous 4IC below the solar radiation cutoff (290 nm) is
dominated by the protonated aldehyde form. Additional con-
tributions from the protonated diol form appear primarily at
wavelengths < 210 nm—well below the range of solar actinic
flux. Although the protonated diol form absorbs outside the
relevant solar range, it still influences the overall absorbance by
decreasing the concentration of the aldehyde form through
acid-favored hydration. Moreover, diol formation disrupts reso-
nance involving the carbonyl group, limiting electron delocali-
zation and, consequently, the stabilization of the excited state.
Similarly, the theoretical spectra of the neutral and deproto-
nated aldehyde forms accurately reproduce the experimental
spectra at pH 5 and pH 11, respectively, modeling the redshift
observed as pH increases. The calculations confirm that the
increased electron delocalization in the deprotonated aldehyde
form at higher pH results in a slight decrease in excitation
energy, consistent with the redshift shown in Fig. 1. While the
theoretical spectrum of the deprotonated aldehyde form of 41C
correctly models the direction of the spectral shift with pH, the
energies of the absorption bands, and the relative band inten-
sities across systems, it slightly overestimates the absolute
intensity of band-III for the deprotonated species at high pH.
This discrepancy likely arises from challenges in modeling
solvent effects for anionic species using a small cluster
approach. Although using larger clusters could further improve
agreement, the small cluster TD-DFT shown here already
provides promising predictive method for nitrogen-containing
chromophores in aqueous environments.

Table 3 Summary of calculated transitions for 4ICA (aldehyde form) at
different pH. All transitions in 4IC-(H,O)g clusters exhibit mixed n —
n*/n — m* character. Classifications indicate the dominant contribution
based on NTO analysis while acknowledging this mixing

Excited Energy, Osc. Dominant

System Band state eV (nm) strength character
Protonated Band- I 2 4.812 (258) 0.043 n - w*
Band-Il 3 5.339 (232) 0.163 T > m*
Band-II 4 5.424 (229) 0.101 n — ¥
Neutral Band-Il 3 4.773 (260) 0.209 T > m*
Band-III 7 5.839 (212) 0.108 n — ¥
Deprotonated Band-II 1 4.412 (281) 0.002 T -t
Band-1I 2 4.445 (279) 0.225 T - m*
Band-IIl 6 5.131 (242) 0.171 T o
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Conclusions and atmospheric
implications

In this work, spectroscopic measurements are combined with
theoretical calculations to investigate the optical absorption
spectra of 4IC in aqueous solution. The hydration equilibrium
and acid-base speciation of 4IC were characterized using
'H NMR spectroscopy, which allowed quantification of the
relative amounts of the diol and aldehyde forms as a function
of pH and enabled experimental determination of pK, values.
Our results show that the hydration of 4IC is acid-catalyzed,
and that aqueous-phase 4IC exists as a mixture of protonated
diol and aldehyde species under acidic conditions. The pK,
values of the aldehyde form were determined to be 3.03 £
0.06 and 11.0 £+ 0.1, corresponding to its transitions from
protonated to neutral and neutral to deprotonated forms,
respectively. The diol form was only detected at low pH, with
a pK, of 6.08 £ 0.07. The pK,s reported suggest that 4IC is
slightly weaker as an acid than its isomer 2IC,*° suggesting that
fractions of aerosol particles containing 4IC will remain proto-
nated through the SSA submicron regime, with the concomi-
tant hydration and formation of the diol form. Theoretical
calculations using a small water cluster model showed good
agreement with the experimental spectra. At low pH, band I
appears experimentally at 273 nm and is predicted at 258 nm by
TD-DFT, while band II is observed at 236 nm and calculated at
232 nm. As the pH increases to conditions where the neutral
aldehyde form of 4IC dominates, band II undergoes a redshift
of 20 nm experimentally and 28 nm in our TD-DFT simulations,
with a theoretically observed band-III showing at higher-
energies at 212 nm. Finally, at pH 12.0, where the fully
deprotonated aldehyde form of 4IC is predominant, bands II
and III continue the redshift trend observed with increasing
pH. Experimentally, band II shifts by 23 nm, while TD-DFT
predicts a shift of 19 nm. Band III, which is only observed
theoretically at pH 5.0, shifts by 28 nm.

Quantum chemical calculations indicate that the absor-
bance features shown in Fig. 1 arise from electronic transitions
of the aldehyde form of 41C, primarily due ton — n* and © —
n* transitions. The diol form, relevant only at low pH values
such as those found in submicron SSA, exhibits high-energy
absorption bands that fall outside the solar actinic flux and
therefore do not directly contribute to 4IC’s optical properties
under solar irradiation. However, the diol form indirectly
affects the absorbance of the aldehyde form at low pH in two
important ways. First, the concentration of the light-absorbing
aldehyde form decreases, as a substantial fraction of 4IC exists
in the diol form—exceeding 40% at pH 2.0 and below. Second,
diol formation disrupts conjugation with the carbonyl group,
limiting electron delocalization and resulting in electronic
transitions that are more influenced by ground-state stabili-
zation through cation-dipole interactions. At higher pHs, such
as those found for total suspended SSA and the SSML, the
absorbance features of 4IC correspond to electronic transitions
for the neutral aldehyde form. Analysis of the excited-state
orbitals in the cluster models shows that the prominent

This journal is © the Owner Societies 2025

View Article Online

Paper

absorbance feature, band 1I, arises from transitions involving
both 4IC and nearby water molecules. By combining quantum
chemical calculations with cluster-based solvation models, we
gain molecular-level insight into the absorption behavior of 41C
in aqueous environments. This approach demonstrates that
the simplified cluster approaches usefully used for other
chromophores®**>?*” can effectively interpret experimental
spectra of nitrogen-containing organic compounds in water.
The physicochemical properties of 4IC discussed here position
it as a promising proxy for marine aerosol photosensitizers,
partially contributing to the development of molecular models
that enable a more quantitative assessment of photochemistry
in the marine atmosphere.>®
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