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ent on the electronic structure and
the photochemistry of nitrophenols†

Avery B. Dalton, a Scott M. Le,a Natalia V. Karimova, a R. Benny Gerber ab

and Sergey A. Nizkorodov *a

Previous studies have suggested that the photochemistry of nitroaromatics in organic solvents can vary

significantly from the photochemistry in aqueous solutions. This work compares the photodegradation

of 2-nitrophenol (2NP), 4-nitrophenol (4NP), 2,4-dinitrophenol (24DNP), and 2,4,6-trinitrophenol

(246TNP) in 2-propanol and water to better understand the photochemical loss of nitrophenols in

atmospheric organic particles and aqueous droplets. Polychromatic quantum yields were determined by

monitoring the loss of absorbance of each nitrophenol with UV/vis spectroscopy in the presence of an

acid (undissociated nitrophenol) or base (nitrophenolate). There was no orderly variation between loss

rates in the organic and aqueous phases: 2NP and 4NP had similar yields in the two solvents. 246TNP

was an outlier in these results as it dissociated in both acidified 2-propanol and water due to its

exceptionally strong acidity. A notable result is that only for 24DNP was a dramatically increased

reactivity found in 2-propanol compared to that in water. Time-dependent density functional theory

calculations were carried out to characterize the excited state energies and absorption spectra with

a conductor-like polarizable continuum model or explicit solvation by a few solvent molecules. Explicit

solvent calculations suggest the enhanced reactivity of 24DNP in 2-propanol is due to the strong

interaction between a 2-propanol molecule and an –NO2 group in the excited state. For the other

nitrophenols, the solvent effects on electronic structure were minimal. Overall, the observations in this

work suggest that solvent effects on the electronic structure and condensed-phase photochemistry of

nitrophenols are minimal, with the exception of 24DNP.
Environmental signicance

Nitrophenols are produced during fossil fuel combustion and biomass burning, and they are widespread in the atmospheric environment. They affect plants
because of their phytotoxicity, and they affect climate because they are moderately strong absorbers of solar radiation. Previous research largely focused on
photochemical reactions of nitrophenols in the gaseous phase and in the aqueous phase, representing fog and cloud water. This study examines the photo-
chemistry of four different nitrophenols in the presence of an organic solvent – an environment that more closely mimics the conditions in atmospheric aerosol
particles. One of the nitrophenols examined in this work, 2,4-dinitrophenol, exhibited dramatically increased reactivity in isopropanol compared to that in
water, suggesting that it should have short photodegradation lifetimes in atmospheric organic aerosol particles.
1 Introduction

Nitrophenols rst garnered scientic interest upon the
discovery that thesemolecules exhibit phytotoxic characteristics
and could potentially lead to forest decline.1,2 This prompted
questions about the fate of these molecules in the atmosphere,
and the overall lifetimes and chemical mechanisms of their
atmospheric degradation.3–12 Atmospheric sources of
alifornia, Irvine, Irvine, CA 92697, USA.
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nitrophenols include both primary sources, such as automobile
engines and biomass burning, and secondary sources, through
reactions between phenols and NO2 or NO3 radicals.3,13–18 The
type of atmospheric loss that the molecule undergoes (i.e.,
reaction with an atmospheric oxidant or a photochemical
reaction), as well as the phase in which the molecule is encap-
sulated, has a strong effect on both the lifetime and the
degradation products. While some processes change nitro-
phenols into phenols and catechols, the oxidation of these
products in the presence of NOx leads back to the formation of
nitrophenols.6,16,17,19

Much of the previous study of nitrophenol photochemistry
has revolved around the production of HONO, which is itself
a contributor to the oxidative potential of the atmosphere.7,11,20

The chemistry of nitrophenols in the gas phase has been
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studied extensively – but considering the relatively low volatility
of these species, evolution of these molecules in the condensed
phases that are representative of atmospheric aerosol particles
requires further investigation. While the release of HONO could
have signicant atmospheric implications, the importance of
other photochemical pathways should not be overlooked. For
instance, dimerization and functionalization have been shown
to happen with these nitrophenol compounds.9,21,22 The prod-
ucts of these reactions are less volatile and would be more likely
to partition into, or remain trapped in, atmospheric
particles.22,23

The importance of the chemical environment in the fate of
nitrophenols and other nitroaromatics has been exhibited
through experiments in both aqueous and organic
phases.9,19,20,24–26 Gas phase studies have indicated that the
photochemistry of nitrophenols is comparable to the aging
driven by hydroxyl or nitrate radicals, which is reported to have
a lifetime of around 330 h for 2-nitrophenol (2NP).7,16 This
resistance to gas-phase loss, in combination with the low vola-
tility and high Henry constants of nitrophenols, grants more
importance to condensed-phase processes. In the presence of
organic compounds, for example, in organic aerosol particles,
nitrophenols are thought to react through excited triplet states,
abstracting a hydrogen atom from a neighboring solvent
molecule.27–29 The product of the H-atom abstraction will then
go on to react further with nearby molecules. The inuence of
the chemical complexity of atmospheric organic aerosols
creates potential for numerous reactive partners and products
which could have a wide variety of environmental impacts.

In the condensed phase, photochemistry will also be
impacted by the ionization of the molecule through acid–base
processes, which causes changes in molecular extinction.20

Barsotti et al. (2017) found that the anionic forms of a series of
nitrophenols exhibited a greater yield toward photochemical
loss of NO2, in the form of NO2

− or HONO, in the aqueous
phase, accounting for 10–30% of the total photochemical yield
of these molecules.20 Importantly, this result also supports
other photochemical studies of 4-nitrophenol (4NP) and 2,4-
dinitrophenol (24DNP), in which multiple photodegradation
pathways were observed.6,8

In laboratory experiments, photochemical degradation via
hydrogen abstraction is generally slower in water than in an
organic matrix, prompting the need for a better understanding
of photoreactivity in the organic phase.9 In contrast, in the
aqueous phase photochemistry of nitrophenols, the excited-
state nitrophenol is expected to undergo a hydrolysis reaction
with a neighboring water molecule, which is a major step in the
production of HONO. These differing reactive pathways make
predicting the reactivity of a nitrophenol in real atmospheric
particles difficult.26 Further, nitrophenols have relatively poor
solubility in water, potentially amplifying the effects of photo-
chemical loss in the organic phase of atmospheric particles.
This work aims to investigate the photochemistry of a series of
nitrophenols in an organic solvent under simulated sunlight
conditions, combining experimental results with ab initio
calculations to provide insights into the relative reactivities of
each nitrophenol.
258 | Environ. Sci.: Atmos., 2023, 3, 257–267
2 Systems and methods
A. Experimental methods

The photochemistry experiments with 2-nitrophenol (2NP, TCI,
98%), 4-nitrophenol (4NP, Chem-Impex, 99.6%), 2,4-dinitro-
phenol (24DNP, Aldrich, 98%) and 2,4,6-trinitrophenol (246TNP,
commonly referred to as picric acid, Sigma-Aldrich, $98%) were
performed without further purication of the stock chemicals.
The solvents used in these experiments included 2-propanol (or
isopropanol, Fisher, HPLC grade) and water (Milli-Q Ultrapure).
Although 2-propanol is a small molecule with only a single
hydroxyl group, previous studies have shown that nitroaromatics
have comparable rates of photodegradation in simple alcohols
and inmore complex secondary organic aerosol material.19 While
the rate of photodegradation is suppressed by the high viscosity
of the secondary organic aerosol matrix, this suppression is
counteracted by the higher diversity of reactive functional groups
in secondary organic aerosol compounds.

To better understand the difference in photochemistry between
undissociated nitrophenols and nitrophenolates, the experiments
were carried out under acidic and basic conditions. To change the
pH of samples, small amounts of 1 N hydrochloric acid (Fisher)
and 1 N potassium hydroxide (Fisher) were used. In the case of
246TNP, which has a pKa of 0.4, an additional solution was made
with 37%hydrochloric acid (Fisher) to reach [HCl]z 5M to record
the absorption spectrum of the undissociated form.

Photochemistry experiments were carried out using radiation
from a xenon arc lamp, which was ltered and then directed onto
the sample via a liquid light guide. The optical lters included
a 280–400 nm dichroic mirror, followed by Schott BG1 (UV band-
pass) and WG295 (295 nm longpass) lters. The overall power of
the radiation reaching the sample ranged from 28 to 30 mW.With
this setup, the near-UV spectrum of the radiation reaching the
sample extended to lower wavelength (down to 280 nm) than that
of the ambient solar radiation (the lamp's spectral ux density is
compared to that of solar radiation reaching the Earth's surface in
Fig. S1†). Liquid phase photochemistry experiments were con-
ducted directly inside a Shimadzu UV-vis spectrophotometer,
irradiating the sample vertically through the square opening in the
top of a standard 10 mmUV/vis cuvette (Starna Cells, 21-Q-10-MS).
The cuvettes were lled to∼80% of their volume, and the samples
were not sealed but exposed to air permitting oxygen to dissolve in
the solution. The oxygen concentration was not explicitly
measured. The light guide was removed during each UV-vis scan to
eliminate the interference scattering by the solution in the cuvette.
In the case of 2NP, the sample was irradiated without the light
guide since the degradation was much slower, subjecting the
sample to ∼140 mW from the side of the cuvette.

Rate constants, k, for total photochemical degradation were
obtained from tting the loss in normalized absorbance to the
t shown in eqn (1).21

AðtÞ
Að0Þ ¼ ð1� CÞ � expð�k � tÞ þ C (1)

This equation accounts for the formation a single absorbing
product, though it is possible that multiple absorbing products
© 2023 The Author(s). Published by the Royal Society of Chemistry
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could be formed. The absorption properties of the product are
accounted for in the value C, which is calculated as the extinc-
tion by the product divided by the extinction by the starting
compound, 3NP/3product.
B. Models & computational methods

All quantum chemical calculations were carried out using the Q-
Chem quantum chemistry package with the goal of giving
context to the absorptivity and reactivity of the different nitro-
phenols.30 All geometry optimizations were performed at the
B3LYP/6-31+G* level of theory. Time-dependent density func-
tional theory (TDDFT)31 calculations were done to generate
simulated excitation spectra using combinations of the B3LYP32

or PBE0 (ref. 33) hybrid-exchange functionals, which have both
been shown to work well in other nitroaromatic systems.34,35

With the variation of chemical features within this series of
nitrophenols, each of the 6-311+G* and 6-311++G**, aug-cc-
pVDZ and aug-cc-pVTZ, and def2-TZVPD and def2-TZVPPD
basis sets was evaluated. The Tamm–Dancoff approximation
(TDA),36 which has been shown to produce good results in
similar aromatic systems,37 was employed for all results re-
ported in this work. Excitation energies were calculated in the
gas-phase, as well as in water and 2-propanol using the
conductor-like polarizable continuum model (C-PCM),38,39

employing the dielectric constants for each solvent at 25 °C.
Simulated excitation spectra were produced by a convolution of
Lorentzian functions calculated from the oscillator strengths at
each excitation wavelength. A half-width at half-maximum of
20 nm was used in all the presented data. Natural transition
orbitals (NTOs)40,41 were calculated for the triplet states in
24DNP to evaluate the differences in electronic character
between 2-propanol and water.
Fig. 1 Spectrally resolvedmolar absorption coefficients of (a) 2NP, (b) 4N
dissolved KOH or co-dissolved HCl present, as indicated using color.

© 2023 The Author(s). Published by the Royal Society of Chemistry
A combination of C-PCM and an explicit solvation model was
required to obtain more accurate spectra for 24DNP in 2-prop-
anol. Explicit solvation by one and three 2-propanol molecules
was tested. The initial geometries were set up with the solvent
molecules relatively far away to try to mimic the liquid-like
solution, however geometry optimization inevitably brought
these solvent molecules closer. The 2-propanol molecules were
placed next to the functional groups to allow for hydrogen
bonding to occur. In the case of solvation by one molecule, two
scenarios were tested: one with the 2-propanol acting as
a hydrogen-bond acceptor for the alcohol group and one with
the 2-propanol acting as a hydrogen-bond donor to the para –

NO2. No change in the excitation spectrum was observed in the
latter case, and those results are not reported. For solvation by
three 2-propanol molecules, the previous two models were
combined, and the third 2-propanol molecule was oriented with
the alcoholic hydrogen near the ortho –NO2 group. This same
scheme was employed with water as the solvent.
3 Results and discussion
A. Experimental absorption spectra

The shape of the absorption spectra changed drastically for
each of the nitrophenols in 2-propanol solutions with added
KOH (Fig. 1). The absorption spectra of nitrophenols are known
to depend on a variety of experimental conditions,42,43 especially
on changes in pH.20 The pKa values of 7.23 (2NP), 7.14 (4NP),
4.09 (24DNP), and 0.42 (246TNP) make it possible for undisso-
ciated nitrophenols and nitrophenolates to co-exist in atmo-
spheric particles. The nitrophenolates examined in this work all
exhibit a signicant redshi in absorption upon the addition of
a base, as anticipated based on other studies.20,44–46 Even though
the autoprotolysis constant for 2-propanol is several orders of
P, (c) 24DNP, and (d) 246TNP in a solution of 2-propanol with either co-

Environ. Sci.: Atmos., 2023, 3, 257–267 | 259
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magnitude lower than that for water,47 all of the nitrophenols
studied in this work ionized signicantly in 2-propanol with the
added base. As shown in Fig. 1(d), it was difficult to prevent
246TNP from ionizing due to its strong acidity. The predomi-
nant species of 246TNP in 2-propanol solutions was the anion,
even aer acidifying with HCl at 10−3 M and 10−1 M concen-
trations. However, in a sample with HCl at a concentration of
5 M, the spectrum did shi signicantly toward the UV region.

These spectral differences between nitrophenol and nitro-
phenolates could be an important factor towards photo-
degradation since there is more actinic ux at these longer
wavelengths, potentially amplifying the importance of the
degradation of these species relative to the neutral counter-
parts. The solar ux between 400 and 500 nm is nearly two times
stronger than the ux in the near-UV region (300–400 nm),
making nitrophenolates potentially more photolyzable.
However, their photochemical quantum yields in the aqueous
phase are lower than for the undissociated nitrophenols.20

While most aerosol particles in the atmosphere are acidic, they
do show a wide range of acidities,48 and given the relatively high
acidities of these molecules, it is reasonable to expect the
nitrophenolate form to be present under some environmental
conditions. Moreover, these nitrophenolates can potentially
undergo a different photochemical pathway.43

Each of the undissociated nitrophenols exhibited absorption
in the 200–400 nm range and showed no remarkable differences
between the absorption spectra in acidied water and acidied
2-propanol, except for 24DNP. The absorption spectra of 24DNP
in these two solvents are shown in Fig. 2, with the most notable
difference being that the 260 nm peak in water is less intense
and blue-shied to 250 nm in 2-propanol. This difference can
Table 1 Total photochemical quantum yields in 2-propanol and approx
under acidic and basic conditions

Average quantum yield,c [HCl] = 10−3 M Atmospheric lifetime

2NP (4.7 � 0.2) × 10−6 1000
4NP (1.04 � 0.02) × 10−4 37
24DNP (2.50 � 0.06) × 10−3 3.8
246TNPb (8.5 � 0.6) × 10−5 3

a Scaled to the 24 h averaged Los Angeles solar ux. b 246TNP has a very l
description of how photochemical quantum yields were calculated is avai

Fig. 2 Molar absorption coefficients of 24DNP in acidified water (blue
trace) and acidified 2-propanol (red trace) solutions.

260 | Environ. Sci.: Atmos., 2023, 3, 257–267
be explained by solute–solvent interactions, as discussed in
more detail in Section 3C on calculated absorption spectra.
B. Photochemical quantum yields and lifetimes

The reactivity of these nitrophenols in acidied 2-propanol was
typically greater than under basic conditions. Quantum yields
and estimated atmospheric lifetimes for all of the nitrophenols
are presented in Table 1. Under acidic conditions, 24DNP was
by far the most reactive, with a polychromatic quantum yield
greater than 10−3, comparable to previous reports in octanol.
The absorption spectra collected over 3 h of irradiation, along
with the normalized absorbance and its decay, are shown in
Fig. 3. Similar plots for each of the other nitrophenols and
nitrophenolates are presented in the ESI, Fig. S2–S8.† In the
discussion below, references are made to various values for
aqueous photochemical yields from the literature which have
been aggregated in Table S1.†

In the condensed phase, both aqueous and organic, 2NP
appears to be the least reactive nitrophenol. Our result of very
low quantum yield in acidied 2-propanol greatly differs from
a reported aqueous quantum yield of 1 × 10−4 in acidied
solution with a very similar radiation source.20 We conducted
a similar aqueous experiment with [HCl] = 10−3 M and found
the averaged quantum yield to be (6.8 ± 0.3) × 10−6. These
imate organic-phase atmospheric lifetimes for each nitrophenol (NP)

a/h Average quantum yield,c [KOH]= 10−4 M Atmospheric lifetimea/h

(1.6 � 0.8) × 10−6 3000
(1.2 � 0.1) × 10−4 4
(2.65 � 0.05) × 10−5 19
(2.5 � 0.4) × 10−5 3

ow pKa and was in its anionic form under both reported conditions. c A
lable in the ESI.

Fig. 3 (a) The absorption of 24DNP collected over three hours of UV
exposure, (b) the absorption of 24DNP normalized to the absorption
spectrum obtained before photolysis began, and (c) the decrease in
absorption at 235 nm, indicating loss of 24DNP, fit to eqn (1).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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results are in closer agreement with those reported by Alif et al.
(1991), who reported a monochromatic quantum yield of 4.7 ×

10−6 at 365 nm.49

The quantum yield for 4NP in 2-propanol is in better
agreement with the range of values previously reported under
aqueous conditions. Again, the reactivity in the organic matrix
is not much different than in aqueous solution. In an aqueous
experiment we obtained a quantum yield of (9.9 ± 0.1) × 10−5,
which is within a factor of ∼5–8 from values reported in other
works.20,50–52 To put into perspective the results in the organic
phase, the lifetime of 4NP in an aqueous solution containing co-
dissolved a-pinene ozonolysis SOA compounds was ∼11 h.50

Our result of ∼37 h in pure 2-propanol is reasonable given that
2-propanol is a less reactive partner compared to the molecules
found in SOA.

No trends were observed for the anions of each NP. In the
experiment for the 2NP anion there was a rapid shi in the
spectrum during the rst 45 min that appears to be caused by
some re-formation of neutral 2NP (see Fig. S5d†). To account for
this, the t was applied only to the data aer the rst 45 min.
Similar types of double tting have been employed for other
systems when it is apparent that there is a fast process and some
other slower process.26 This resulted in a more reasonable
quantum yield of (1.6 ± 0.8) × 10−6, which should be regarded
as a lower limit due to the difficulty in decoupling photo-
degradation from acid/base equilibrium. For 2NP and 24DNP
dissolved in 2-propanol, the yields were lower for the anions,
which agrees with their photochemistry in aqueous solu-
tions.20,53 4NP reacted more under basic conditions but the
difference was negligible. Since 246TNP remained in the
ionized form both in the presence of acid and base, no
comparison can be made regarding its reactivity relative to that
of the undissociated molecule. The reactivity of the anion of
246TNP did change depending on the acidity of the solution.
The effective quantum yield for 246TNP loss under acidic
conditions is ∼3 times larger than that under basic conditions,
however, the estimated ambient lifetime is about the same,
largely due to the impact that the presence of HCl had on
decreasing the amount of absorption at wavelengths greater
than 300 nm.

It should be recognized that if multiple absorbing products
are formed then eqn (1) will likely underestimate the loss rate
constant, so the quantum yields listed in Table 1 likely repre-
sent lower limits. The presence of isosbestic points in these
normalized spectra indicates minimal secondary photochem-
ical processes occurred throughout the timescales of the
experiments. Normally this would also indicate that only one
product is formed, however, previous studies have observed
multiple products from the photolysis of 24DNP and a similar
molecule, 4-nitrocatechol, even with distinct isosbestic points
in the absorption spectra.9,21 Product analysis was outside the
scope of this work and the quantum yields reported here
represent total photochemical quantum yields of NP + hv /

products.
The relatively low reaction rates indicate that the photo-

chemistry has not gone to completion (except for 24DNP) within
the short time scales of these experiments. This was
© 2023 The Author(s). Published by the Royal Society of Chemistry
anticipated, as experiments with 4NP in the aqueous phase re-
ported by Braman et al. (2020) did not reach completion until
around 10 h of irradiation.50 The exception to this was 24DNP,
which is the only NP where the loss appeared to have plateaued
within the timescale of the experiment. 24DNP also provided
the most notable difference between organic and aqueous
phase photochemistry. Under acidic conditions, reported values
for aqueous polychromatic quantum yields range from 10−6 to
10−4.9,20,52,53 The value of (2.50 ± 0.06) × 10−3 reported in this
work strengthens the position that organic-phase photochem-
istry is signicantly faster for 24DNP. This yield is slightly
higher than the previously reported value (1.7 × 10−3) in an
octanol lm, potentially due to the lower viscosity of 2-
propanol.9
C. Simulated absorption spectra

Each of the nitrophenols exhibited absorption bands in the
200–400 nm range (Fig. 1). In the following discussion, the
experimentally observed absorption bands will be referred to as
‘A’, ‘B’, ‘C’, etc. in the order of increasing excitation energy.
Table 2 shows the calculated excitation energies for each
nitrophenol, which bands they fall into, and their respective
oscillator strengths. All results shown in Table 2 account for
solvent effects by using the C-PCM for 2-propanol. Simulated
spectra for aqueous solutions are shown in Fig. S9.† Generally,
the simulated spectra in 2-propanol are in good agreement with
the experimental data. The effect of the chosen basis set on the
accuracy of each excitation spectrum was minimal in compar-
ison to the effect of the exchange functional used. For the sake
of consistency, all results reported in this work come from 6-
311++G**, and data from the other basis sets are presented in
the ESI.† The shapes of the respective spectra are similar
between B3LYP and PBE0, but in every case, B3LYP produced
lower excitation energies than PBE0. Previous studies with
similar objectives of predicting absorption spectra have
benchmarked these TDDFT methods against higher-level
methods such as the Algebraic Diagrammatic Construction
(ADC(n)) with good success.54–57 The use of TDDFT/TDA worked
relatively well for all of the systems in this work, so due to
computational expense higher-level methods were not applied
for these systems.

The excitation spectrum of 4NP was reproduced well with
B3LYP, however, the excitation energies of 2NP and 24DNP were
better served using PBE0. It is noteworthy that 2NP and 24DNP
both have an intramolecular hydrogen bond while 4NP does
not. The discrepancy between the methods may be due to the
ability of PBE0 to yield more accurate energy values for
hydrogen bonded systems.58 This, and the fact that 4NP also
exhibits signicantly different properties (such as with respect
to solubility and vapor pressure) from the others are the reasons
for treating 2NP and 24DNP differently from 4NP in this work.

With 246TNP being an anion under all experimental condi-
tions, the results for simulated spectra of the undissociated acid
and the anion are presented only for the sake of completeness.
We do not report calculations for the other NP anions as it
would require a different computational approach. Some
Environ. Sci.: Atmos., 2023, 3, 257–267 | 261
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Table 2 Comparison between experimental and best-simulated absorption spectra for each nitrophenol

Method Band (lexp/nm) lsim/nm Oscillator strength (f) Dl/nm

2-Nitrophenol (2NP)
PBE0/6-311++G** A (346) 352 0.099 +6

B (272) 271 0.388 −1
C (210) 215 0.016 +5

4-Nitrophenol (4NP)
B3LYP/6-311++G** A (312) 311 0.502 −1

B (225) 227 0.067 +2

2,4-Dinitrophenol (24DNP)
PBE0/6-311++G** without explicit solvation A (350) 329 0.097 −21

B (293) 287 0.332 −6
C (250) 261 0.376 +11

254 0.172 +4
D (212) 204 0.010 −8

190 0.160 −22
PBE0/6-311++G** with explicit solvationa A (350) 335 0.086 −15

333 0.027 −17
B (293) 296 0.206 +3

294 0.192 +1
C (250) 264 0.263 +14

256 0.304 +6
D (212) 207 0.011 −5

204 0.034 −8

2,4,6-Trinitrophenol (246TNP)
PBE0/6-311++G** A (342) 325 0.130 −17

312 0.025 −30
B (285) 280 0.124 −5

278 0.055 −7
273 0.025 −12
269 0.120 −16

C (245) 258 0.248 +13
249 0.113 +4
236 0.067 −9
232 0.077 −13
228 0.071 −17

a Explicit solvation with three 2-propanol solvent molecules.
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theoretical calculations have been done with the nitro-
phenolates of 2NP, 3-nitrophenol, and 4NP with the CC2
coupled clustered model, providing varying levels of accuracy
between each isomer.43,59 It would be important, especially for
the easily ionizable 246TNP, to expand on this work in follow-up
studies. In the following sections the specic computation
results for each molecule are discussed individually.

2-Nitrophenol and 4-nitrophenol. Fig. 4a shows the excita-
tion spectrum of 2NP simulated at the PBE0/6-311++G** level of
theory. The experimental spectrum contains three distinct
absorption bands, with a small shoulder apparent in the high-
est energy band. The theory comes close to reproducing the
bands at 346 nm and 272 nm but overpredicts the energy of the
highest energy band with an excitation at 189 nm. Fig. 4b shows
the excitation spectra for 4NP. The B3LYP simulated spectrum
has the best agreement with the experimental spectrum, unlike
the other nitrophenols in this work which had the best agree-
ment with PBE0. Both excitation bands in the UV region are
262 | Environ. Sci.: Atmos., 2023, 3, 257–267
within 2 nm agreement between theory and experiment. Again,
the intensity of the short-wavelength band has been under-
estimated and the absorption in that range is dominated by
a sub-200 nm excitation.

2,4-Dinitrophenol. We found that the C-PCM solvation
method, which worked reasonably well for 2NP and 4NP,
produced inferior results for 24DNP. This deviation is likely due
to a combination of an increase in complexity of the aromatic
system and, more simply, there being more atoms in the
molecule.60 The main shortcoming of C-PCM was under-
predicting the energy of band C, which is comprised of two
excitations, one at 261 nm (major) and one at 254 nm (minor).
We carried out additional calculations with explicit solvation of
24DNP with up to three 2-propanol molecules to produce
simulated spectra, and they were in better agreement with the
experimental spectrum. The spectra produced from these
calculations are presented in Fig. S10.† Upon adding explicit
solvent molecules, the intensity of these two excitations ips,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Simulated (blue) and experimental (red) absorption spectra of
2-nitrophenol (a) and 4-nitrophenol (b). The insets show the second
derivative of the spectra to help identify the energy and breadth of
each band. All spectra are normalized to the most intense band.

Table 3 TDDFT energies for the first excited triplet and singlet states
of each nitrophenola

Molecule ET1 (eV) DEST (T1–S1, eV)

C-PCM 2-Propanol Water 2-Propanol Water

2NPa 2.721 2.708 −0.804 −0.808
4NPb 2.839 2.812 −1.141 −1.163
24DNPa 3.077 3.071 −0.689 −0.690
24DNPac 3.035 3.018 −0.669 −0.692
246TNPa 3.194 3.191 −0.622 −0.624

a Calculations done with PBE0a or B3LYPb and the 6-311++G** basis set.
Explicit solvation with three solvent molecules used for 24DNPc.
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causing the shorter-wavelength excitation to become the most
intense in the band, shiing band C to give better agreement
with the experimental spectrum.

Ultimately, the spectral differences between 24DNP in
aqueous and alcohol solutions could not be completely recre-
ated by the theory used in this work. While the errors in relative
intensities could be due to the use of the Tamm–Dancoff
approximation,61 the values for the excitation energies them-
selves should be more accurate. It would be of interest to try
more accurate methods to try to characterize the major blue-
shi in the C band that is observed when 24DNP is in an
alcohol matrix. With regard to the atmospheric chemistry
applications, where band A is the most critical transition to
describe correctly, the results from these methods are suffi-
ciently accurate. This excitation is poorly resolved in experi-
mental spectra and has been roughly assigned to 350 nm in this
work. Explicit solvation slightly red-shied this excitation to
give better agreement with experimental spectra.

2,4,6-Trinitrophenol. The simulated spectra for 246TNP and
its anion are presented in Fig. S11.† These spectra are
comprised of numerous excitations within the UV region with
relatively high oscillator strengths. In keeping with the
convention used in this work, the undissociated form is pre-
sented with the PBE0 level of theory because the optimized
ground state structure contains an intramolecular hydrogen
bond. This structure is also shown in Fig. S11,† with the notable
feature of one of the NO2 groups having rotated out from the
mostly planar structure. The overall shape of the spectra is well
matched, but the bands are composed of numerous excitations
© 2023 The Author(s). Published by the Royal Society of Chemistry
with various intensities. PBE0 was particularly better at pre-
dicting the excitations within the higher energy bands of
246TNP (B and C in Table 2), with B3LYP having signicantly
over-predicted them. As was seen with 24DNP, the main short-
fall of the theory is under-predicting the separation of the two
maxima of the experimental spectra, with ∼30% error in the
separation between bands A and C.
D. Simulated triplet states

Ultimately, theoretical calculations were done to better under-
stand the role of excited triplet states in the photochemistry of
these nitrophenols in organic matrices. It has generally been
assumed that the photochemistry of nitrophenols goes through
a triplet state, given that relaxation processes from excited
singlet states are very fast in the condensed phase, as previously
shown for nitrobenzene.27,28 Triplet state lifetimes of nitro-
phenols are short and difficult to measure experimentally.62

Previous studies found that 2NP is likely to undergo intersystem
crossing via S1/ T2 followed by rapid (less than 0.1 ps) internal
conversion to T1.63 Takezaki et al. found that the T1 lifetimes (in
benzene solvent) of 2NP and 4NP were 900 and 500 ps,
respectively.62 These ultrashort excited-state lifetimes are
a common characteristic of these nitroaromatic type molecules,
and it is surprising that they have enough time to react before
returning to the ground state via a nonreactive and nonradiative
relaxation pathway.10,29,64–67 While there is no information about
the photophysics of 24DNP, it is reasonable to expect the excited
state lifetimes would be comparable to those of 2NP and 4NP.
Given that 24DNP has the most efficient photochemistry, it
would be of interest to directly study the photophysics of 24DNP
with time resolved laser spectroscopy.

The calculated vertical excitation triplet state energies, ET1,
for 2NP, 4NP, and 24DNP are presented in Table 3. The energies
for 2NP and 4NP agree with those reported from calculations
with the CAS-SCF method.62 Though it is likely for these NPs to
each enter the triplet manifold via an S1 / Tn>1 ISC process, the
T1 state should still be the longest lived and most likely to react
photochemically.63,68 The role of the triplet state in hydrogen
abstraction by nitrophenols is not clear, though it is noteworthy
that the energies of T1 and the average quantum yields both
increase in the order of 2NP < 4NP < 24DNP. The values of these
energies are comparable to those found from chromophore
Environ. Sci.: Atmos., 2023, 3, 257–267 | 263
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Fig. 5 Natural transition orbitals for the first excited triplet state of 2,4-dinitrophenol calculated at the PBE0/6-311++G** level of theory and
depicted with an isovalue of 0.05. A combination of explicit solvation (shown) and C-PCM was used to simulate a 2-propanol (red box) or water
(blue box) solution.
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dissolved organic matter, where the “high-energy” triplets were
shown to be 2.6–3.1 eV.69 The differences in energy, DEST,
between T1 and S1 are also shown, to aid in providing insight
into the stability of the T1 states.

The reactivity of the triplet state in nitroaromatics was re-
ported early on for nitrobenzene, and the reactive part of the
molecule was proposed to be the –NO2 group.27,28 Theoretical
studies of nitrobenzene and nitrophenols have observed similar
importance of the –NO2 group toward photochemistry.10,68,70

Though it has been difficult experimentally to trap the reaction
in this state, studies have found photoreduction products aer
irradiation.9,71,72 Fig. 5 displays the highest-strength natural
transition orbital (NTO) pairs for the T1 state of 24DNP. In these
p/ p* transitions, most of the electron density gets shied to
the –NO2 groups upon excitation, particularly in the orbitals for
pair #2, supporting the suggestion that this is where the H-atom
abstraction likely occurs. The same transition in water (as
compared to 2-propanol) results in less electron density being
shied into the –NO2 group, with the hydroxyl group retaining
some electron density. In addition to the fact that 2-propanol
has less strongly bound hydrogen atoms than water, this shi in
electronic structure of the T1 state of 24DNP could be playing
a role in its enhanced reactivity towards alcohols.
4 Conclusions

This work has compared the photochemistry of nitrophenols in
2-propanol to that in water to better understand their
264 | Environ. Sci.: Atmos., 2023, 3, 257–267
photochemical transformations in atmospheric organic parti-
cles. Experimental measurements of the quantum yields for
polychromatic photodegradation showed nitrophenols do not
follow a well-dened trend with the number of nitro groups in
the molecule. Of the molecules studied, 24DNP with two nitro
groups turned out to be far more photolabile than nitrophenols
with one or three nitro groups. Theoretical calculations were
performed to characterize the excited states of these nitro-
phenols, and how they vary between aqueous and organic
solutions. Theoretical absorption spectra were in good agree-
ment with experimental spectra, with the predicted excitation
energies typically falling within 5 nm from the experimentally
observed bands. The relative energies of each nitrophenol's T1

state did not show a strong dependence on solvent.
While 2NP and 4NP showed little difference in reactivity in

water versus 2-propanol, 24DNP showed a signicant (factor of
100 to 1000) increase in photochemical quantum yield in 2-
propanol, in agreement with previous studies of 24DNP
photochemistry. Therefore, 24DNP should be the most reactive
nitrophenol among the primary and secondary atmospheric
organic aerosol particles.

The undissociated nitrophenols generally had higher
quantum yields than their deprotonated counterparts (as
measured by comparing photochemistry in the presence of acid
and base), with the exception of 4NP which had effectively the
same quantum yield in acidic and basic solutions. In light of
this, it is fair to say that the condensed-phase photochemical
loss of 2NP, 4NP, and 246TNP is not highly dependent on the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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chemical environment: 2NP degrades minimally in either case,
4NP shows minimal change between water and 2-propanol, and
246TNP is always in the anion form in solution. The most
drastic solvation difference is observed in 24DNP, resulting in
a signicant change to its absorption spectrum and reducing its
ambient lifetime to just a few hours.

In summary, organic-phase photochemistry deviates the
most from that in the aqueous phase for 24DNP, which appears
to be a special case in the nitrophenol family. Analysis of the
natural transition orbitals suggests that, at least for the lowest
triplet state of 24DNP, the presence of alcohol solvent molecules
results in more electron density on the –NO2 groups, potentially
accounting for its enhanced reactivity. It would be of interest to
investigate these solvent effects further, perhaps with more
viscous solvent systems where the –NO2 groups have less of an
ability to reorganize aer the excitation.
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