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ABSTRACT: Nitrophenols are a class of environmental con-
taminants that exhibit strong absorption at atmospherically
relevant wavelengths, prompting many studies of their photo-
chemical degradation rates and mechanisms. Despite the
importance of photochemical reactions of nitrophenols in the
environment, the ultrafast processes in electronically excited
nitrophenols are not well understood. Here, we present an
experimental study of ultrafast electron dynamics in 4-nitro-
catechol (4NC), a common product of biomass burning and fossil
fuel combustion. The experiments are accompanied by time-
dependent quantum mechanical calculations to help assign the
observed transitions in static and transient absorption spectra and
to estimate the rates of singlet-to-triplet intersystem crossing. Our results suggest that electronic triplet states are not efficiently
populated upon 340 nm excitation, as efficient proton transfer occurs in the excited state on a time scale of a few picoseconds in
water and tens of picoseconds in 2-propanol. This suggests that triplet states do not play a significant role in the photochemical
reactions of 4NC in the environment and, by extension, in nitrophenols in general. Instead, consideration should be given to the idea
that this class of molecules may serve as strong photoacids.

■ INTRODUCTION
Nitrophenols and their derivatives, especially 4-nitrocatechol
(4NC), have been identified as some of the strongest
chromophores within various types of light-absorbing organic
aerosols in the atmosphere (also known as “brown
carbon”).1−13 In atmospheric samples, the reported mass
concentrations for 4NC may exceed those of other nitro-
phenols by factors from ten to one hundred.14,15 Laboratory
studies of organic aerosol produced from common anthro-
pogenic molecules such as benzene and toluene have also been
shown to yield significant amounts of 4NC.16,17 With the
environmental prevalence of 4NC and its versatile solubility, it
has become a popular model of brown carbon for laboratory
studies.3,18,19 Although the photochemistry of 4NC has been
studied before, the mechanisms behind the excited-state
dynamics that take place in photochemical reactions of para-
nitrophenols, such as 4NC, are not as fully explored as their
ortho- nitrophenol counterparts.20−25

The photochemistry of nitrophenols and other nitro-
aromatics is commonly assumed to proceed through the
excited triplet state manifold,25−27 based on the notion that
they would exhibit similar photochemical characteristics to
nitrobenzene.28 The earliest studies of nitrobenzene identified
photoreduction products from photochemistry conducted in
alcohol solutions, namely, 2-propanol, with evidence of
hydrogen abstraction from 2-propanol as the likely reaction
pathway.29−31 Similar conclusions have been extrapolated to

many other nitrobenzene derivatives.32−34 No studies,
however, have been able to definitively prove that the
degradation of 4NC occurs via a direct reaction of its triplet
state, leaving a possibility that photodegradation could occur
through some other pathway such as charge or proton transfer
in the excited singlet state manifold.35

Though the ultrafast dynamics have not been studied in
4NC specifically, relevant experiments have been performed
with nitrophenol isomers, predominantly 2-nitrophenol. Take-
zaki et al. used a transient grating approach to observe
subnanosecond transient signals in 2-nitrophenol, assigned to
its triplet state, and to find quantum yields for singlet-to-triplet
intersystem crossing (ISC) ≥ 0.86 for 2-, 3-, and 4-nitrophenol
in a nonpolar solvent.28 A study by Ersnt et al. using time-
resolved photoelectron spectroscopy on 2-nitrophenol sup-
ported previous observations by Takezaki et al. and
determined triplet state lifetimes of 0.1 and 0.5 ns in 2-
propanol and in n-hexane, respectively.20 Leier et al. studied
the electron dynamics of 4-nitrophenol in aqueous solutions
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using conventional ultrafast transient absorption spectroscopy
and found that the excitation to the lowest-energy band of 4-
nitrophenol results in deprotonation on subnanosecond time
scales, even under acidic (pH = 3−5) conditions.36 Given that
the most acidic proton in 4NC is the one in the para position
with respect to the nitro group,37 the occurrence of similar
ultrafast deprotonation in 4NC could have implications for the
photochemical degradation of this molecule in the environ-
ment.

The main goals of this work are to examine the initial steps
in 4NC photochemistry and study the effect of the solvent on
these processes. To this end, we studied 4NC in both water
and 2-propanol by means of ultrafast transient absorption
spectroscopy over a broad spectral range. Experiments are
accompanied by quantum chemical calculations using time-
dependent density functional theory (TDDFT) to determine
and confirm the origins of the observed transients. We show
that the excited 4NC undergoes a rapid proton transfer in both
water and 2-propanol, with only a small fraction of the
photoexcited 4NC relaxing in the triplet state. As a result,
photoexcited 4NC is not expected to react through the triplet
state and instead may behave as a photoacid on picosecond
time scales.

■ MATERIALS AND METHODS
Experimental Methods. Transient absorption spectros-

copy experiments were conducted with 0.6 mM solutions of
4NC (Acros Organics, 97%) in aqueous (Milli-Q ultrapure)
and 2-propanol (Fisher, HPLC grade, 99.9%) solutions in a 2
mm quartz cell (Starna Cells, Spectrosil). The experiments
were performed in a standard noncollinear pump−probe
fashion. The fundamental pulse at 800 nm (100 mW, 1 kHz)
was partially focused on a CaF2 plate to generate a white-light
continuum for use as the probe pulse. Output of the
femtosecond amplified system (Spitfire Ace, Spectra-Physics,
MKS Instruments) was coupled to an optical parametric
generator/amplifier to produce a 680 nm pulse converted by a
BBO crystal to 340 nm (0.5 mW) that was used as the pump
beam. The time delay between pulses was scanned by a delay
line (Newport, MKS Instruments), and the transient signal at
each spectral component was recorded with a CCD-equipped
spectrometer (Oriel, Newport, MKS Instruments). Excitation
conditions generated transient signals that were confirmed to
be in a linear regime for the detector response. The data
indicate a probe pulse chirp of 500 fs mainly affecting
wavelengths below 500 nm due to third-order nonlinear
dispersion in the CaF2 crystal. This limits the possibility of
quantitative analysis of the initial subpicosecond dynamics, i.e.,
rise and buildup of the transient signals, but does not affect the
interpretation of processes occurring on a picosecond time
scale.

The data presented in this work are from solutions which
were air-saturated and analyzed without any alteration of the
intrinsic pH. Although the presence of dissolved oxygen could
reduce the observed triplet state yields, the effects of energy
transfer to oxygen is expected to be minimal for short-lived
triplets.30 We confirmed that there are no appreciable
indicators of signal arising from reactions with dissolved
oxygen from a trial after purging with N2. Static absorption
spectra of the same solutions were collected using a Shimadzu
UV-2450 spectrophotometer.
Computational Methods. The Q-Chem 5 quantum

chemistry package was used for the theoretical calculations

in this work.38 Geometry optimizations and TDDFT
calculations were performed using the PBE0 hybrid exchange
functional and the Pople 6-311+G(d) basis set.39,40 Other
functionals were tried, such as CAM-B3LYP, X3LYP, and
M06-2X; however, PBE0 produced vertical excitation energies
which had excellent agreement with the experimental spectra.
The initial geometric configuration chosen to optimize was
chosen based on the most stable conformer from Cornard et
al.37 The conductor-like polarized continuum model (C-PCM)
was used to account for solvation with the default
specifications used in Q-Chem. Simulated excitation spectra
were produced by using Gaussian distributions for each
spectral line with fwhm = 43 nm.

Orbital analysis was done with the generation of natural
transition orbitals (NTOs) in Q-Chem. The Alpha NTOs
calculated within the random-phase approximation were
visualized in IQmol at a contour value of 0.05 Å−3. From the
character of the orbitals in these orbital images, inferences were
made toward the most probable ISC partners. The rates of
ISC, kISCn , between the first excited singlet state, S1, and the
lower-energy triplet states, Tn (n = 1−3), can be expressed
using Fermi’s golden rule.41

k Q H Q E T2
( ) ( ) ( , , )n

SISC 0 SO T 0

2

n1
= ·

(1)

A similar method was previously employed for 2- and 4-
nitrophenol.42 The bracketed term is the square of the spin−
orbit coupling (SOC) matrix elements that can be calculated
directly in Q-Chem. ρ(ΔE, λ, T) is the Franck−Condon (FC)
weighted density of states,
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where ΔE represents the energy difference between S1 and Tn
at their respective nuclear coordinates and λ (often referred to
as the reorganization energy) is the relative energy of the Tn
state at the nuclear coordinates of the S1 state. All calculations
were performed at T = 300 K. Values for ΔE and λ were
obtained by geometry optimization of the TDDFT excited
states in which the Tamm−Dancoff approximation (TDA)
needed to be used to overcome issues with imaginary roots in
full TDDFT optimizations. Though TDDFT has been shown
to work well with small molecules, it is recognized that the
accuracy of TDDFT in determining the geometries of excited
states is less accurate than coupled-cluster singles and doubles
(CCSD).43,44 It is also recognized that full TDDFT often
underestimates the stability of charge-transfer (CT) states,
which are present in nitroaromatics,27,45,46 though the use of
TDA may help in this regard.47,48 If CT states are present in
4NC, then the incurred errors will be directly dependent on
the amount of CT character for each state.49

■ RESULTS AND DISCUSSION
Indications from Theoretical Calculations. Figure 1

shows the measured static absorption spectrum of 4NC
overlaid with the results from the ground-state TDDFT
simulation. The experimental and modeled absorption spectra
are in good agreement in terms of both the peak positions and
overall shape, as demonstrated in Figure 1 using the second
derivatives of the spectral data. The best match to experimental
observations has been achieved using PBE0/6-311+G(d) for
modeling. The peaks at 347, 299, and 230 nm are assigned to
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transitions into S1, S3, and S5 states, respectively. Transitions
into S2 and S4 are not visible due to their negligibly small
oscillator strengths predicted by the calculations. The extended
data set of the molecule’s energy structure and oscillator
strengths for transitions from S0 into states up to S10 are
presented in Table S1. In addition, Table S2 provides relative
vertical excitation energies for potential transitions originating
from the S1, T1, and T3 states, covering possible transitions
within the experimental spectral range.

The potential energy diagram in Figure 2 (Figure S1 for
water) was used to identify starting coordinates for excited-
state geometry optimizations, keeping in mind that the −NO2
group in excited-state nitroaromatics often exhibits a twisted
form.45,50−52 Accordingly, Figure 2A shows that the S1 energy
is reduced by twisting the −NO2 group, which is especially
noticeable at torsion angles greater than 50°. The S1 state
energy is minimized further by the pyramidalization of the
−NO2 group as shown in Figure 2B. The obtained angles at
the minimum for each state were used for the initial step of
TDDFT/TDA excited-state geometry optimizations. SOC
constants for S1 → (T1−T5) are shown as a function of
torsion and pyramidalization in Figure 2C and 2D. It is
important to note that in Q-Chem the labels of each state do
not account for energetic crossings and reset to the ordering of
states at each TDDFT/TDA calculation. Energetic rearrange-
ment of states may be the cause of large variations in SOC
constants in 2D. The optimized geometries of each state are
provided in the Supporting Information (SI).

The SOC constants and the corresponding kISCn values
estimated by using eq 1 are provided in Table 1. The strongest
coupling is obtained for the S1−T3 states. This follows nicely
El-Sayed’s rules,53 as an analysis of the natural transition
orbitals (NTOs, Figure S2) predicts ππ* and nπ* characters
for S1 and T3, respectively. The rate constant for S1 → T1 is
negligibly small, which is common for states with large energy
differences when using a Gaussian distribution in ρ(ΔE, λ,
T).54 While the S1−T3 transition is expected to be the fastest,
the estimated ISC rate constant for S1 → T3 is too low,
resulting in a long lifetime (τ ≈ 27 ns) that far exceeds a time
scale observable with the ultrafast methods in this work. It is
important to note that the use of eq 1 relies on the Condon

approximation, which assumes that there is a negligible change
in the electronic coupling with geometric reconfiguration
between initial and final states.55 It is clear from Figure 2C that
the Condon approximation alone is not enough to estimate the
electronic coupling. This is also evident from smaller-than-
expected kISCn values in Table 1, especially for T1 and T2.
Further computational studies could evaluate the inclusion of
second-order spin−orbit coupling elements toward achieving
more accurate ISC rate estimates for this system.56,57

Although not evident in the FC excitations, a deeper analysis
of the NTOs in Figure S3 reveals the development of twisted
intramolecular charge transfer (TICT) character as 4NC
assumes the S1 geometry. Despite working well for the
electronic structure from the ground state, PBE0 could
ultimately fail to estimate the stability of the CT states. The
Coulomb-attenuated functional CAM-B3LYP has been shown
to yield significant improvements toward predicting the

Figure 1. Simulated absorption spectrum for 4-nitrocatechol at the
TD-PBE0/6-311+G(d) level of theory (black trace) compared with
the experimental absorption spectrum (red trace). The experimental
spectrum was collected in 2-propanol, and the simulated spectrum
employed C-PCM to mimic such conditions. The spectra are
normalized to the peak value of the lowest-energy band at 347 nm.

Figure 2. Effects of torsion and pyramidalization of the −NO2 group
in 4-nitrocatechol, starting from the ground-state geometry. The total
energy for each state (S0−S3 and T1−T5) is shown in panels A and B,
and the spin−orbit coupling constants for S1 → T1−5 are shown in
panels C and D, as calculated at the TD/TDA-PBE0/6-311+G(d)
level with a CPCM for 2-propanol.

Table 1. Spin-Orbit Coupling Constants (TD-PBE0/6-
311+G(d)) and Estimated Rate Constants for Intersystem
Crossing for S1 to Tn Transitions of 4-Nitrocatechol in 2-
Propanola

Transition
(S1 → Tn)

Spin−orbit coupling
constant/cm−1

kISC (S1 → Tn)/
s−1

T1 0.268 2.40 × 10−1

T2 0.563 3.57 × 102

T3 13.7 3.65 × 107

aEnergy quantities used to calculate k are provided in Table S3
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properties of CT-type molecules.58−60 With this in mind, the
aforementioned calculations with PBE0 were also made with
CAM-B3LYP, and the analogous results are shown in Figures
S4 and S5 with and without TDA, respectively. Interestingly,
the FC excitation of S0 → S1 is blue-shifted nearly 40 nm
compared to experimental observations and what is predicted
by PBE0. Optimization of S1 with CAM-B3LYP also does favor
the TICT form, which is again higher in energy compared to
PBE0. Rough estimates of kISCn from the triplet-state minima in

Figures S4 and S5 yield ISC rate constants effectively
equivalent to those of PBE0 (Table S4). In summary, it
seems that the choice of the functional does not result in
significant changes in the ISC rate constant estimation. As will
become apparent in the following sections, it seems that this
framework for estimating ISC rate constants fails for 4NC.
Identification of Transient Signals. The transient

absorption spectra obtained from 4NC in water and 2-
propanol are shown as a false color map in Figure 3. Figure

Figure 3. Transient absorption contour plots of 4-nitrocatechol pumped at 340 nm. Panels A and C show the full experimental time trace collected
over 3000 ps, illustrating the rise of the signal between 400 and 450 nm. Panels B and D are close-ups of the first 100 ps of the ultrafast signal.

Figure 4. Individual transients observed at various times during the ∼3 ns experiment. The time intervals for each subpanel were chosen in an
attempt to highlight the unique spectra that appear at different times. Panels A−C are data from aqueous experiments, and panels D−F are data
from 2-propanol experiments. The delay times are indicated in each panel by trace color.
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3A,B shows transient absorption (ΔmOD) for the full 3000 ps
measured after excitation, while Figure 3C,D is focused on the
initial 100 ps time dynamics. There is a striking difference
between the transient signals in 2-propanol and water�the
transients in water are shorter-lived than in 2-propanol.

Figure 4A−C shows the dynamics for 4NC in water. The
transient signal build-up occurs in under 1 ps at 440 nm. The
absorption features at these time scales are likely the result of
twisted intramolecular charge transfer (TICT), which indeed
should occur at subpicosecond time scales in other nitro-
aromatics.52 The presence of an isosbestic point at 510 nm in
Figure 4A (blue/violet traces) indicates that the subpicosecond
state converts to a new state manifesting itself as a broad
absorption band from 400 to 600 nm. This absorption feature
dissipates within the next 10 ps, reaching a steady plateau
(Figure 4C). The sustained signal has a resemblance to the
observations for 4-nitrophenol, a structurally similar molecule
to 4NC, by Leier et al., where a similar absorption spectrum at
longer time scales has been assigned to the anion of 4-
nitrophenol.36 Hence, we hypothesize that this new state could
be a result of intermolecular excited-state proton transfer
(ESPT) from the 4NC to the solvent. This is of particular
interest as these signals appear not only in water but also in less
polar 2-propanol.

The spectral evolution for 4NC in 2-propanol is shown in
Figure 4D−F. Again, the TICT appears to be present at early
delay times. In contrast to the spectral dynamics in aqueous
solution, a new excited-state absorption band (yellow curve in
Figure 4D) is formed in a few picoseconds, which is likely the
result of rapid S1 → Tn ISC after reorientation of the −NO2
group. This underlines an important difference between the
aqueous and organic solvents, as ISC did not seem to occur in
the former. The theoretical calculations suggest that the ISC
destination is either T1 or T2, although this is difficult to
confirm experimentally. Following ISC, the excited-state
absorption within the triplet manifold (Figure 4E) evolves
toward an absorption band similar to the one that appeared in
water (Figure 4B). This absorption feature decays within τ ≈
58 ps in 2-propanol and τ ≈ 2 ps in water. Most likely, it
corresponds to excited-state absorption by a higher excited
state in the anion, which we will denote as X*

− in Figure 5. This
further confirms the notion that signals at longer times (420

nm, 3 ns) appear to be associated with similar chemical species
in both solvents.

To support our conclusions about facile ESPT in 4NC,
Figure 6 shows transient spectra at 3 ns in both solvents

overlaid with the static absorption spectra of singly and doubly
deprotonated 4NC recorded in water. The static spectra were
measured by titrating aqueous 4NC with potassium hydroxide,
and the spectrum pH dependence is shown in Figure S6. The
monodeprotonated anion of 4NC, or 4NC−, has a maximum in
the same region at 425 nm. Assuming that 4NC− is being
formed in both solutions, the slower-evolving transient signal
being observed in 2-propanol is not surprising. Water is a
much more efficient acceptor for excited-state intermolecular
proton transfer than alcohols, leading to a significantly faster
transfer.61 It is important to note that the spectra at 3 ns in
both solvents are a result of a gradual increase over more than
2 ns in both solvents. This rise is evident in the time profiles
provided in Figure S7. The linear nature of these rising
absorption signals suggests that it may not be dynamics;
instead, it appears that it may be the result of a buildup of the
anion in solution over the course of the experiment. Broad
negative transients observed around 600−700 nm are
associated with second-order diffraction in the detection

Figure 5. Schematic diagram representing the solvent-dependent excited-state dynamics observed with 4NC. The left shows 4NC undergoing
ESPT while still in a singlet state in water, and the right shows 4NC first going through ISC prior to ESPT.

Figure 6. Overlayed spectra of the long-lived transient absorption
signal in 2-propanol (red) and water (purple) on the left axis with the
extinction spectra of the mono (dashed) and doubly (dotted)
deprotonated forms of 4NC on the right axis.
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system and reflect the dynamics of ground-state depletion near
absorption maxima (300−350 nm) and partial leakage of the
excitation pulse.
Ultrafast Rates of ISC and ESPT. Figure 7 compares the

time dynamics for 4NC in 2-propanol and water, at the probe

wavelengths roughly corresponding to the appearance and
subsequent disappearance of excited-state absorption. The data
have been fitted using single-exponential functions, with time
constants being reported in Table 2. We note that it is not

possible to precisely determine time constants for each
transformation due to the strong overlap of their broad
spectral lines. With absorption by X*

− overlapping (yellow trace
in Figure 4E) with the signal by Tn (475 nm, black/blue traces
in Figure 4E), the decay lifetime reported for Tn would be an
upper limit for the transition from Tn to X*

−. At 525 nm, the
signal decays with a time constant of τ ≈ 24 ps, perhaps a
better estimate for the time scale of ESPT in 2-propanol. The
only transient signal that can be quantitively analyzed for 4NC
in water is associated with an X*

− decay within 1.7 ps, which
effectively represents the overall transient response. As such
times are exceedingly short for spin-forbidden transitions, we
hypothesize that ESPT is a primary mechanism of decay and
occurs in both solvents on ultrafast time scales.

The striking contrast in time scales of the ESPT process in
aqueous and 2-propanol solutions (Figure 7) is clear. Due to
the complexity of the transient spectrum and significant
overlap of the broad absorption bands, the ESPT rates cannot

be precisely determined from the current experimental data.
However, a rough estimate can be made based on decay times
at 405 nm (∼2 ps), putting the ESPT rate constant at ∼5 ×
1011 s−1. This ultrafast rate approaches what is believed to be
the upper limit of ESPT rates at ∼1013 s−1 reported
previously.62−64 Since water is a much more effective base
than 2-propanol, it allows for ESPT to occur almost
immediately after the TICT. In contrast, the lag in ESPT in
2-propanol allows for ISC to the triplet manifold to take place,
after which the ESPT occurs from a triplet state.

The transient absorption signals in the 550−600 nm range
do not fully vanish within 3 ns, suggesting that a small
population remains in a triplet state. In previous work on the
broadband photochemical degradation of 4NC in 2-prop-
anol,35 it was believed that triplet 4NC would decay by
abstracting a hydrogen atom from 2-propanol. The observed
effective photochemical degradation yield was found to be
∼10−5 for the loss of 4NC in 2-propanol. This suggests that
either the triplet state has a low quantum yield or it is not
reactive with the solvent. The energies of the T1 (2.6 eV), T2
(3.1 eV), and T3 (3.4 eV) states are lower than the C−H bond
energy (4 eV), hence the presence of the energy potential
barriers is also likely to limit such a process. If because of the
dominant ESPT process only a small fraction of the excited
molecules remain in the triplet state, then this would explain
the relatively slow, yet observable, photodegradation in 4NC.

Ultrafast time scales of ESPT in 4NC indicate that the role
of triplet states toward the environmental photochemistry of
4NC and other nitrophenols may be minimal. Some studies
have identified nitrosophenol compounds as potential
intermediates in the photodegradation of nitrophe-
nols,34,35,65,66 which may be the result of electron transfer
processes following the ESPT. While nitroaromatics are often
classified as having similar characteristics across the board,
perhaps further delineation is necessary among these “push−
pull”-type nitrophenols. Nitrophenols are strong chromo-
phores, their S1 transitions are usually of ππ* instead of nπ*
character, and they have strong indications toward being
effective photoacids.

■ CONCLUSIONS
This work utilized transient absorption spectroscopy to
compare the photophysical dynamics of 4NC in an organic
environment (2-propanol) and the aqueous phase. Upon
excitation at 340 nm, the S1 state is immediately populated in
both solvents. The mechanisms within the triplet manifold
differ between the two solvents. In 2-propanol, there are
indications of ISC into a triplet state, most likely T2 or T3 as
indicated by quantum chemical calculations. There is no ISC
process apparent in the aqueous phase; instead, it appears to be
an ultrafast ESPT producing a ground-state 4NC anion within
10 ps. The resulting spectra at long delay times (∼3 ns) in
both solvents are spectrally similar to the monodeprotonated
anion 4NC−, indicating that ESPT happens in both solvents.
Unlike in the aqueous phase, ESPT in 2-propanol takes longer,
as it appears to first go through a relatively short-lived S1 → Tn
conversion. Because ESPT reduces the triplet state yield, it
reduces the efficiency of the photodegradation of 4NC in
either aqueous or organic matrixes and minimizes the
probability of secondary triplet-state chemistry of 4NC.

The results in this work could have implications for the
general treatment of nitrophenol photochemistry. While there
is evidence of the short-lived triplet states, it is worth

Figure 7. Transient absorption traces the longest-lived triplet signals
by 4NC in 2-propanol (top) and water (bottom). The broken x axis is
used to illustrate the rapid decay of the triplet state. The left x axes
show the initial rise of the signal within 10 ps. The overlaid dashed
lines are the results of fitting the signal to an exponential decay.

Table 2. Wavelengths of the Maximum Change in
Absorbance and Effective Lifetimes of Transient Processes
in 4-Nitrocatechol

Species Description
Maximum ΔOD

Wavelength τdecay/ps

2-propanol
TICT S1 Neutral excited state 405 nm n.d.a

Tn Neutral excited state 475 nm 36 ± 1
X*

− Anion excited state 405 nm 58 ± 2
water

TICT S1 Neutral excited state 440 nm n.d.
X*

− Anion excited state 405 nm 1.7 ± 0.1
aThese lifetimes were not determined due to the overlapping of
absorption signals or too rapid a change. The uncertainty provided is
a 95% confidence interval from the fit.
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considering that the anion could play a significant role in the
condensed-phase photodegradation of 4NC. The results show
4NC has photoacidic characteristics, and this conclusion is in
good agreement with recent studies on 4-nitrophenol. It is
worth emphasizing that the ultrafast nature of the proton
transfer in 4NC appears to approach the territory of “super”
photoacids, particularly in water. Further studies should be
done to quantify the rate of ESPT in 4NC and other para-
nitrophenols.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.3c04322.

Numerical TDDFT results (Tables S1−S3); energy
surfaces for 4NC in water (Figure S1); natural transition
orbitals (Figures S2 and S3); TDDFT results for CAM-
B3LYP (Figures S4 and S5); pH-dependent 4NC
absorption spectra (Figure S6); and transient absorption
at 420 nm in water and 2-propanol (Figure S7) (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Avery B. Dalton − Department of Chemistry, University of
California, Irvine, Irvine, California 92697, United States;
orcid.org/0000-0002-6923-9090; Email: abdalton@

uci.edu

Authors
Dmitry A. Fishman − Department of Chemistry, University of
California, Irvine, Irvine, California 92697, United States;
orcid.org/0000-0001-6287-2128

Sergey A. Nizkorodov − Department of Chemistry, University
of California, Irvine, Irvine, California 92697, United States;
orcid.org/0000-0003-0891-0052

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpca.3c04322

Author Contributions
The experiments and data analysis were conceived by A.B.D.
and S.A.N. and carried out by A.B.D. and D.A.F. Computa-
tional work was carried out by A.B.D. The manuscript was
written by A.B.D. and edited by S.A.N. and D.A.F. All authors
have approved the final version of the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This experimental work was supported by U.S. National
Science Foundation grant AGS-1853639.

■ REFERENCES
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(21) Grygoryeva, K.; Kubecǩa, J.; Pysanenko, A.; Lengyel, J.;
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