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ABSTRACT: Organic carbon in the atmosphere is emitted from
biogenic and anthropogenic sources and plays a key role in
atmospheric chemistry, air quality, and climate. Recent studies have
identified several of the major nitroaromatic chromophores
embedded in organic “brown carbon” (BrC) aerosols. Indeed,
nitroaromatic chromophores are responsible for the enhanced solar
absorption of BrC aerosols, extending into the near UV (300−400
nm) and visible regions. Furthermore, BrC chromophores serve as
temporary reservoirs of important oxidizing intermediates including
hydroxyl (OH) and nitric oxide (NO) radicals that are released
upon electronic excitation. The present work represents the first
study of the 355 nm photolysis of known BrC chromophores ortho-
nitrophenol and 2-nitroresorcinol, as well as the prototypical
nitroaromatic, nitrobenzene. Experiments are carried out in a pulsed supersonic jet expansion with velocity map imaging of
NO X2Π (ν″ = 0, J″) fragments to report on the photodissociation dynamics. The total kinetic energy release (TKER)
distributions and the NO X2Π (ν″ = 0, J″) product state distributions deviate significantly from Prior simulations, indicating
that energy is partitioned nonstatistically following dissociation. Experiments are conducted in tandem with complementary
calculations using multireference Møller−Plesset second-order perturbation theory (MRMPT2) for stationary points obtained
by using multiconfiguration self-consistent field (MCSCF) with an aug-cc-pVDZ basis on the ground and lowest energy triplet
electronic states. Furthermore, insights into the partitioning of energy upon photodissociation are achieved by using relaxed
scans at the MCSCF/aug-cc-pVDZ level of theory. As a whole, the results suggest that upon excitation to S1, all three
nitroaromatics share a common overall mechanism for NO production involving isomerization of the nitro group, nonradiative
relaxation to S0, and dissociation to form rotationally hot NO.

1. INTRODUCTION

The atmosphere has experienced an unprecedented trans-
formation in its chemical composition due to anthropogenic
emissions from hydrocarbon fuels, biomass burning, and the
fast-expanding list of biofuels. This presents a challenge to the
scientific community seeking to provide a molecular-scale
understanding of their impact on the atmosphere. In pursuit of
this goal, global models necessarily face a daunting task as they
strive to incorporate the vast array of chemical reactions. The
increased number of sources of volatile organic compounds
yields many routes to the formation of aerosols, which have
profound effects on atmospheric chemistry, air quality, and
climate.1,2

The interaction of solar radiation with aerosols has a
significant, yet not entirely understood, impact on the Earth’s
climate, in which aerosols may scatter (cooling effect) or
absorb (warming effect) incoming light.2 A particular class of
organic aerosols referred to as “brown carbon” (BrC) due to
their color are ubiquitous in urban and rural atmospheres
where they are formed primarily from biomass burning and
secondarily from the oxidation of anthropogenic aromatics and
alkenes.3−8 The ability of aerosol particles to scatter light is
well established. However, recent work has demonstrated that

Received: March 12, 2019
Revised: April 29, 2019
Published: April 30, 2019

Article

pubs.acs.org/JPCACite This: J. Phys. Chem. A 2019, 123, 4262−4273

© 2019 American Chemical Society 4262 DOI: 10.1021/acs.jpca.9b02312
J. Phys. Chem. A 2019, 123, 4262−4273

D
ow

nl
oa

de
d 

vi
a 

C
O

L
G

 O
F 

W
IL

L
IA

M
 &

 M
A

R
Y

 o
n 

A
ug

us
t 2

0,
 2

02
1 

at
 1

6:
34

:0
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/JPCA
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.9b02312
http://dx.doi.org/10.1021/acs.jpca.9b02312


BrC aerosol particles can also strongly absorb visible and
ultraviolet (UV) light. Indeed, several of the major light-
absorbing nitroaromatic chromophores responsible for the
enhanced light absorption properties of BrC aerosol particles
were recently identified.3,4,8 The wide array of BrC
chromophores have relatively high absorption coefficients in
the solar spectral window9−11 that cause BrC aerosol particles
to cool the atmosphere less compared to the assumption that
they are purely scattering.6,12

Prototypical molecules such as nitrobenzene, o-nitrophenol,
and 2-nitroresorcinol (the focus of the present study) also exist
as isolated molecules in the atmosphere. There is significant
overlap between the absorption spectra of nitroaromatics with
the actinic solar flux in the visible and UV regions. Figure 1

shows the gas phase absorption cross sections of nitrobenzene
and o-nitrophenol across the 300−400 nm range.10,11 Since
there is no corresponding spectrum for 2-nitroresorcinol
available in the literature, we report the UV/visible spectra
of o-nitrophenol and 2-nitroresorcinol dissolved in acetonitrile
in the Supporting Information. The UV/visible spectrum of o-
nitrophenol exhibits an approximately 15 nm solvatochromic
shift to the red relative to the gas phase absorption cross
section spectrum shown in Figure 1. This magnitude of
solvatochromic shift is consistent with the solvent weakly
perturbing the electronic states of o-nitrophenol. Therefore,
the weakly interacting solvent does not appreciably perturb the
UV/visible spectra compared to the case for the gas phase. The
UV/visible spectrum of 2-nitroresorcinol is red-shifted by
approximately 50 nm relative to o-nitrophenol and will
therefore overlap more strongly with incoming solar radiation.
Nitroaromatics have central roles in the troposphere as
temporary reservoirs of hydroxyl (OH) radical, nitric oxide
(NO) radical, nitrogen dioxide (NO2), and oxygen (O) atom
photoproducts that are rapidly released upon electronic
excitation. Indeed, OH and NO radicals are important
atmospheric oxidizing intermediates, requiring knowledge of
their sources and sinks.13,14

Previous experimental and theoretical studies have shed light
on the spectroscopy and dynamics of nitrobenzene. Galloway
and co-workers employed 125 nm VUV ionization coupled
with UV excitation of nitrobenzene from 220−320 nm to
characterize the primary photodissociation products and
energy partitioning to kinetic energy and cofragment internal
energy.15,16 Using multimass ion imaging to measure the
fragment kinetic energies, Lin et al. determined that the NO
translational energy distributions are bimodal for nitrobenzene
photolysis at 193, 248, and 266 nm.17 More recently, the Suits
and Lin groups revealed that at 226 nm photolysis, the faster
component in the bimodal NO translational distribution arises
from contributions due to dissociation on the T1 triplet state,
whereas the slower component stems primarily from
dissociation on the ground state, possibly through a roaming
mechanism.18

The photochemistry of o-nitrophenol has also been
previously explored in a number of studies. Sangwan and
Zhu concluded that photolysis of o-nitrophenol in the near-UV
primarily generated OH and HONO radicals, along with
formation of NO.10 The photochemical dynamics of o-
nitrophenol have been studied as well.19−21 Nascent OH
radicals detected with laser-induced fluorescence from
dissociation of o-nitrophenol from 361−390 nm were revealed
to be nonstatistically formed in the vibrational ν″ = 0 state and
relatively low rotational J″ states.19 Using velocity map imaging
(VMI) of hydrogen (H) atom fragments from dissociation of
o-nitrophenol at 243 nm, Grygoryeva et al. concluded that fast
internal conversion to the ground electronic state was
responsible for the appearance of slow, statistical H atom
fragments.20 Finally, the ultrafast dynamics of o-nitrophenol
were investigated by Ernst and co-workers on the first excited
singlet state (S1) with time-resolved photoelectron spectros-
copy and quantum chemical calculations.21 The authors
provided evidence for subpicosecond internal conversion to
the ground state, in addition to a competitive intersystem
crossing pathway on the triplet state manifold, which also
ultimately leads back to the electronic ground state.
Theoretical calculations of the geometries and energetics in

the ground state and in the singlet and triplet excited states of
nitrobenzene and o-nitrophenol have been previously con-
ducted by using high-level methods.22−27 Mewes et al. and
Giussani et al. used multireference approaches to map out the
internal conversion and intersystem crossing pathways
associated with rapid nonradiative relaxation from the S1 to
the S0 electronic states of nitrobenzene.25,27 While these
studies primarily focused on nonisomerization processes,
Giussani and Worth did describe a pathway from the
nitrobenzene minimum energy structure on T1 to phenyl
nitrite on S0.

25 Xu et al. used multireference methods to
identify pathways for the rapid electronic relaxation of o-
nitrophenol as well as for proton transfer between the nitro
and hydroxyl groups.22 Furthermore, quantum chemical and
theoretical kinetic studies were carried out by Vereecken et
al.26 for o-nitrophenol decomposition to atomic and molecular
fragments on the S0 and T1 potential energy surfaces, showing
that OH and NO radicals were the dominant degradation
products.
The present work represents the first investigation of the

355 nm photodissociation dynamics of nitrobenzene, o-
nitrophenol, and 2-nitroresorcinol using VMI along with
characterization of the NO product state distributions. Despite
2-nitroresorcinol resembling more typical BrC chromophores,

Figure 1. Absorption spectra of nitrobenzene (red trace) and o-
nitrophenol (black trace) across the 300−400 nm range10,11 overlaid
with the AM1.5 solar flux spectrum (gray shaded). The 355 nm
photolysis wavelength used in the current study is denoted with a blue
arrow. The corresponding gas phase absorption spectrum for 2-
nitroresorcinol is not available in the literature, but its absorption
spectrum in acetonitrile is reported in the Supporting Information.
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there are no previous studies on its photodissociation.
Multireference calculations are carried out in tandem to obtain
physical insights into the photodissociation dynamics. In a
combined experimental and theoretical investigation, a
molecular-level understanding of the nonstatistical dissociation
mechanisms for nitrobenzene, o-nitrophenol, and 2-nitro-
resorcinol is discussed.

2. EXPERIMENT

The UV photolysis dynamics of nitrobenzene, o-nitrophenol,
and 2-nitroresorcinol were recorded under isolated-molecule
conditions in a free-jet VMI apparatus that has been previously
described in detail.28 In separate experiments, the vapor of
nitrobenzene, o-nitrophenol, or 2-nitroresorcinol is entrained
in ∼1 bar of argon by sufficiently heating the sample reservoir
to 50 °C. Subsequently, a pulsed valve (1 mm, Parker General
Valve Series 9) is used to form a supersonic jet expansion
where collisional cooling occurs for the species of interest
(rotational temperature ∼10 K), which is interrogated
downstream.
In the laser interaction region, photolysis is induced with

355 nm radiation generated from the third harmonic output of
a Nd:YAG laser (Continuum Surelite II-10) operating at 5 Hz.
A linear response in NO product formation and photolysis
power for all experiments was ensured to minimize multi-
photon effects. Furthermore, the 355 nm photolysis laser
polarization was set parallel to the plane of the detector.
Following a 50 ns time delay, a counterpropagating UV probe
laser operating at 10 Hz is spatially overlapped with the
photolysis laser to state-selectively ionize NO products by
using a 1 + 1 resonance-enhanced multiphoton ionization
(REMPI) scheme via the NO γ(0,0) band of the A2Σ+ ← X2Π
transition. The probe wavelengths are obtained by frequency-
tripling the output of a Nd:YAG dye laser (Radiant Dyes,
NarrowScan) with BBO crystals. The laser wavelengths are
calibrated with a wavemeter (Coherent WaveMaster) and
compared to the LIFBASE program results.29 The probe laser
power was reduced to ∼100 μJ/pulse to reduce photo-
dissociation of the precursor molecules.
After photodissociation, NO+ are extracted by a stack of ion

optics through a time-of-flight tube and velocity focused to
impact a 40 mm microchannel plate (MCP) detector. The
MCP is coupled to a fast phosphor screen that is electronically
gated for NO+. Two-dimensional NO+ ion images are captured
with a CCD camera, and the acquisition is carried out by using
a LabVIEW program. The experimental velocity resolution is
approximately 5%, which was determined via O2 photo-
dissociation at 226 nm to O atoms that were detected by using
2 + 1 REMPI. In order to quantify the angular and velocity
distributions, the ion images are reconstructed by using the
pBASEX software.30 The NO product state distribution from
355 nm photolysis of nitrobenzene, o-nitrophenol, or 2-
nitroresorcinol is collected by scanning the probe laser on well-
defined NO REMPI transitions and monitoring the enhanced
ion signal. Ion images and product state distributions are
recorded with active baseline subtraction to remove back-
ground signal.

3. THEORETICAL CALCULATIONS

Stationary points on the ground-state singlet (S0) and lowest
energy triplet (T1) potential energy surfaces (PESs) were
obtained by using the multiconfiguration self-consistent field

method (MCSCF) with an aug-cc-pVDZ basis and full
configuration interaction within the active space.31,32 A more
complete treatment of electron correlation at the optimized
geometries was obtained by using multireference Møller−
Plesset second-order perturbation theory (MRMPT2).33 For
nitrobenzene and o-nitrophenol, the chosen active space
included the complete set of π molecular orbitals as well as
those molecular orbitals with large amplitude on the NO2
group and significant p-character. For 2-nitroresorcinol, the
two π molecular orbitals consisting primarily of oxygen p-
orbitals from the two hydroxyl groups were excluded from the
active space. For nitrobenzene, the geometry optimizations
were performed with an active space consisting of 14 electrons
in 11 orbitals (14,11) while the active space for the MRMPT2
calculations was slightly larger at (16,13). For o-nitrophenol
and 2-nitroresorcinol, both the geometry optimizations and
MRMPT2 calculations used an (18,14) active space.
Representative active spaces are summarized in the Supporting
Information. These calculations were performed by using the
GAMESS software package and analyzed by using wxMac-
MolPlt.34−36

It is worth noting that, particularly for the triplet stationary
points, multireference methods were necessary to achieve an
accurate PES. Analysis of the leading T1 amplitudes from
restricted open-shell CCSD(T)/cc-pVTZ calculations indi-
cated significant multireference character at some of the triplet
stationary points. Furthermore, geometry optimizations
performed by using DFT at the ωB97X-D/6-311+G(3df,2p)
level of theory predicted stationary point structures that were
not replicable in subsequent MCSCF geometry optimizations.
For all parent molecules, relaxed scans along the O−NO

dissociation coordinate were obtained by performing a series of
constrained geometry optimization calculations at fixed O−
NO bond lengths. For nitrobenzene and 2-nitroresorcinol,
these calculations were performed at the (18,14) MCSCF/aug-
cc-pVDZ level of theory while for o-nitrophenol, the
calculations were performed by using (16,13) MCSCF/aug-
cc-pVDZ. The chosen active spaces included π molecular
orbitals as well as molecular orbitals with significant bonding or
antibonding character around the O−NO bond that is
breaking in the scan. At each of the optimized geometries,
the individual dipole moments of the NO and aromatic
cofragments were obtained at the restricted open-shell
Møller−Plesset second-order perturbation theory (RO-MP2/
aug-cc-pVDZ) level of theory. These calculations included the
basis functions of the other fragment centered on ghost atoms.
The fragment dipole moment calculations were performed by
using Q-Chem 5.1.37

Optimized geometries and harmonic vibrational frequencies
of the phenoxy and hydroxyphenoxy radicals were obtained by
using equation-of-motion ionization potential coupled cluster
singles and doubles (EOM-IP-CCSD) level of theory using a
cc-pVDZ basis.38 The leading T1 and T2 amplitudes for both
radicals do not suggest significant multireference character to
the ground state wave function. Anharmonic vibrational
frequencies of all three aromatic cofragments were separately
obtained by using vibrational second-order perturbation theory
(VPT2) at the M06-2X/6-311G(2df,2pd) level of theory.39,40

As shown in the Supporting Information, these two methods
yield similar vibrational frequencies phenoxy and hydroxyphe-
noxy. The EOM-IP-CCSD calculations were performed by
using Q-Chem 5.1 while the anharmonic vibrational
frequencies were obtained by using Gaussian 09.37,41
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4. RESULTS

Shown as insets in Figures 2−4 are the ion images collected
while probing the NO X2Π1/2 (ν″ = 0, J″) rotational states by
using the Q1 and R1 lines. The polarization of the 355 nm
pump laser is kept parallel to the detector (blue arrow). All
other NO product rotational states displayed similar ion image
results. The excited spin−orbit state (2Π3/2) was not examined
in detail. The isotropic NO ion images indicate that the parent
nitroaromatic molecules dissociate on a slower time scale than
their respective rotational period (τ ≥ 9−11 ps), on the basis
of rotational constants from the literature and calculations.42,43

Using linearly polarized light, the measured angular distribu-
tions can be quantitatively examined by transforming the
laboratory frame distributions by using I(θ) ∼ 1 + β·P2(cos θ).
Here, θ is the angle between the recoil direction and the
polarization of the 355 nm pump laser, and P2 is a second-
order Legendre polynomial. Using the pBASEX30 program, 3D
image reconstruction extracts the anisotropy parameter β.
Overall, the anisotropy parameter across the main feature in
each ion image is slightly negative but effectively zero and does
not change over the kinetic energies observed, confirming that
the angular distributions are isotropic. Note that these results
support a picture of NO dissociation occurring after the
molecule undergoes electronic relaxation from S1 to a lower-
lying electronic state as opposed to rapid dissociation on the S1
state.
Furthermore, the ion images were analyzed with pBASEX30

to determine the velocity distributions of the NO (ν″ = 0, J″)
products. This is accomplished by implementing an inverse
Abel transformation along the vertical axis and subsequently

integrating the radial distributions over the polar angle. Using
conservation of momentum, the total kinetic energy released
(TKER) to NO + aromatic radical products are obtained. The
resulting TKER distributions for the Q1(J″) and R1(J″)
rotational levels are shown in Figures 2−4 for nitrobenzene,
o-nitrophenol, and 2-nitroresorcinol, respectively. The TKER
distributions for nitrobenzene and o-nitrophenol are broad,
extending over 8000 cm−1 with breadths of 4650 cm−1 across
the full width at half-maximum. Conversely, the TKER
distributions from 2-nitroresorcinol photolysis span to 12 000
cm−1 with the full width at half-maximum ∼4500 cm−1.
Furthermore, the average energy placed into translation is
⟨TKER⟩ ∼ 3300 cm−1 from fragmentation of nitrobenzene and
o-nitrophenol, and approximately 3780 cm−1 for 2-nitro-
resorcinol. Though a full energy partitioning study was not
carried out, the energy channeled to product recoil velocity
probed at different NO rotational levels in ν″ = 0 is
approximately 15% of the available energy. Galloway et al.
explored the average kinetic energies for photodissociation of
nitrobenzene to NO + phenoxy from 220 to 320 nm and
showed that the translational energy comprised about 20% of
the available energy at all photolysis wavelengths.15 The
present results are in excellent agreement with this previous
study, despite exciting nitrobenzene to a different electronic
state.
To further analyze the experimental TKER data, a Prior

distribution is employed to predict the energy partitioning to
the relative recoil velocity between the NO + aromatic
cofragments for comparison with the TKER distributions. A
Prior distribution is a statistical method based on the

Figure 2. Velocity map ion images of NO products and total kinetic energy release (TKER) to NO (ν″ = 0) and phenoxy products (red bold
traces) recorded by using the (a) Q1(J″=20.5), (b) R1(J″=20.5), (c) Q1(J″=30.5), and (d) R1(J″=30.5) transitions following 355 nm photolysis of
nitrobenzene using vertical polarization (blue arrow). The statistical Prior distribution (nonbold trace) is superimposed over the experimental
results in the upper left panel.
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assumption that, without dynamical bias, all final quantum
states of products are equally likely to be populated.44

Therefore, all energetically available product quantum states
up to the available energy must be determined. The quantum
states are then partitioned into groups on the basis of the
resolution of the experiment. The groups with a greater
number of states will have a larger population since all
quantum states have an equal probability to be occupied, thus
creating a nonuniform distribution. Only the quantum states
for the aromatic radical are included in the state count since
the quantum state of NO X2Π1/2 (ν″ = 0, Q1(J″)) or (ν″ = 0,
R1(J″)) is fixed during the experiment (Eint(NO)). Therefore,
the energy E released to products is decreased by the fixed NO
internal energy to

= −E E E (NO)avl int (1)

We define Eavl to be the available energy to the NO + aromatic
cofragment products and to be equivalent to the UV excitation
energy minus the computed reaction endothermicity,

= − ΔνE E Ea hvl rxn (2)

Here, ΔErxn is the energy difference between the parent
nitroaromatic stationary points and their corresponding
products. Therefore, ΔErxn = 6010 cm−1 for nitrobenzene,
ΔErxn = 4400 cm−1 for o-nitrophenol, and ΔErxn = 2140 cm−1

for 2-nitroresorcinol on the basis of the MRMPT2 calculations
described below. The expression for the density of translational
states is

ρ = −E A g E E E( ) ( (aromatic))( (aromatic))inT T T int
1/2

(3)

where ET is the translational energy, Eint(aromatic) is the
internal energy of the aromatic cofragment, g(Eint(aromatic))
is the degeneracy of the aromatic cofragment at Eint(aromatic),
and AT is a normalization constant. The total density of states
ρ(E) at the energy E is the sum of ρ(ET) over all internal
rovibrational states of the aromatic cofragment that are allowed
by conservation of energy. The Prior distribution for
translational energy is then calculated as P(ET) = ρ(ET)/
ρ(E). The Prior distribution is straightforward to implement,
yet it has several limitations.45 However, this method may be
used to ascertain a deviation of the experimental results from a
statistical distribution of energy after photolysis, which reflects
dynamical constraints in the photodissociation process.
The results derived from the Prior calculations are plotted as

nonbold traces on the experimental TKER distributions in
Figures 2−4. To determine the accessible aromatic radical
quantum states required in the Prior simulations, available
rotational constants were obtained from microwave spectros-
copy,42,43 and the rotational constants of the 2,6-dihydrox-
yphenoxy radical were obtained from calculations. The
calculated anharmonic frequencies in the Supporting Informa-
tion provided the vibrational level energies. Additionally, the
hydroxyl group torsions were treated as harmonic oscillators
for the Prior calculations carried out for o-nitrophenol and 2-
nitroresorcinol photodissociation. The most probable transla-
tional energy from the simulated Prior distributions for
nitrobenzene and o-nitrophenol is approximately 600 cm−1,
whereas the most probable value is ∼520 cm−1 for 2-
nitroresorcinol. Additionally, the predicted average transla-
tional energy from nitrobenzene, o-nitrophenol, and 2-
nitroresorcinol dissociation is 1680, 1640, and 1610 cm−1,

Figure 3. Velocity map ion images of NO products and total kinetic energy release (TKER) to NO (ν″ = 0) and hydroxyphenoxy products (black
bold traces) recorded by using the (a) Q1(J″=20.5), (b) R1(J″=20.5), (c) Q1(J″=30.5), and (d) R1(J″=30.5) transitions following 355 nm
photolysis of o-nitrophenol using vertical polarization (blue arrow). The statistical Prior distribution (nonbold trace) is superimposed over the
experimental results in the upper left panel.
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respectively. Overall, the Prior calculations predict TKER
distributions that differ significantly from the experimental
results, indicating that the distribution of energy upon
photodissociation is considerably nonstatistical.
NO product state distributions following 355 nm photolysis

of nitrobenzene, o-nitrophenol, and 2-nitroresorcinol were
recorded by probing selected Q1(J″) and R1(J″) transitions in
the A2Σ+ ← X2Π (0,0) band system. Each probe transition is
scanned three times, and the monitored signal intensity is
integrated and divided by the state degeneracy factor (2J″ + 1),
probe pulse energy, and the line strength from LIFBASE29 to
obtain the population of the individual states. The natural
logarithm of the population for each probed R-branch
rotational level P(J″)/(2J″ + 1) is plotted against the internal
energy of NO (ν″ = 0, J″) denoted as Eint(NO) in Figure 5.
The Supporting Information shows both Q- and R-branch
rotational state distribution results. The slope is obtained from
the fit to the experimental data to extract a rotational
temperature (Trot) for the Q1(J″) and R1(J″) branches,
assuming a Boltzmann rotational distribution. The Trot

therefore serves as a measure of the rotational excitation. We
note that there is no reason that the product state distributions
should assume a specific rotational temperature, but the results
may be used to explore rotational populations following
photolysis and Λ-doublet state propensities. In particular, the
Q-branch transitions have a high selectivity for the Π(A″)
state, whereas the Π(A′) state may be probed with the R-
branch (or P-branch) transitions.46

Prior simulations were also carried out to predict the NO
product state distributions in ν″ = 0 from photolysis of

nitrobenzene, o-nitrophenol, and 2-nitroresorcinol. Similar to
the discussion above, Eavl was fixed and the accessible energy
levels of NO and the aromatic cofragments were determined.
Next, the relative populations, which are proportional to their
density of states ρ(Eint(NO)) and ρ(Eint(aromatic)), were
calculated. Furthermore, each energetically accessible pair of
NO and aromatic radical product levels is weighted by their
respective rovibronic degeneracies and also weighted by their
translational density of states, ρ(ET).
The experimental Trot of the Q- and R-branches are 3400 ±

500 and 3400 ± 600 K, respectively, for NO from

Figure 4. Velocity map ion images of NO products and total kinetic energy release (TKER) to NO (ν″ = 0) and dihydroxyphenoxy products
(green bold traces) recorded by using the (a) Q1(J″=25.5), (b) R1(J″=25.5), (c) Q1(J″=35.5), and (d) R1(J″=35.5) transitions following 355 nm
photolysis of 2-nitroresorcinol using vertical polarization (blue arrow). The statistical Prior distribution (nonbold trace) is superimposed over the
experimental results in the upper left panel.

Figure 5. Product state distributions of NO X2Π (ν″ = 0, J″) products
for the R-branch from the 355 nm photolysis of nitrobenzene (red
circles), o-nitrophenol (black squares), and 2-nitroresorcinol (green
triangles). The NO populations for the R-branch are fitted to a
Boltzmann distribution (bold traces), and the Prior simulation results
are overlaid on the experimental data as nonbold traces. Note that the
NO product state distributions have been vertically displaced from
one another to emphasize their differences.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.9b02312
J. Phys. Chem. A 2019, 123, 4262−4273

4267

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b02312/suppl_file/jp9b02312_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.9b02312


nitrobenzene decomposition. Conversely, the experimental Trot
is 6000 ± 1000 K for the Q-branch and 6600 ± 800 K for the
R-branch manifold from o-nitrophenol photolysis at 355 nm.
Thus, the distributions reveal that both Λ-doublet levels are
equally populated within experimental uncertainty. However,
the average Trot of NO products is a factor of 2 larger from o-
nitrophenol photolysis compared to that for nitrobenzene and
2-nitroresorcinol. The NO product state distribution obtained
from 2-nitroresorcinol photolysis is particularly intriguing since
it is clearly nonlinear, signifying a non-Boltzmann rotational
distribution. Therefore, the Trot obtained for NO from 2-
nitroresorcinol photolysis (4000 ± 2000 K) by using a
Boltzmann distribution is qualitative at best. As Figure 5
shows, the population of higher-energy NO rotational states is
less from 2-nitroresorcinol dissociation compared to the other
systems. In any event, a significant deviation is evident in
comparing the experimental NO product state distributions
(bold traces) in Figure 5 to the Prior simulation results
(nonbold traces), further revealing nonstatistical behavior. It
should be noted that the NO product state distributions in
Figure 5 have been displaced from one another to emphasize
their differences.
The S0 and T1 (16,13) MRMPT2/aug-cc-pVDZ//(14,11)

MCSCF/aug-cc-pVDZ PESs for nitrobenzene calculated in
this study are shown in Figure 6. On S0, a large barrier (64.4

kcal/mol) separates nitrobenzene from the nearly isoenergetic
phenyl nitrite isomer. The two conformational isomers of
phenyl nitrite, which are separated by a relatively small barrier,
can both undergo endothermic decomposition to yield NO
and phenoxy. On the T1 PES, the barrier for isomerization
from nitrobenzene to phenyl nitrite is significantly smaller
(16.2 kcal/mol) and the isomerization is energetically
favorable by 7.3 kcal/mol. The barrierless decomposition of
phenyl nitrite into NO and phenoxy is strongly exothermic on
T1.
The PESs shown in Figure 6 are in generally good

agreement with the G2M(CC1)//UB3LYP/6-311+G(3df,2p)
PESs reported in Hause et al.18 The PESs reported in the
present work were obtained by using multireference
approaches with large active spaces, albeit with a relatively
modest aug-cc-pVDZ basis, whereas Hause et al. used a

composite, single-reference approach to obtain the electronic
energy at DFT optimized geometries. One notable difference
between the two PESs is that we were unable to identify a NO2
roaming transition state geometry on S0 despite trying multiple
starting geometries, including a structure with C−N and C−O
distances consistent with the values reported in ref 18. It is
worth noting that Hause et al. reported that their roaming
transition state calculations displayed spin-contamination as
well as evidence of significant multireference character.
The S0 (18,14) MRMPT2/aug-cc-pVDZ//(18,14)

MCSCF/aug-cc-pVDZ PES for the syn conformer of o-
nitrophenol calculated in this study is shown in Figure 7.

Similar to nitrobenzene, the nearly isoenergetic o-nitrophenol
and o-hydroxyphenyl nitrite isomers are separated by a large,
66.1 kcal/mol barrier. The two conformations of o-
hydroxylphenyl nitrite are separated by a relatively small 5.8
kcal/mol barrier and can both undergo endothermic
decomposition to yield NO and o-hydroxyphenoxy. Proton
transfer from the hydroxyl to the nitro group is uphill in energy
by 31.6 kcal/mol. Finally, as shown in the Supporting
Information, a similar pattern of S0 stationary points is
observed for the higher-energy anti conformer. It is worth
noting that the anti conformer is 11.4 kcal/mol higher in
energy than the syn conformer, a result of the nitro group
losing both hydrogen bonding and π-conjugation; the
minimum energy geometry of the anti conformer has the
nitro group rotated significantly out of plane.
The T1 PES for the syn conformer of o-nitrophenol is also

shown in Figure 7 whereas the corresponding data for the anti
conformer is reported in the Supporting Information. In
contrast with the S0 PES, proton transfer from the hydroxyl to
the nitro group is exothermic by 24.9 kcal/mol. Unlike
nitrobenzene, we were unable to identify an o-hydroxyphenyl
nitrite minimum energy stationary point geometry on T1.
Instead, a low 2.9 kcal/mol barrier separates o-nitrophenol
from a strongly exothermic (61.8 kcal/mol) decomposition
into NO and hydroxyphenoxy.
The S0 (18,14) MRMPT2/aug-cc-pVDZ//(18,14)

MCSCF/aug-cc-pVDZ PES for the syn-syn conformer of

Figure 6. Schematic S0 and T1 potential energy surfaces for
nitrobenzene calculated at the (16,13) MRMPT2/aug-cc-pVDZ//
(14,11) MCSCF/aug-cc-pVDZ level of theory along with the
stationary point geometries.

Figure 7. Schematic S0 and T1 potential energy surfaces for the syn
conformer of o-nitrophenol calculated at the (18,14) MRMPT2/aug-
cc-pVDZ//(18,14) MCSCF/aug-cc-pVDZ level of theory along with
the key stationary point geometries.
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2-nitroresorcinol calculated in this study is shown in Figure 8.
Similar to results for nitrobenzene and o-nitrophenol, a large

65.6 kcal/mol barrier separates the 2-nitroresorcinol and
dihydroxyphenyl nitrite isomers. Unlike the other two
compounds, one of the dihydroxyphenyl nitrite conformers is
2.8 kcal/mol lower in energy than 2-nitroresorcinol. The two
dihydroxyphenyl nitrite conformers can both undergo
endothermic decomposition and are separated by a relatively
low 4.3 kcal/mol barrier. Proton transfer from one of the
hydroxyl groups to the nitro group is uphill in energy by 19.8
kcal/mol. Similar to o-nitrophenol, the anti−anti conformer of
2-nitroresorcinol is higher in energy than the syn−syn
conformer by 11.0 kcal/mol due to the nitro group being
distorted out of plane. As shown in the Supporting
Information, the pattern of S0 stationary points for the anti−
anti conformer of 2-nitroresorcinol is similar to those of the
syn−syn conformer. Finally, it is worth noting that the
decomposition on S0 becomes decreasingly endothermic with
each additional hydroxyl group; for the syn conformers, the
decomposition into NO and aromatic cofragment has ΔE =
17.2 kcal/mol for nitrobenzene, ΔE = 12.6 kcal/mol for o-
nitrophenol, and ΔE = 6.1 kcal/mol for 2-nitroresorcinol.
The T1 PES for the syn−syn conformer of 2-nitroresorcinol

is also shown in Figure 8 whereas the corresponding data for
the anti−anti conformer are reported in the Supporting
Information. Note that the optimized geometry of 2-nitro-
resorcinol on T1 includes a significant out of plane distortion of
the nitro group. Similar to the case for o-nitrophenol, proton
transfer from the hydroxyl to the nitro group is exothermic by
28.2 kcal/mol on T1. Also like o-nitrophenol, stable
dihydroxyphenyl nitrite minima were not observed on the T1

PES. Decomposition to NO and dihydroxyphenoxy was found
to be exothermic by 69.6 kcal/mol. While a barrier preceding
dissociation was not identified for the syn−syn conformer, a
small 2.3 kcal/mol barrier was found for the anti−anti
conformer.

5. DISCUSSION

Hause18 reported on the 226 nm photolysis of nitrobenzene,
presenting ion images with a bimodal translational distribution
as a function of the probed NO rotational state J″. For low J″,
only a slow component is present, but with increasing J″, the
faster translational component appears. Consistent with Figure
6, the faster component was ascribed to NO production from
the T1 triplet state surface, where the strong exothermicity of
dissociation would impart significant translational energy to
the fragments. The slower component was assigned to
fragmentation occurring on the ground state PES, where
dissociation is uphill in energy from phenyl nitrite. Using
energy-dependent branching ratio calculations, Hause et al.
argued further that the slow component was specifically due to
a roaming pathway on S0. We reproduce the slow and fast
components in ion images for nitrobenzene photolysis at 226
nm. In a future publication, we will describe the 226 nm
photodissociation dynamics of o-nitrophenol and 2-nitro-
resorcinol to NO products.47

For the present study, focusing on the 355 nm photo-
dissociation of nitrobenzene, only the slow component is
evident in all ion images, even at high NO(J″). On the basis of
the previous results by Hause as well as the PESs in Figure 6,
this is consistent with the dissociation occurring on S0. While
T1 is not directly involved in the actual dissociation, the triplet
manifold could certainly be involved in the electronic
relaxation back to S0. In particular, the intersystem crossing
pathway from the nitrobenzene minimum on T1 to the phenyl
nitrite minimum on S0 reported by Giussani and Worth allows
for a circumvention of the large isomerization barrier on S0.

25

Because we could not obtain a MCSCF optimized geometry
for a NO2 roaming transition state, along with the limitations
Hause et al. reported in their calculations of this stationary
point, it seems possible that the fragmentation on S0 occurs
through a nonroaming pathway. We cannot, however,
definitively rule out a roaming mechanism without a more
in-depth analysis, such as directly modeling the photo-
dissociation dynamics.
Similarly, ion images obtained from o-nitrophenol and 2-

nitroresorcinol 355 nm photodissociation only possess a single
component regardless of the probed NO (v″ = 0, J″) level.
Moreover, the TKER distributions for all three parent
molecules are similar and are consistent with, on average,
approximately 15% of the total available energy going into the
translational motion of the fragments. Referring to the
calculated surfaces, this suggests that dissociation of the
three nitroaromatic chromophores occurs on the S0 PES,
where the O−NO bond cleavage is uphill in energy, as
opposed to the T1 PES, where the exothermicity of the
dissociation would lead to larger translational energies.
The predicted translational distributions from 355 nm

photodissociation of nitrobenzene, o-nitrophenol, and 2-
nitroresorcinol were determined by using a statistical Prior
calculation discussed in the previous section. The calculated
average energy imparted to translation from nitrobenzene, o-
nitrophenol, and 2-nitroresorcinol photolysis is 1680, 16400,
and 1640 cm−1, respectively. The Prior simulation results
deviate substantially from the average TKER results observed
in the experimental data, which indicates the presence of a
dynamical constraint in the dissociation dynamics. More
specifically, the experimental TKER distributions indicate
that less energy is stored in the internal energy of the aromatic

Figure 8. Schematic S0 and T1 potential energy surfaces for the syn−
syn conformer of 2-nitroresorcinol calculated at the (18,14)
MRMPT2/aug-cc-pVDZ//(18,14) MCSCF/aug-cc-pVDZ level of
theory along with the key stationary point geometries.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.9b02312
J. Phys. Chem. A 2019, 123, 4262−4273

4269

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b02312/suppl_file/jp9b02312_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b02312/suppl_file/jp9b02312_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b02312/suppl_file/jp9b02312_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b02312/suppl_file/jp9b02312_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.9b02312


fragments than would be predicted on the basis of a purely
statistical distribution of the energy among the various
quantum states. As a result, a greater fraction of the available
energy ends up in the translational energy of the fragments.
Furthermore, the Prior simulations for the NO product state
distributions indicate that less energy is partitioned to NO
rotation in experiments. It is worth noting that statistical Prior
simulations treat the radical cofragments as structureless and
noninteracting, which can lead to considerable discrepancies
when compared to experimental observations.
Figure 5 shows the results of the product state distribution

obtained for the R-branches of NO from nitrobenzene, o-
nitrophenol, and 2-nitroresorcinol photodissociation. Since
these distributions are plotted as the logarithm of a Boltzmann
distribution, written as P(J″) ∼ exp[−Eint(J″)/kTrot], versus
the rotational energy level Eint(NO), the slope of the graphs
yields the Trot of the individual branches. For all parent
nitroaromatic molecules, this analysis indicates that NO is
formed with significant rotational excitation, albeit consistently
less than what is predicted with statistical Prior simulations.
Furthermore, production of NO from 2-nitroresorcinol
photolysis results in a non-Boltzmann distribution of rotational
states. It is to these deviations from statistical treatments that
we now turn.
The results of MCSCF relaxed scans of one isomer of o-

nitrophenol and two isomers of 2-nitroresorcinol along the O−
NO dissociation coordinate are shown in Figure 9, beginning
with geometries that are displaced by 0.25 Å from the

corresponding minimum energy geometry. Previous studies on
the H atom abstraction reaction between chlorine (Cl) radicals
and a variety of organic molecules described trends in the HCl
product state distribution based on the chemical structure of
the organic radical coproduct.48−51 Specifically, the extent of
rotational excitation of the HCl was correlated with the
magnitude and relative orientations of the fragment dipole
moments at the transition state and product complex
geometries. Influenced by this approach, the dipole moments
of the radical fragments were calculated at each geometry in
the scan and are shown superimposed on the molecular
structures in Figure 9. The dipole moment of NO has been
enlarged for clarity. The complete set of MCSCF relaxed scans
can be found in the Supporting Information.
The middle and right columns of Figure 9 focus on two

MCSCF relaxed scans of 2-nitroresorcinol. In the first of these
scans (middle column), evidence of a significant torque on the
dissociating NO fragment is clearly evident, with the NO
nearly perpendicular to the aromatic plane in the final
geometry. The presence of a reorientation of the NO group
along this minimum energy dissociation path is consistent with
significant rotational excitation of the dissociating NO
fragment. Note that in this scan, the dipole moments of the
two fragments are initially oriented head-to-tail (although
vertically displaced from each other) and end up nearly
perpendicular. In the second scan (right column), the dipole
moments of the two fragments begin with a 115.4° angle
between them and end nearly antiparallel to one another.

Figure 9. Representative geometries from MCSCF relaxed scans of o-nitrophenol (left column) and two isomers of 2-nitroresorcinol (middle and
right columns) along the O−NO bond dissociation coordinate. The first geometry in all three scans is displaced 0.25 Å from the corresponding
minimum energy geometry. The fragment dipole moments are shown superimposed on the molecular geometries, with the dipole moment of NO
enlarged for clarity.
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Along this minimum energy dissociation pathway, the NO
experiences a much smaller torque, largely moving directly
away from the aromatic cofragment.
It is worth noting that the trend observed in the middle and

right columns of Figure 9 is counter to that observed in
previous studies on H atom abstraction reactions. Specifically,
in the previous studies, the less the alignment between the HCl
and organic radical dipole moments at the transition state or
product complex geometry, the greater the rotational excitation
of the HCl molecule. This was rationalized through an
electrostatic induced torque on the HCl that steers the
products into a more favorable dipole moment alignment. In
contrast, the relaxed scan in Figure 9 with the greatest torque
induced on the NO begins with the fragment dipole moments
nearly parallel to one another. However, unlike in the H atom
abstraction reactions, the fragment dipole moments are
significantly vertically displaced from each other. This vertical
displacement between the dipole moments leads to a much
more anisotropic potential than if the dipole moments were
collinear, allowing for the torque observed in the relaxed scans.
As shown in the Supporting Information, analogous MCSCF

relaxed scans for nitrobenzene are very similar to the 2-
nitroresorcinol scans shown in Figure 9. The magnitudes of the
dipole moments are significantly larger for nitrobenzene than
for 2-nitroresorcinol. For example, at the first geometry in the
center column in Figure 9 the dipole moments are 0.96 and
0.18 D for dihydroxyphenoxy and NO, respectively. In the
corresponding MCSCF relaxed scan for nitrobenzene, the
values are 2.65 and 0.21 D for phenoxy and NO. The larger
dipole moments of the radical fragments of nitrobenzene will
result in greater long-range dipole−dipole interactions, which
may explain the population of higher NO(J″) states from
nitrobenzene photodissociation as compared to that of 2-
nitroresorcinol. Previous studies of H atom abstraction
reactions of Cl with a range of organic molecules similarly
correlated the Trot of the HCl product with the dipole moment
magnitude of the organic radical product.51

Turning to o-nitrophenol, the MCSCF relaxed scan in
Figure 9 shows the presence of significant long-range
interactions which steer the dissociating NO molecule into
the plane of the aromatic fragment. As shown in the
Supporting Information, this long-range movement of the
NO molecule from being above the aromatic plane to being
nearly coplanar with the hydroxyphenoxy fragment was
observed in all of the calculated minimum energy dissociation
pathways of o-nitrophenol, although the NO was not
exclusively steered to the side of the molecule with the
hydroxyl group. The asymmetric motion observed in the
minimum energy NO dissociation pathways of o-nitrophenol
reflects the asymmetric charge distribution of the hydrox-
yphenoxy fragment. The MCSCF relaxed scans suggest that in
o-nitrophenol, the dissociating NO experiences a more
complex set of anisotropic long-range forces than in the
other two nitroaromatic species, giving rise to greater and more
complex rotational motion. This is consistent with the
experimental observation of a significantly higher NO Trot
from o-nitrophenol photolysis than from nitrobenzene or 2-
nitroresorcinol photolysis.
The highly non-Boltzmann NO rotational distribution from

the photolysis of 2-nitroresorcinol shown in Figure 5 merits
additional discussion. Given the strong similarity between the
MCSCF relaxed scans of nitrobenzene and 2-nitroresorcinol,
the present analysis is insufficient to fully explain the

differences present in the NO rotational populations obtained
from the photolysis of these two species. Instead, the non-
Boltzmann NO rotational distribution of 2-nitroresorcinol
photolysis likely reflects details of the nonradiative relaxation
pathways that are operative after excitation to S1 along with the
specific molecular configurations on S0 that these connect to.
Additionally, the UV/visible spectrum of 2-nitroresorcinol
shown in the Supporting Information suggests that 355 nm
radiation may induce excitation to a higher-lying bright state in
addition to S1. The involvement of a second bright state in the
photodissociation process may provide another explanation for
the marked difference in the NO product state distribution of
2-nitrorescorcinol as compared to that of nitrobenzene and o-
nitrophenol. However, the absence of bimodal VMI images
and TKER distributions suggests that if a second bright state
were involved in the 355 nm photolysis of 2-nitroresorcinol, it
follows the same general photochemistry as S1. Further analysis
of the photodissociation of 2-nitroresorcinol will be the subject
of future investigation.
The MCSCF relaxed scans also provide some insights into

potential dynamical constraints in the dissociation pathways,
which prevent a statistical partitioning of energy among the
vibrational modes of the fragments. For all three nitroaromatic
systems, cleavage of the O−NO bond is accompanied by in-
plane distortions of the aromatic cofragment. Specifically,
significant distortions along the relaxed scan are observed in
the C−O bond length associated with the breaking O−NO
bond, C−C bond lengths, C−C−C bond angles, and C−C−H
bond angles. This suggests that as the O−NO bond breaks,
energy will more readily flow into the vibrational modes
associated with these in-plane distortions than vibrational
modes primarily involving out-of-plane distortions. As a result,
a limited subset of the vibrational state density will be
populated in the cofragment relative to a fully statistical energy
partitioning. Similar results were observed in previous H atom
photofragment translational spectroscopy on the photo-
dissociation of heteroaromatics, where dynamical constraints
on the dissociation pathway led to selective population of
aromatic ring distortions.52,53

6. CONCLUSION
The work described above represents the first investigation of
the dynamics associated with the formation of NO from the
photodissociation of nitrobenzene, o-nitrophenol, and 2-
nitroresorcinol after 355 nm excitation. For all three nitro-
aromatics, velocity map imaging results point to relatively slow
photolysis, leading to rotationally hot NO and significantly
nonstatistical TKER and NO product state distributions. The
slow time scale of the photoloysis is attributed to the need for
isomerization and nonradiative relaxation back to S0 prior to
the O−NO bond dissociation. The results of high-level
theoretical calculations indicate the presence of long-range
interactions between NO and the aromatic cofragment giving
rise to a torque on the dissociating NO and hence the
formation of rotationally hot NO. The deviations between the
experimental TKER and NO product state distributions and
the statistical Prior simulations indicate the presence of
dynamical constraints on energy partitioning during the
dissociation.
While there are similarities between the 355 nm photolysis

of nitrobenzene, o-nitrophenol, and 2-nitroresorcinol, signifi-
cant differences between the NO product state distributions of
the three nitroaromatics suggest contrasting dissociation
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processes giving rise to different nonstatistical photochemical
dynamics. The computational analysis suggests that the NO
experiences stronger and more anisotropic long-range
interactions with hydroxyphenoxy than with the other two
aromatic photofragments. This may explain why photolysis of
o-nitrophenol produces NO with a rotational temperature that
is twice that from nitrobenzene or 2-nitroresorcinol photolysis.
The highly non-Boltzmann NO product state distribution
observed following 2-nitroresorcinol photodissociation is an
especially dramatic manifestation of nonstatistical energy
partitioning in these systems and merits future studies capable
of unraveling the detailed nonradiative pathways that 2-
nitroresorcinol follows prior to dissociation on S0.
Nitroaromatics are important atmospheric molecules

derived from anthropogenic and biogenic processes. Further-
more, they are known light-absorbing chromophores embed-
ded in “brown carbon” (BrC) aerosols, giving rise to their
enhanced absorption properties in the near-UV/visible regions.
This study comprises a combined experimental and theoretical
effort to examine the 355 nm solar photolysis of these three
nitroaromatic chromophores that release NO upon fragmenta-
tion. Upon absorbing 355 nm solar radiation, each molecule is
promoted to the S1 electronic state followed by prompt de-
excitation and dissociation on the S0 ground electronic state.
With a focus on obtaining a molecular-scale understanding of
the fragmentation mechanisms following solar absorption, we
report the nonstatistical signatures that are imprinted on the
internal energies and relative recoil of products. A coherent
picture emerges that is consistent with previous studies, which
is that at atmospherically relevant solar wavelengths, non-
radiative de-excitation from S1 proceeds to S0, possibly through
the Tn triplet manifold, followed by decomposition on S0.
Though the NO formation channel may be comparatively
low,10 the aromatic and NO radicals that are released from
photolysis may enrich the molecular complexity in the particle
phase and in the atmosphere. The studied nitroaromatics in
the atmosphere will dissociate in the same manner as discussed
in the present work. While thermal energy dissipation to the
condensed phase may occur for nitroaromatics in aerosols,
with photodecomposition may not be negligible. Therefore,
results presented here provide insights to nitroaromatic
chromophore dissociation to improve atmospheric models.
Future work will focus on extending the wavelength photolysis
range and exploring the dissociation dynamics of more
complex nitroaromatic species implicated in BrC aerosols.
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