i+l

NRC Publications Archive
Archives des publications du CNRC

Ultrafast dynamics of o-nitrophenol: An experimental and theoretical
study

Ernst, Hanna A.; Wolf, Thomas J. A.; Schalk, Oliver; Gonzalez-Garcia, Nuria;
Boguslavskiy, Andrey E.; Stolow, Albert; Olzmann, Matthias; Unterreiner,
Andreas-Nell

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1021/acs.jpca.5b04900
The Journal of Physical Chemistry A, 119, 35, pp. 9225-9235, 2015-08-12

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=ce83ef5b-a095-4e1f-85dd-e4e329f4a190
https://publications-cnrc.canada.ca/fra/voir/objet/?id=ce83ef5b-a095-4e1f-85dd-e4e329f4a190

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCA

Ultrafast Dynamics of o-Nitrophenol: An Experimental and

Theoretical Study

Hanna A. Ernst,’ Thomas J. A Wolf,"* Oliver Schalk,§’” Niria Gonzalez-Garcia,’ Andrey E. Boguslavskjy,”
Albert Stolow,”’L Matthias Olzmann,T and Andreas-Neil Unterreiner™ "

Institut fiir Physikalische Chemie, Karlsruher Institut fiir Technologie (KIT), Kaiserstrafle 12, 76131 Karlsruhe, Germany
*Stanford PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, California 94025, United States
$AlbaNova University Centre, Stockholm University, Roslagstullsbacken 21, 10691 Stockholm, Sweden

'National Research Council of Canada, 100 Sussex Drive, Ottawa, Ontario K1A OR6, Canada

lDepartments of Chemistry & Physics, University of Ottawa, 10 Marie Curie, Ottawa, Ontario KIN 6NS Canada

© Supporting Information

ABSTRACT: The photolysis of o-nitrophenol (0-NP), a typical push—pull molecule, is of
current interest in atmospheric chemistry as a possible source of nitrous acid (HONO). To
characterize the largely unknown photolysis mechanism, the dynamics of the lowest lying
excited singlet state (S;) of o-NP was investigated by means of femtosecond transient
absorption spectroscopy in solution, time-resolved photoelectron spectroscopy (TRPES)
in the gas phase and quantum chemical calculations. Evidence of the unstable aci-nitro
isomer is provided both in the liquid and in the gas phase. Our results indicate that the S,
state displays strong charge transfer character, which triggers excited state proton transfer
from the OH to the NO, group as evidenced by a temporal shift of 20 fs of the onset of the
photoelectron spectrum. The proton transfer itself is found to be coupled to an out-of-
plane rotation of the newly formed HONO group, finally leading to a conical intersection
between S, and the ground state S,. In solution, return to S, within 0.2—0.3 ps was
monitored by stimulated emission. As a competitive relaxation channel, ultrafast
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intersystem crossing to the upper triplet manifold on a subpicosecond time scale occurs both in solution and in the gas
phase. Due to the ultrafast singlet dynamics, we conclude that the much discussed HONO split-off is likely to take place in the

triplet manifold.

1. INTRODUCTION

The photolysis of ortho-substituted nitroaromatic compounds
such as o-nitrophenol (o-NP, Figure 1) is currently discussed as
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Figure 1. Molecular structure of o-nitrophenol (left) and its
tautomeric aci-nitro form (right).

a source of nitrous acid (HONO) in the atmosphere.'™* From
a structural viewpoint many of these species represent push—
pull molecules bearing electron-donating and electron-with-
drawing substituents at the aromatic ring.” Such push—pull
molecules, besides their atmospheric relevance, have attracted
continuing general interest due to their unique and manifold
intramolecular charge transfer (ICT) properties.”” A proto-
typical example is the above-mentioned o-NP, which exhibits
interactions between the nitro and the adjacent hydroxyl group.
0-NP can serve as a simple model system for ICT dynamics due
to the absence of other functional groups and its strong
intramolecular hydrogen bond.*” As discussed in previous
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studies,'”"" 0-NP exhibits various ICT transitions upon

photoexcitation, but its dynamical relaxation pathways
remained unclear. Several photoproducts, e.g, catechol, have
been identified in aqueous solution by Boule and co-workers
following irradiation in the ultraviolet (UV)."? These authors
found that photoinduced reactions of o-NP were much more
efficient from electronic states above S;. Neither fluorescence
nor phosphorescence has been reported to date for o-NP,
which indicates ultrafast radiationless processes. Picosecond
time-resolved transient absorption experiments of o-NP in
benzene, conducted by Takezaki et al,”? point to relaxation
into the first excited triplet state, T, after excitation in the UV.
The underlying ISC process, however, remained unresolved
due to limited time resolution and could only be estimated to
occur on a time scale <50 Ps-

In atmospheric research, the detection of nitrophenols in the
environment has provided impetus for numerous investigations
of atmospheric reactions, both in the gas phase and in the
condensed phase (clouds, rainwater, fog, and snow).14_17
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Nitrophenols are common pollutants'® and it was noted that o-
NP, after UV irradiation, could act as a new and previously
unappreciated source of nitrous acid.! HONO itself was
identified as a precursor of hydroxyl radicals which are involved
in a multitude of chemical reactions in the atmosphere.'®'” The
mechanism leading to release of HONO after photoexcitation
of 0o-NP was proposed to proceed via an intramolecular proton
transfer from the hydroxyl to the adjacent nitro group.
Theoretical studies of this reaction were based on the
assumption that HONO split-off occurs in the first excited
triplet state, T,."" A first indication of an intramolecular proton
transfer reaction in o-NP was provided by detection of the
tautomeric aci-nitro form (Figure 1) by infrared spectroscopy
in low-temperature argon matrices™ and a resonance Raman
investigation.'' The aci-nitro isomer is assumed to be an
unstable intermediate in the generation of HONO." Evidence
for the aci-nitro form by time-resolved experiments, however,
has not been reported yet.

Thus, to shed more light on the ultrafast relaxation pathways
of 0-NP in solution and in the gas phase, we applied transient
absorption (TA, solution phase) and time-resolved photo-
electron spectroscopy (TRPES, gas phase). Our experimental
findings were analyzed and rationalized on the basis of results
from quantum chemical calculations obtained with density
functional theory (DFT) and multireference methods.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Steady State Spectroscopy in Solution and the
Gas Phase, Purity of Substances Used. Gas phase and
solution spectra were obtained with a UV—vis spectrometer
Cary 500 (Varian) in a wavelength range between 200 and 800
nm. The spectra were recorded at room temperature in fused
silica cuvettes with an optical path length of 1 mm (solution)
and 11.5 cm (gas phase).

o-NP (purity >99.5%, Sigma-Aldrich), n-hexane (purity
>98%, Roth), chloroform (purity >99.9%, Roth), and 2-
propanol (purity >99.9%, Roth) were used as purchased.
Deionized water was used from our local source.

2.2. Time-Resolved Experimental Methods. Time-
Resolved Photoelectron Spectroscopy in the Gas Phase.
The experimental setup for time-resolved photoelectron
spectroscopy of o-NP in the gas phase consisted of a
femtosecond laser system and a supersonic molecular beam
magnetic bottle time-of-flight mass spectrometer, described in
detail elsewhere.”" Briefly, pump pulses with a wavelength of
350 nm were generated as the fourth harmonic of the output of
an optical parametric amplifier (TOPAS, Light Conversion),
with pulse energies between 1.0 and 2.0 yuJ. The probe
wavelength was 400 nm at pulse energies between 15 and 20 yJ
generated by frequency doubling of the femtosecond laser
output. The relative polarization of pump and probe pulses was
set to the magic angle. The pulses were collinearly and weakly
(f = 50 cm) focused into the interaction region of the magnetic
bottle photoelectron spectrometer.

The pump—probe cross correlation was measured by means
of nonresonant (1 + 2’) photoionization of nitric oxide to be
110 + 10 fs. In the approximation of the same length for the
pump and probe pulses this value corresponds to 135 =+ 10 fs
for a (1 + 1) photoionization using a conversion factor of 1.15.
The supersonic molecular beam was generated by a 1 kHz
Even-Lavie valve with a 200 ym diameter conical nozzle. The
skimmed beam crossed the optical beam path perpendicularly.
Helium was used as a carrier gas, with a stagnation pressure of
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3.8 bar. 0-NP was admitted into the body of the valve as a solid.
Photoelectron kinetic energies were calibrated by using the
well-known photoelectron spectrum of NO.

Time-Resolved Spectroscopy in Solution. The ultrafast
dynamics of o-NP in solution was studied by femtosecond
transient absorption spectroscopy. Pulses of 150 fs duration
with 1.6 mJ/pulse at a repetition rate of 1 kHz and a central
wavelength of 775 nm were generated by a CPA 2210 laser
system (Clark-MXR).*” The experimental setup is described in
more detail elsewhere.”” The pump wavelength of 350 nm with
an energy of 0.7 pJ/pulse was generated by sum frequency
mixing.”* The probe wavelengths between 480 and 1100 nm
were generated by a noncollinearly optical parametric amplifier
(NOPA) system.”> Pump and probe beams were focused into
the sample using magic-angle polarization geometry. The
repetition rate of the laser pulses was reduced by a chopper
wheel to allow for measuring the change in the optical density
with and without pump-pulse, AOD.

The optical density of the samples was set to a value of 3 at
the pump wavelength to minimize group velocity dispersion.
To avoid the local buildup of photoproducts, the sample
solution was flowed continuously through the cuvette, which
was made of fused silica with 1 mm optical path length. Data
acquisition was performed using in house software in a Labview
environment.

2.3. Quantum Chemical Methods. Single-Reference
Methods. Density functional theory calculations for ground
states and time-dependent density functional theory (TD-
DFT) calculations for excited states were 2performed by using
the TURBOMOLE V6.3 program package.”® Geometries of the
ground state and the lowest triplet state were optimized with
BP86/def2-SV(P).”’*° Energies at these o;)timized geometries
were computed with B3LYP/aug-cc-pVDZ"" "%~ a5 well as
singlet and triplet excitations and associated oscillator
strengths.**™*

Multireference Methods. Minimum energy conical inter-
sections (MEClIs) between the first excited singlet state and the
singlet ground state were optimized using the complete active
space self-consistent field (CASSCF) method as implemented
in the GAMESS-US (Version R1),* with averaging over the
two involved states (SA-2-CASSCF).** The CAS consisted of
seven molecular orbitals (MOs), the four highest occupied and
the three lowest unoccupied and eight electrons in combination
with the 6-31G(d) basis set. Analysis of the CASSCF wave
function showed that the first excited state is well characterized
throughout the whole investigated areas of the PES by a single
electron LUMO—HOMO transition. Therefore, a smaller CAS
involving the highest two occupied and the lowest two
unoccupied orbitals and four electrons was employed for
further PES scans. In these, a matrix of geometries was
produced by changing the distance between the hydrogen atom
of the hydroxyl group and the oxygen atom of the closest NO,
group between 1.8 and 0.8 A in steps of 0.2 A as well as the
dihedral angle between this oxygen and the phenyl ring plane
between 0° and 105° in steps of 15°. For each element of this
geometry matrix, the latter two internal degrees of freedom
were fixed with all others allowed to relax. At the optimized
geometries, energies were calculated with the MCQDPT
method.**¥%

3. RESULTS

3.1. Steady State Spectroscopy in Solution and in the
Gas Phase. In Figure 2, the measured absorption spectrum of
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Figure 2. Measured absorption spectrum of gaseous o-NP (black line,
left axis) and calculated oscillator strengths of selected singlet—singlet
transitions to states with A’ symmetry (gray bars, right axis). Singlet—
singlet transitions to states with A” symmetry have by orders of
magnitude lower oscillator strengths and are, therefore, marked with
blue arrows. Singlet—triplet transitions are marked with green arrows.
All computed transitions are related to 1A’ (S;). Inset graph:
absorption spectra measured in solution: n-hexane (blue), 2-propanol
(black), water (red), and chloroform (green).

o-NP in the gas phase is shown together with calculated
oscillator strengths for selected vertical singlet—singlet
transitions with A’ symmetry related to the 1A’ ground state
(Sp). Because the oscillator strengths for transitions to states
with A” symmetry are smaller by several orders of magnitude,
only the wavelengths of these transitions are marked in Figure
2, along with the wavelengths of singlet—triplet transitions
related to 1A’ (S,). For numerical values, the reader is referred
to Table SI1 of the Supporting Information. From Figure 2, it
can be seen that gaseous o-NP exhibits three absorption bands
around 207, 259, and 331 nm, respectively. The positions of
these bands are in reasonable agreement with the calculated
positions of the vertical transitions (A’ symmetry).

The graph inset in Figure 2 shows the absorption spectra of
0-NP in different solvents. The first absorption band is centered
at 346 nm in both n-hexane and 2-propanol, but at 350 nm in
water, and 355 nm in chloroform, exhibiting a slight red shift as
compared to the gas phase spectrum. These findings are
consistent with a previously recorded spectrum in methanol,
where the respective absorption band is centered at 349 nm."’
Because the spectral shifts of the first maxima in the employed
solvents are in the range 346—355 nm, the excitation
wavelength for all TA experiments in solution was chosen to
be 350 nm. According to our assignment above, this
corresponds to excitation into the first excited singlet state,
2A’ (S,). Extinction coefficients of o-NP obtained at 350 nm
are listed in Table SI2 of the Supporting Information.

3.2. Time-Resolved Photoelectron Spectroscopy in
the Gas Phase. The time-resolved photoelectron spectrum of
0-NP at a pump wavelength of 350 nm (3.54 V) and a probe
wavelength of 400 nm (3.10 €V) is shown in Figure 3. The four
lowest ionization potentials (IPs) corresponding to the doublet
states Dy to D5 of o-NP* are at 9.29, 10.08, 11.34, and 12.16 €V,
respectively.”” Thus, at time zero at least one pump and two
probe photons have to be absorbed ([1,2'], E; 57 = 9.74 €V) to
photoionize o-NP. The photoelectron band arising from
ionization to D, should therefore be found at 0.45 eV kinetic
energy. It can also be seen that photoelectron bands lying
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Figure 3. Time-resolved photoelectron spectrum of o-NP excited at
350 nm and ionized at 400 nm. The [1,2] and [1,3] energetic cut-offs
at 0.45 and 3.55 eV, respectively, are indicated by orange lines. For
more details see text.

higher than 0.45 eV are observed: These result from three
probe photon ionization ([1,3"], E;3 = 12.84 eV). The
maximum electron kinetic energy for [1,3'] ionization into the
lowest cationic state is, thus, 3.55 eV. Therefore, these
photoelectron spectra can be separated into electron kinetic
energy regions for [1,2'] and [1,3'] ionization, as shown by the
orange lines in Figure 3. Some very weak photoelectron signals
beyond the [1,3'] region can be assigned to ionization
processes including even more photons. Via [1,3'] ionization
the first four cationic electronic states are energetically
accessible. Together with additional features most likely due
to intermediate Rydberg resonances, this yields the rather
complicated photoelectron intensity distribution in the [1,3']
regime seen in Figure 3.

The photoelectron bands appearing at time zero decay
rapidly within few hundred femtoseconds, leaving behind a
slightly narrower photoelectron band structure stable through-
out the investigated time window of 700 ps. Furthermore, the
onset of the photoelectron spectrum experiences a slight
temporal delay toward lower photoelectron kinetic energies.

Time constants are typically determined from solutions of
the convolution integral

S(Eygn/At) = /_ j: 6 Y AE) exp[_ At —x

)dx
’z'i

(1)
with a Levenberg—Marquardt global fitting routine. Here
S(EyinyAt) is the time-resolved photoelectron spectrum, which
is expressed by the convolution of the experimentally
determined Gaussian cross-correlation function g(At) with a
sum of exponential terms containing the decay-associated
photoelectron spectrum A/(Ey,) of the process having time
constant 7, The quantity At is defined as At =t — £, with t; the
time zero of the experiment independently determined in cross-
correlation experiments.

In the following, we use the indices gas and solv to distinguish
between the time constants derived from experiments in the gas
phase and in solution (section 3.3). The TRPES data, shown in
Figure 3, is globally fitted with a biexponential decay. Residuals
from the 2D fit of TRPES spectrum of o-NP are shown in
Figure SII.

The first time constant, Tl gasr has a value of 130 + 10 fs,
whereas the value of 7,,,, is considerably larger than the
investigated range of delay times. A method to account for the

DOI: 10.1021/acs.jpca.5b04900
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Figure 4. Transient absorption profiles of 0-NP in water (A) and n-hexane (B) at a pump wavelength of 350 nm and probe wavelenghts as labeled.
The points represent the absolute experimental values, whereas the red lines are fits. Plots are arbitrarily shifted along the ordinate for better clarity.

For explanation of the subpanels (a)—(c), see text.

temporal shift toward smaller photoelectron kinetic energies is
the use of ty(Ey,) as a fitting parameter. This shift is a sign of
large amplitude motion experienced by photoexcited molecule
and caused by both the rise of the vertical ionization potential
along the large amplitude deformation coordinates and the
conversion of potential energy into kinetic energy of the
molecule.*** In the present case, treating time zero as an
additional fitting parameter yields a shift by 14 + 6 fs. The
decay-associated spectra (DAS) and the visualization of time
zero fitting parameters are plotted in the Supporting
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Information (Figure SI2). A detailed description of using
time zero as fit parameter is provided in ref 50 and the
corresponding Supporting Information.

3.3. Time-Resolved Spectroscopy in Solution. After
excitation into S, by a femtosecond pump pulse, the temporal
evolution of the population is studied via transient absorption
of a time-delayed femtosecond probe pulse. The probe pulse
excites molecules into higher states resulting in positive AOD
values. Conversely, negative AOD values can be caused by
stimulated emission, as well as ground state bleaching. The

DOI: 10.1021/acs.jpca.5b04900
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latter can be excluded, because our probe wavelengths were in
the 480—1100 nm range, which is outside the spectral region
where ground state o-NP absorbs (Figure 2). Furthermore,
AOD of the pure solvents was measured to exclude
contribution of multiphoton absorption of the solvents and
artifacts due to cross phase modulations.

In Figure 4 we show TA profiles of o-NP in water and n-
hexane. The corresponding profiles for chloroform and 2-
propanol are displayed in the Supporting Information (Figure
SI3), because the transients exhibit only a weak solvent
dependence. In general, three different probe wavelength
regions can be distinguished. The first, around 500 nm
(subpanels a), is characterized by excited state absorption.
This feature decays on a subpicosecond time scale, showing a
weak residual absorption in n-hexane (at 480 nm) and 2-
propanol (at 480 and 500 nm) at long delay times within our
time window of 500 ps (for a closer inspection of these profiles,
see Figure SI4). This residual absorption is too small to be
discernible in chloroform and water. In the second region,
between 540 and 700 nm (subpanels b), superposition of
excited state absorption and stimulated emission is observed.
These changes in AOD occur over a wide range of probe
wavelengths (from 540 to 700 nm) and are almost independent
of the solvent. In the third region, between 900 and 1100 nm
(subpanels c), only stimulated emission was observed (i.e., no
transient absorption).

The TA profiles of 0-NP were globally fitted with functions
analogous to eq 1 with S(E;,At) substituted by AOD(At,A)
and A,(Ey,) substituted by the decay associated difference
spectra (DADS) A,(1).”" As aforementioned, At is defined as
difference between t and the experimental time zero f,. The
latter was independently determined in cross correlation
experiments of the dye BiBuQ (4,4”-bis(2-butyloctyloxy)-p-
quaterphenyl)® in 1,4-dioxane at each probe wavelength with
the same optical density as the samples. Moreover, the
experimental time resolution was obtained from these experi-
ments and found to be always below 200 fs. The quality of the
global fits AOD(At) is demonstrated in Figure 4 as well as in
Figure SI3 of the Supporting Information. The time constants
obtained for the different solvents are listed in Table 1. For
relative amplitudes the reader is referred to the Supporting
Information (Tables SI3 and SI4).

Table 1. Time Constants Obtained from Global Fits of the
Experimental AOD Curves in the Ranges 480—525 nm
(Tl,solv) Ty, s0lvs and TS,solv) and 900—1100 nm (Tind,solv))
Respectively”

n-hexane 2-propanol chloroform water
Ty solv/PS 04 £ 0.1 04 £ 0.1 0.5 £ 0.1 0.5+ 0.1
a0t/ PS 92 + 12 98+13 80409 3703
T30/ PS >500 >100
Tidsoi/ DS 02 +0.1 02+£01 03+01 0301

“The error margins represent the statistical errors of the fits.

We found biexponential decays in chloroform and water
around 500 nm, described by 7, and 7,4y, An additional
time constant, 7; ., was necessary for n-hexane and 2-propanol
to model the observed residual transient absorption for long
delay times (see Figure SI4 of the Supporting Information for
n-hexane and 2-propanol). Because 7, lies outside of our
experimental time window of 500 ps only lower bounds can be
given. For chloroform and water, the decay associated with
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Tyl 15 too weak to be detected. In these cases, residual
absorption may be observable for probe wavelengths below the
used ones. Furthermore, the stimulated emission in the near-
infrared region at 900, 950, and 1100 nm was modeled with a
monoexponential decay function using the time constant
Tindsol For the intermediate probe wavelengths (540—700
nm), a superposition of transient absorption and stimulated
emission occurs. These transients can be sufficiently well
described by triexponential decay functions with the time
constants 7y ., Tl a0d Tipgsol- In this range of wavelengths
no long-time absorption was observed and, therefore, 7;,, is
not significant. We further note that the DADS A,(4) obtained
for the different regimes are difficult to interpret because any
analysis of the absolute AOD values would require absorption
cross sections of electronically excited species, which are not
known.

3.4. Quantum Chemical Calculations. Density Func-
tional Theory. The optimized geometry of the ground state
(Sy) was calculated at the BP86/def2-SV(P) level of theory and
shows a planar structure (point group C,) characterized by a
strong intramolecular hydrogen bond (Figure SISa) of the
Supporting Information). From Figure 2, it follows that
excitation at 350 nm corresponds to a S; < S, transition. As
inspection of the molecular orbitals reveals, this excitation is
associated with a transition from the highest occupied
(HOMO) into the lowest unoccupied molecular orbital
(LUMO) characterized by a charge transfer from the hydroxyl
to the nitro group. As can be seen from Figure S, the HOMO is

Figure 5. HOMO (left) and LUMO (right) of o-NP obtained at the
B3LYP/aug-cc-pVDZ level of theory.

described by a 7-MO, whereas the main contribution to the
LUMO is given by the 7*-MO from the benzene ring and the
lone pairs of the nitro group. Thus, the HOMO-LUMO
transition can be described as a charge transfer transition into a
Y(mn*) state.

Because long-lived excited species are observed both in the
gas and in the liquid phase, investigation of triplet states
becomes important. The optimized geometry of the lowest
triplet state T; was computed at the BP86/def2-SV(P) level of
theory. In analogy to S, a planar structure is found, but the
hydrogen is transferred from the hydroxyl to the adjacent nitro
group (Figure SISb) of the Supporting Information). Selected
triplet excitations relative to T, with their corresponding
oscillator strengths are calculated and listed in Table 2. It is
obvious that the calculations reveal three T, < T transitions
with significant oscillator strengths namely, at photon energies
of 0.79, 2.57, and 3.63 eV.

In view of the promptness of the stimulated emission
observed in the TA experiments, the first excited singlet state,
Sy, is also of interest. An analogous attempt to optimize the
geometry of S; at the TD-DFT level failed. These calculations

DOI: 10.1021/acs.jpca.5b04900
J. Phys. Chem. A 2015, 119, 9225-9235


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b04900/suppl_file/jp5b04900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b04900/suppl_file/jp5b04900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b04900/suppl_file/jp5b04900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b04900/suppl_file/jp5b04900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b04900/suppl_file/jp5b04900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b04900/suppl_file/jp5b04900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b04900/suppl_file/jp5b04900_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b04900/suppl_file/jp5b04900_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.5b04900

The Journal of Physical Chemistry A

Table 2. Vertical Triplet Excitations Relative to the
Optimized Structure of T, with Corresponding Oscillator
Strengths Calculated at the B3LYP/aug-cc-pVDZ Level of
Theory

triplet states E . /eV oscillator strength
T, 0.79 0.392
T, 2.57 0.172
T, 2.68 1.53 x 107*
T, 340 1.02 X 107
T, 3.63 0.825

point toward a transfer of the proton from the hydroxyl to the
nitro group and torsion of the formed HONO group out of the
ring plane: a stable energy minimum could not be found. The
calculations also indicate a close approach of the potential
energy surfaces (PES) of S; and S, during the combined torsion
and proton transfer. Because TD-DFT is a ground state method
applicable to vertical excitations,” its failure in describing
excited states that approach the ground state is well-known.
Consequently, we performed calculations using multireference
methods to get more insights into the excited state properties.

Multireference Methods. A search for a S;/S, minimum-
energy conical intersection (MECI) with SA-2-CASSCF
confirms the indications from TD-DFT geometry optimiza-
tions. The optimized MECI geometry (shown in Figure 6b)
mainly differs from the Franck—Condon geometry with respect
to two internal degrees of freedom: The hydrogen is transferred
to the NO, group and the thereby generated HONO group is
rotated out of the carbon ring plane by 73°. This angle is

defined as 180° minus the dihedral angle (H)CCNO(H). The
numerical values of the coordinates are given in the Supporting
Information (Table SIS). A quasi three-dimensional plot of the
PES for Sy and S, as a function of the two important degrees of
freedom, H-O(NO) distance and the HONO torsion angle, is
displayed in Figure 6, panel a). The energies were calculated at
the positions of the black dots with all other internal
coordinates being relaxed. The surfaces shown are two-
dimensional spline interpolations.

A more detailed contour plot representation of the relaxed S,
PES is shown in Figure 6b. It suggests two possible relaxation
pathways from the relaxed Franck—Condon geometry to the
conical intersection region both with shallow saddle points
indicated as SP1 and SP2 in Figure 6b. They mainly differ by
the timing between dynamics of the two degrees of freedom. In
the pathway over SP1, the hydrogen shift precedes the torsion
of the HONO group. In the pathway over SP2 the hydrogen
shift follows the torsion. However, conclusions regarding the
sequence of intramolecular nuclear motions have to be drawn
with caution. Although it is likely that hydrogen atom transfer
precedes torsion of HONO due to different reduced masses
(excited state intramolecular proton transfers are known to
proceed in <50 fs,”*** if they are virtually barrierless as in the
present case), only detailed trajectory or wave packet
calculations could give a decisive answer on actual reaction
pathways.

4. DISCUSSION

4.1. Relaxation via Internal Conversion. As mentioned
in section 3.4, our CASSCF calculations reveal a close

[(e]
o

Q =
d ~
HONO torsion angle / ° >

16
H-O(NO) distance / A

1.0 1.2 1.4

Condon point

1.8 ‘ﬁ

000eV
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Figure 6. (a) Potential energy surfaces of the Sy and S, state near the Franck—Condon region and the minimum energy conical intersection (MECI).
(b) Contour plot of the S; PES (left) and structure of o-NP at the MECI (right). For details see text.
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approximation of S; and S, while decreasing the (O)H—
O(NO) distance and subsequently increasing the HONO
torsion angle (Figure 6). Hence, the dynamical relaxation from
S; via a conical intersection to S, can be described as a
combination of excited state intramolecular proton transfer
(ESIPT), triggered by ICT, and HONO torsion. The energy
difference between S; and S, turns out to be more sensitive to
the HONO torsional coordinate than to the proton transfer
coordinate. From Figures 5 and 6b, it can be concluded that
this behavior may be explained by stabilization of the LUMO
through a gradual decoupling of donor and acceptor moieties
upon increase of the torsion angle.””*°

Experimental indication for such changes of the molecular
configuration is provided by the observed shift of the onset of
the TRPES signal (Figure 3) associated with large amplitude
motions in S;,. Taking into account previous studies, typical
time constants for intramolecular proton transfer lie on a 10 fs
time scale.>**” Thus, the observed fast shift in the onset of the
photoelectron spectrum of 14 + 6 fs (section 3.2) in the gas
phase can be attributed to proton migration to the aci-nitro
form of o-NP. Because the proton transfer is accompanied by
rotation around the C—N bond, as mentioned above, “full” out-
of-plane twist of the newly formed HONO group by ~73° and
return to the ground state is supposed to occur on a longer
time scale. Consequently, we associate this process with 7, ., =
130 =+ 10 fs. This time scale suggests a barrierless access to the
conical intersection region, a fact that seems to contradict the
observation of saddle points on the calculated S; PES (Figure
6). However, because the dynamics do not start out on a
relaxed PES, the barriers may just not be encountered by the
nuclear wave packet.

Taking into account the experimental findings in solution,
the most surprising feature of the excited electronic state
properties of o-NP is the rapid appearance of stimulated
emission from the visible to the NIR on a subpicosecond time
scale (0.2—0.3 ps) after ICT transition into S; in the ultraviolet.
Consequently, this behavior points to an expeditious drop of
the energy gap between S, and S, very likely caused by
structural changes as predicted by the CASSCF calculations.
The observation of the SE itself can be reckoned as an
experimental indication for the predicted structural changes in
S,. Thus, the monoexponential decay of stimulated emission
between 900 and 1100 nm associated with ;.4 is assigned to
depopulation of S;.

Considering Table 1, the results for 7,,4,, are quite similar in
different solvents. However, as they are close to the time
resolution of our experiments, the corresponding decay could
also be faster than these values may suggest. Because the energy
gap between S; and S, changes along the relaxation pathway,
one might expect a red shift of stimulated emission due to wave
packet motion as, e.g.,, discussed in ref 58. Even though the
experimental time zero was independently determined by cross
correlation experiments as described in section 3.3, analyses of
our data merely reveal an indication in this direction. A clear
dependence of the stimulated emission on the employed probe
wavelengths, however, is not provided as shown in detail in
Figure SI6. Therefore, the ambiguity of the spectral shift is at
least in part related to the intrinsic superimposition of the
stimulated emission by excited state absorption, which was
detected over a wide spectral area. Another reason may be that
the wave packet is broadening toward the CI with S, For a
closer look of the reference experiments as well as of a
comparison of selected TA profiles showing stimulated
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emission at different probe wavelengths the reader is referred
to Figures SI6 and SI7, respectively. We also note at this point
that 7,4, iS not necessarily identical to a time constant
describing depopulation of S, via a conical intersection with the
ground state. The quantity 7;,4,, can only be considered as a
lower boundary for the IC process.

Considering especially the twisting motion predicted by the
CASSCEF calculations, one could expect an influence of the
solvents viscosity on the TA traces. Thus, additional TA
experiments were conducted in the highly viscous ethylene
glycol. A direct comparison between selected TA traces in all
employed solvents is shown in Figure SI8. A higher amount of
excited state absorption was observed for TA traces of 0-NP in
ethylene glycol, leading to superposition of excited state
absorption and stimulated emission even for probe wavelengths
in the NIR. As a consequence, an unambiguous influence of
viscosity on the time constant 74y, for the stimulated
emission decay and, thus, for the structural changes in S, is not
possible.

In comparison to the transient absorption, faster time
constants are obtained in the gas phase as the rotation is not
hindered by the surrounding liquid. Moreover, because the time
resolution of our liquid phase experiments does not allow us to
see a < 20 fs shift, we observe apparently instantaneous
stimulated emission up to the NIR region. The proposed
relaxation pathway is sketched in Figure 7. The transiently
formed aci-nitro isomer of o-NP is observed both in the gas and
in the liquid phase.

A
Epot

S,

So

excitation

.

reaction coordinate”

Figure 7. IC part of the proposed relaxation pathway of o-NP on the
subpicosecond time scale via conical intersection upon excitation into
S,. Relaxation along the reaction coordinate (ESIPT coupled with out-
of-plane rotation of the newly formed HONO group) leads to a close
approach of S, and S,. In the gas phase, a shift of the onset of the
photoelectron spectrum indicates formation of the aci-nitro form of o-
NP (right-hand side structure), whereas stimulated emission
(indicated by red arrows) is observed in solution. For more details,
see text.

Formation of an intermediate species triggered by ESIPT has
also been observed for o-nitrobenzaldehyde,”” finally resulting
in an ultrafast fluorescence decay <100 fs. Nevertheless, one
would expect an influence on corresponding time constants for
the ESIPT reaction caused by different polarities and/or
capabilities of hydrogen bonding of the solvent.°”®" For o-NP,
however, no significant influence on 7,4, is found, indicating
a barrierless reaction coordinate toward CI with the ground
state as known from literature.’” This finding is in line with our
CASSCEF calculations, as already discussed before. Furthermore,
in this study, ESIPT is additionally influenced by a twist of the
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formed HONO group and, thus, by a twist of the acceptor
group. The latter effect can lead to ultrafast IC with S, as also
observed in earlier studies.”**

4.2. Relaxation via Intersystem Crossing. Considering
the stable photoelectron band structure (Figure 3) as well as
the remaining transient absorption in n-hexane (480 nm, Figure
SISa) and 2-propanol (480 and 500 nm, Figure SISbc),
formation of a long-lived excited species is observed both in the
gas and in the liquid phase. In the liquid phase, the wavelength
of the residual absorption is in good agreement with a possible
transition originating from T, at about 2.57 eV (~482 nmy;
Table 2 in section 3.4). The transitions with higher or lower
excitation energies, which also have non-negligible oscillator
strengths, could not be detected because they lie outside the
range of our probe wavelengths. Thus, the lifetime of the first
excited triplet state T can be attributed to the time constant
T30l (>100 ps in 2-propanol and >S00 ps in n-hexane) and
Tygas (outside of the accessible time window of 700 ps). These
assignments are in line with results of a previous study by
Takezaki et al,"® who determined the lifetime of the first
excited triplet state of o-NP in benzene to be 900 + 50 ps. The
values determined in our study can be rationalized by
consideration of efficiently energy coupling of excited
molecules to the surrounding solvent. Thus, it is reasonable
that the shortest value of 73, was found for 2-propanol due to
its polarity. Furthermore, this partial relaxation into T, is
supported by the theoretical study on HONO formation on the
triplet PES by Cheng et al."”’

Concerning the zz* character of the first excited singlet state,
it is well-known that such states can undergo ISC processes
into 3(nz*) states given a small energy gap between those
states, as predicted by the El-Sayed selection rules.”>®® As
shown in Figure 2, close-lying triplet states are computed by
TD-DFT. Moreover, the evolution of the triplet states along
the hydrogen transfer coordinate was calculated at the TD-DFT
level of theory (Figure SI9), revealing an intersection of the
PES of S; (A’) and T, (A”) at a (O)H---O(NO) distance of
1.45 A,

Consequently, the obtained time constant 7, j, ~ 0.4—0.5 ps
as well as 7,5, = 130 = 10 fs can be partly assigned to
depopulation of S, via ISC. As can be realized from Table 1, the
values of 7, for the different solvents are very close to each
other. Because depopulation of S, via the aforementioned IC
process is a competitive relaxation channel 7, and 7, 5, have
to be regarded as a lower limit to the ISC process. When gas
and liquid phase experiments are compared, smaller time
constants are observed in the gas phase as the solvent
environment may change the energy levels of the close lying
S, and triplet states such that ISC is decelerated. An alternative
explanation is the acceleration of IC dynamics in the gas phase
caused by missing interactions with solvent molecules.
Compared to the literature values, the obtained values of
Tyl in our study confirm the upper limit estimated by
Takezaki et al. in benzene (<50 ps)."> Subpicosecond time
constants for ISC have been observed for a large number of
nitrated polycyclic aromatic compounds.”’ " In such systems,
fast ISC was considered to be the key radiationless process
facilitated by a very low energy gap between the first excited
singlet and an upper triplet state analogously to the findings for
0-NP in the present study.

Following these considerations, the additional derived time
constant 7, in solution is then attributable to IC into the
lowest lying triplet state, T}, and vibrational relaxation therein.

In analogy to 7, Ty is Nearly independent of the solvent
with an exception being for water, where the value is lower by a
factor of 2 as compared to values for the other solvents. In this
case energy transfer is most likely facilitated by the higher
polarity and proticity of water (dipole moment 1.85 D)”
compared to the cases of other solvents (n-hexane 0 D,
chloroform 1.01 D, 2-propanol 1.66 D).”” For completeness,
we note that this channel could also have contributions from
hot ground state absorption as a consequence of competitive
relaxation processes. Considering the TD-DFT calculations
(section 3.4), ISC from S, to T is linked to a hydrogen transfer
from the hydroxyl to the adjacent nitro group (Figure SI6b).
Finally, due to the ultrafast return into the ground state via CI,
HONO dissociation is supposed to occur on the triplet
manifold. This interpretation is in agreement with assumptions
from previous studies.”"” In addition, a-ketocarbenes, such as
formed during the HONO split-off, may have triplet ground
states as demonstrated in several studies.”'~’> The reactivity of
various a-ketocarbenes has been found to be governed by the
triplet multiplicity of these systems.”" The proposed relaxation
pathway of o-NP via ISC is sketched in Figure 8.

S, T e HONO
R — formation
T, -
s ISC + vibrational
excitation L -
——¥— relaxation
So

Figure 8. ISC part of the proposed relaxation pathway of o-NP.
Depopulation of S via ultrafast ISC into upper triplet states was found
in solution as well as in the gas phase. HONO release is supposed to
take place on the triplet manifold. For more details, see text.

5. CONCLUSION

This study provides the first time-resolved analysis of the
photoinduced structural changes in 0-NP both in the liquid and
in the gas phase. The mechanism is governed by the ICT
character of the S, state. Evidence for the transiently generated
aci-nitro isomer is obtained, a fact that forms a cornerstone for
HONO production in tropospheric o-NP photolysis. Due to
the observed ultrafast singlet dynamics, the much discussed
HONO split-off"'” is supposed to take place in the triplet
manifold of o-NP. A comparison of time-resolved experiments
along with results from quantum chemical calculations suggests
that the relaxation dynamics of o-NP after charge transfer
excitation into S, (#z*) are mainly characterized by

(1) Relaxation S, — S, via a conical intersection on a
subpicosecond time scale characterized by ESIPT in
combination with out-of-plane torsion of the newly
formed HONO group.

(2) Ultrafast ISC into a triplet manifold on a similar time
scale as a competitive relaxation process facilitated by the
nearly isoenergetic character of triplet states below S, in
accordance with the El-Sayed selection rules.*>*

(3) HONO formation from within the triplet manifold in
competition to vibrational relaxation and ISC to S,.

Care is needed, however, in transferring these results to
other, apparently similar photochemical systems. From this
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study of 0-NP in the gas phase and in different solvents as well
as from additional preliminary experiments with other nitro-
phenols, we conclude that in each case individual interactions
between specific molecules and the environment have to be
considered.
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