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ABSTRACT. Photolysis of o-nitrophenol, contained in brown carbon, is considered to be a major
process for the generation of nitrous acid (HONO) in the atmosphere. In this letter, we used time-
resolved photoelectron spectroscopy with 29.5-eV probe pulses and ab initio calculations to
disentangle all reaction steps from the excitation to the dissociation of HONO. After excitation,
ultrafast excited state intramolecular hydrogen transfer is followed by intersystem crossing to the

triplet manifold, where the molecules deplanarizes and finally splits off HONO after 0.5-1 ps.
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Nitrophenols (NPs) are produced by the combustion of wood or coal and are widely distributed in
the gas phase and in organic aerosols in the atmosphere.!® NPs absorb sunlight and are
photoreactive.> °Their photolysis is considered as a source of nitrous acid (HONO).” ® HONO is

known for early-morning photochemical generation of OH radicals,”!!

which are responsible for
ozone formation and photochemical smog.!?> Therefore, NPs can be considered as a key pollutant,
whose photochemistry needs to be understood. In particular, o-NP is of immense interest because

6 8 13 with almost

its two main product channels upon photolysis are HONO and OH radicals
wavelength independent quantum yields of 0.39 £ 0.07 and 0.70 £ 0.07 at 351 nm, and 0.34 + 0.09
and 0.69 + 0.07 at 308 nm, respectively.® Absorption spectrum of o-NP !# is shown in the
supporting information (SI).

The relaxation and photolysis processes of o-NP have been investigated with several approaches.
Takezaki et al. reported that excited o-NP is likely to relax to the triplet manifold using time-
resolved transient grating.!> Ernst et al. investigated the relaxation dynamics of o-NP in both
gaseous and liquid phases using time-resolved photoelectron spectroscopy (TRPES) and transient
absorption spectroscopy using ultraviolet (UV) and visible laser pulses and suggested HONO
dissociation to occur from the triplet state although they did not follow triplet state dynamics.'¢
Ciavardini et al. observed the relaxation from the Ss state by TRPES using 23.1-eV pulses!” and
identified two decay channels: Excited state intramolecular hydrogen transfer (ESIHT) and OH
rotation. These experimental investigations were sensitive for the dynamics of the excited singlet
states so that neither HONO nor OH radicals were observed. Theoretical studies predicted a more
complicated process.!> % 1? Xu et al. carried out ab initio molecular dynamics (AIMD) simulations

after vertical excitation to the Si state and proposed three relaxation processes via the T state:

non-hydrogen transfer on a timescale of 300 fs, tunneling hydrogen transfer on a timescale of 10



ps, and direct hydrogen transfer on a timescale of 40 fs.!” However, the experimental verification

has not been demonstrated so far.
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Figure 1. Relaxation and photolysis processes of o-NP with key intermediate states. Theoretical

ionization energies and Cartesian coordinates are tabulated in SI.

In this paper, we investigate the relaxation and dissociation dynamics of o-NP using extreme
ultraviolet (EUV) light at 29.5 eV2%-2* as a probe to reveal the complete photochemical dissociation
pathway : 1) We were able to follow the dynamics from the Franck-Condon region to product
formation by TRPES upon excitation at 400 nm (3.1 eV). 2) We used multireference perturbation
theory, including both non-dynamical and dynamical electron correlation, to follow the reaction
processes on the excited-state potential energy surfaces and to support experimental findings. We
determined the ionization energies of 0-NP in the ground and the intermediate reaction states with
density functional theory (DFT) based on Koopmans’ theorem. For the highest occupied molecular

orbital (HOMO), we employed the vertical ionization energy calculated by the ASCF method



because it provides the ionization energy without any assumptions. The relaxation dynamics,
proposed and discussed in this paper, is summarized in Fig. 1 including the structures of key

intermediates. Details of the experimental and theoretical methods are provided in the SI.
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Figure 2. a) Photoelectron spectrum of 0-NP in the ground state. Open circles indicate the absolute
values of MO energies calculated by DFT except for the HOMO. The solid circle is the ionization
energy calculated by the ASCF method. b) Difference photoelectron (Al) spectrogram. Below 8
eV, Al is magnified by a factor of 20. ¢) Temporal evolution of the photoelectron spectrum between
4.0 and 8.0 eV integrated between 0 and 5 fs (lower), 78 and 104 fs (middle), and 131 and 158 fs
(upper). d) and e) Time dependences of photoelectron yields between 7.41 and 5.55 eV (A) and

between 11.30 and 10.85 eV (®), respectively. The solid lines are the results of fitting.

Figure 2a shows the photoelectron spectrum of 0o-NP as measured with the probe pulse only,
which is consistent with previous reports.? The circles in Fig. 2a indicate the theoretical ionization
energies calculated by DFT (see SI for detail), which agree with the experimental results. Figure
2b shows the difference photoelectron spectrum (A/) where the signal before time zero was
subtracted from the measured signal. Three main features were observed: i) the appearance of
excited states between 5 and 8 eV, ii) the appearance of the transient states around 250 fs with
short lifetimes after the pump pulse in the energy region between 10 and 17 eV, and iii) a gradual
increase in the intensity of the photoelectron band around 11 eV after 400 fs.

In the following, we discuss these features one by one. First, we focus on the excited states.
Since the pump pulse has an energy of 3.1 eV and the vertical ionization potential is 9.1 eV, the
ionization cut-off for the S state is expected at approximately 6 eV. Figure 2¢ shows the temporal
evolution of the photoelectron spectrum in the region of the excited states. At time zero, two bands
appear around 5.9 and 7.0 eV shown by the red-shaded area. Those can be assigned to ionization
to the two lowest lying ionic states which are separated by ~1.1 eV. Between 78 and 104 fs, the
16, 19

two bands merge to a single band. Since ESIHT is expected to be the first relaxation process,

we attribute this band to the singlet excited state of the aci-nitro form (see Fig. 1), in agreement



with previous studies.?®?” A plot of the photoelectron yield between 5.50 and 7.41 eV is shown in
Fig. 2d. The dynamics of the excited states can be represented by a single exponential decay
function with a time constant of 7,,= (60 + 16) fs convoluted with a Gaussian response function
with a width of 7,4, of 130 fs. This time constant is supposed to include singlet excited state
processes, i.e. ESTHT and ISC to the triplet state or internal conversion back to the ground state.
Due to the weak signal, we cannot reliably fit the data energy resolved, but we consider the results
to agree roughly with the 130 & 10 fs obtained in Ref. 16 and the rise time of the signal in the 10-
17 eV region (see below).

To complement our experimental results, ab initio calculations were performed at the complete
active space second-order perturbation theory (CASPT2) level based on the state-averaged CAS
self-consistent field (SA-CASSCF) wavefunction, using the Sapporo-DZP-2012 basis set.?® At the
CASPT2/SA-CASSCEF(8,7) level (the seven orbitals in the active space contain two 7, two n, and
three n* orbitals), the Si state of 0-NP has nn* excitation character in the Franck—Condon region
and has an excitation energy of 4.04 eV which is in good agreement with the lowest lying peak of
the absorption spectrum at 3.67 eV, while the Sz state has nn* excitation character at 4.27 eV. This
is consistent with a previous study that involved time-dependent density functional theory
(TDDFT) and second-order approximate coupled cluster (CC2) calculations,? but contradicts SA-
CASSCEF calculations which predicted an n* character of the Si state.' !

We further calculated the reaction pathway along the meta-intrinsic reaction coordinate (meta-
IRC) from the Franck—Condon geometry at the CASPT2/SA3-CASSCF(4,4) level (four electrons
in four orbitals of two © and two ©* in the active space with three singlet states averaged) by the
global reaction route mapping program, GRRM17.3° Figure 3 shows (a) variations of the potential

energies of the So and Si(n*) state and (b) variations of two interatomic distances (ro1n2, 703H2),



which show the transition of the hydrogen atom during ESTHT, and two dihedral angles (do3nscecr,
doanscecs), which indicate the twist of the ONOH group with respect to the aromatic ring (after
ESIHT) along the meta-IRC from the Franck—Condon point in the S state, with (c) the molecular
structures at s = 0.0, 1.6, and 5.6 A amu'/?, where s denotes the reaction coordinate. In the first step,
a H atom (H2, see Figure 3c for atom labeling) is gradually transferred from O1 to O3 (s = 0-1.6).
This reaction occurs barrierless and with a steep gradient. Then, the ONOH group starts to rotate
about the C—N bond until the dihedral angle, dosnscecs, reaches approximately 45°. This twisting
motion does not experience a steep gradient and dynamics are considered to be slower than for the

ESHIT. A similar twist of the ONOH moiety was reported before.'®

10
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Figure 3. a) Potential energies of the So and Si(nn*) state and (b) variations of two interatomic

distances (ro1mz, ro3n2) and two dihedral angles (dosnscecr, doanscecs) along the reaction pathway
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from the Franck—Condon point in the S state, with (c) the molecular structures at s = 0.0, 1.6, and
5.6 A amu'?, where s denotes a reaction coordinate at the CASPT2/SA3-CASSCF(4,4) level. d)
Energy profiles of So, Si(nn*), Sz(nm*), Ti(nn*), and Tao(nmn*) states at the CASPT2/SA9-
CASSCEF(8,7) level and (e) SOCs between Si(nn*) and Ti(nn*) and between Si(nn*) and Ta(nm*)

by the SA9-CASSCF(8,7) method along the reaction pathway in the region s > 1.6 A amu'.

After ESIHT in the Si(nn*) state, HONO dissociation may hypothetically occur in the So, S1 or
the triplet states. To investigate whether ISC is possible, we calculated the energy variations of the
T1 and T2 states and the spin—orbit coupling (SOC) between the S1 and T1 and T2 states along the

meta-IRC at s > 1.6 A amu'?. The characters of the T and the T state are nn* and nn* in the

Franck-Condon region, respectively. Figure 3d shows that the T state lies close to the Si state
along the reaction pathway, and their potential energy curves are isoenergetic at s = 5 near the Si
minimum. While the SOC between Si(nn*) and Ti(nn*) is almost zero for a planar geometry, 3"
32 the twisted NO2H moiety leads to a change in character and the SOC is no longer zero, which
renders ISC possible (see Fig. 3e). Under consideration of the quantum yield of HONO,® we infer
that ~30% of the singlet aci-nitro form might cross from Si into T:1 and that the rest of the
population eventually returns to the hot ground state of 0-NP from where OH is dissociated.

In the region between 10 and 17 eV, a transient band appears with the approximate decay time
of the (singlet) excited state signal and reaches a maximum at around 250 fs. This rise (and the
subsequent decay) could not be fitted with an exponential function which can be explained by the
highly non-exponential behavior of the dynamics. This means that the time frame of the dynamics
is not dominated by a statistical transition between two states rather than by the time the molecules
needs to complete the subsequent steps of the reaction process. Exemplarily for the dynamics, the

temporal evolution between 10.85 and 11.30 eV is shown in Fig. 2e. In order to describe the

12



progression of the dynamics in more detail, consider the difference spectra at 184 and 403 fs shown
in Figures 4c and 4e, respectively, together with the photoelectron spectrum of o-NP in Fig. 4a.
The most prominent difference of the spectra is the absence of the band at 8.8 eV at 184 fs, while
this band is present at 403 fs. To evaluate this feature, we used spin-unrestricted DFT calculations
with the ®B97XD functional to find two nonplanar minimum structures in the T state, aci-nitrol
and aci-nitro2, whose structures and theoretical ionization energies are shown in Fig. 1 and Figs.
4b and 4d, respectively (see SI for details). In aci-nitrol, the hydrogen bond is retained; whereas
the HONO group is twisted and the hydrogen bond is broken in aci-nitro2. The most notable
difference between these structures is the absence of MOs between 8.0 and 9.5 eV for aci-nitrol
(see Figs. 4b and 4d, where o and 3 denote the electron spin). Hence, we propose that, after ESIHT,
the molecular geometry changes from the twisted aci-nitro (Si state) to aci-nitrol (T: state)
through the Si1—T1 transition region at s = 5 (see Fig. 3d) and then transforms to aci-nitro2 by ~400

fs, from which HONO can dissociate.

13
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Figure 4. a) Photoelectron spectrum of o-NP in the ground state. b) and d) Calculated ionization
energies of aci-nitrol and aci-nitro2, respectively. ¢) and e) Difference photoelectron spectra at
184 and 403 fs, respectively. f) Calculated ionization energies of a-ketocarbene in the triplet state
(carbene) and trans- and cis-HONO in the singlet state. g) Difference spectrum at 1.7 ps, subtracted
from the spectrum at 400 fs. The solid marks in b), d), and f) are the ionization energies calculated
by the ASCF method. Vertical lines indicate the absolute values of MO energies except for the

HOMOs.

Figure 2b shows an increase of the band around 11 eV between 0.5 and 2.0 ps. To visualize the
spectral change after 400 fs, the difference spectrum between 1.7 ps and 400 fs is shown in Fig.
4g. We propose that these spectral changes are caused by HONO dissociation. This is evidenced
by the calculation of the ionization spectrum of a-ketocarbene (carbene) in the triplet state and of
trans- and cis-HONO in the singlet state (see Fig. 1). They are plotted in Fig. 4f. The characteristic
peaks at 11.1, 11.6, 12.3, and 14.0 eV in the spectrum at 1.7 ps are consistent with the calculations
for HONO. In addition, the peak at 10.1 eV can be attributed to a-ketocarbene. This assignment is
also supported by the experimental photoelectron spectrum of HONO in Ref. 33.

The temporal evolution of the 11-eV band integrated between 10.85 and 11.30 eV for HONO
production is plotted in Fig. 2e. After the cleavage of the hydrogen bond in the triplet state at
approximately 400 fs, the band begins to increase gradually with a single exponential rise time of
433 + 227 fs starting at 374 + 97 fs after time zero. (see Sl for detail)

In previous studies, the photochemical production of OH radicals was reported.® !> 34 If OH
radicals were directly produced by the photolysis of 0o-NP, the photoelectrons from OH radicals

should be detected at an ionization energy of 13.01 eV.>> However, no isolated peak at

15



approximately 13 eV was identified. As a consequence, OH radicals must be produced thermally
from the hot ground state of o-NP.

In conclusion, we were able to follow the full photodissociation processes of o-NP from the
Franck—Condon region to the release of HONO. This was possible by the use of a high harmonic
light source which enabled us to access not only the singlet states (as in UV probe photoelectron

spectroscopy) but also the triplet state and the ground state of the photoproducts.
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