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|. Introduction

Slice imaging study of NO, photodissociation via
the 1°B, and 22B, states: the NO(X?IT) + O(P;)
product channely

© Zijie Luo,’
bcd

Zhaoxue Zhang,?® Shuaikang Yang,® Zhenxing Li,*° Yao Chang,
Yarui Zhao,” Shengrui Yu, &2 *® Kaijun Yuan (2 *°¢ and Xueming Yang

The state-resolved photodissociation of NO, via the 1282 and 2282 excited states has been investigated by
using time-sliced velocity-mapped ion imaging technique. The images of the O(3PJ=2,LO) products at a
series of excitation wavelengths are measured by employing a 1 + 1’ photoionization scheme. The total
kinetic energy release (TKER) spectra, NO vibrational state distributions and anisotropy parameters () are
derived from the O(3PJ=2,1,0) images. For the 12B, state photodissociation of NO,, the TKER spectra mainly
present a non-statistical vibrational state distribution of the NO co-products, and the profiles of most
vibrational peaks display a bimodal structure. The f values show a gradual decrease with the photolysis
wavelength increasing except for a sudden increase at 357.38 nm. The results suggest that the NO,
photodissociation via the 12B, state proceeds via the non-adiabatic transition between the 12B, and X2A,
states, leading to the NO(X2IT) + O(P;) products with wavelength-dependent rovibrational distributions. As
for photodissociation of NO, via the 22B, state, the NO vibrational state distribution is relatively narrow
with the main peak shifting from v = 1, 2 at 235.43-249.22 nm to v = 6 at 212.56 nm. The f values exhibit
two distinctly different angular distributions, i.e., near isotropic at 249.22 and 246.09 nm and anisotropic at
the rest of the excitation wavelengths. These results are consistent with the fact that the 22B, state
potential energy surface has a barrier, and the dissociation process is fast when the initial populated level
is above this barrier. A bimodal vibrational state distribution is clearly observed at 212.56 nm, in which the
main distribution (peaking at v = 6) is ascribed to dissociation via an avoided crossing with the higher elec-
tronically excited state while the subsidiary distribution (peaking at v = 11) likely arises due to dissociation
via the internal conversion to the 1,B, state or to the X ground state.

Furthermore, as a primary precursor for the formation of photo-
chemical smog, NO, is strongly involved in the formation and

Nitrogen dioxide (NO,) has 17 valence electrons that result in a
bent geometry with an equilibrium bond angle of ~134.25°.
When the low-lying adiabatic potentials are excited, this open-
shell electronic structure would lead to highly coupled electronic
states and complicated non-adiabatic decomposition dynamics.">
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destruction process of ozone.® It is also suggested that the
reaction of the electronically excited NO, molecules with water
might be an additional source of OH radicals in the earth’s
troposphere.* Therefore, great efforts have been made to investi-
gate state-resolved photodissociation dynamics of NO, over the
past sixty years.

The NO, absorption spectrum displays two broad and
structured features in the ultraviolet (UV)-visible region, as
shown in Fig. 1."°” The first absorption band of NO, extends
from 667 to 250 nm with a peak near 400 nm. This band is
associated with the excitation from the X*A; ground state to the
1°B; and 1°B, excited electronic states with the majority of
the oscillator strength lying on the 1°B, « X*A, transition.® The
vibronic coupling of the excited 1B, state to the other energe-
tically accessible electronic states, like 1°B; and 1°A, states,
further complicates the absorption spectrum.’ A rapid non-
adiabatic transition through a conical intersection between the

This journal is © the Owner Societies 2023


https://orcid.org/0000-0002-2747-8499
https://orcid.org/0000-0003-3040-1481
https://orcid.org/0000-0002-5108-8984
https://orcid.org/0000-0001-6684-9187
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp00420a&domain=pdf&date_stamp=2023-06-15
https://doi.org/10.1039/d3cp00420a
https://doi.org/10.1039/d3cp00420a
https://rsc.li/pccp
https://doi.org/10.1039/d3cp00420a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP025025

Published on 18 May 2023. Downloaded by Dalian Institute of Chemical Physics, CAS on 7/11/2023 7:20:22 AM.

Paper

0.8

22B,«—X24
0.6 2 1 12B,—X24,

0.4 1

Cross section (MB)

0.2 1

0.0

T L 1 * T i 1 L 1
200 250 300 350 400
Wavelength / nm
Fig.1 The UV absorption spectrum of NO, between 200 and 450 nm

(IMB = 1 x 107*® cm? mol™?). The main transitions of the absorption bands
have been marked in the figure.

1B, and X states transfers the excited state population back to
the ground state, where decay into products occurs. The first
spin-allowed dissociation channel of NO, is as follows:

NO, + hv — NO(X’II) + O(*°P,), 1 < 398.0 nm

(1)

The thermodynamical threshold of this channel has been
determined by Jost and coworkers.'® Since then, numerous
photodissociation studies of NO, in the first absorption band
have been carried out."'* In the 1990s, the experiments
were mainly performed at a single photolysis wavelength of
355 nm.""™"7 In these studies, the angular distribution for
O(*P,) at 355 nm was described by the anisotropy parameter
of =12 %+ 0.3,' and the lifetime of NO,(1°B,) state was
estimated to be ~250 fs."® Harrison et al.'* determined the
vibrational state population of NO (v = 0, 1) in the photodisso-
ciation of NO, at 355 and 351 nm by using the photofragment
translational spectroscopy. The results were consistent with the
trend predicted by statistical models of the dissociation pro-
cess. However, the observed bimodal rotational distributions of
NO (v = 0, 1) also indicated non-statistical decay dynamics.
Recently, the velocity-mapped ion imaging method has been
applied to the photodissociation of NO, at 308 nm by detection
of the O(°P)) atomic products."* The non-statistical NO vibra-
tional state distribution was pointed to a dynamical dissociation
mechanism. Further studies on the product distributions sug-
gested that at low excess energies, the unimolecular decay can be
described, at least on average, using statistical theories. But, at
higher excess energies, where the dissociation becomes more
rapid, such models cease to be valid.**"**

Compared to the first absorption band, the second absorption
band starting from ~250 nm shows a much simpler vibrational
structure, which has a broad maximum at ~ 217 nm.® Theoretical
calculations” clearly verified that this UV band is due to excitation
of the 2°B, state (commonly termed the DB, state). Detailed
rotational analysis of D(000) band has been carried out and the
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lifetime of ~42 =+ 5 ps has been extracted by Hallin and Merer.>®
The lifetime rapidly decreased to sub-100 fs with decreasing
wavelength from 250 nm to 235 nm, and a series of discrete
vibronic absorption bands in this range have been clearly
assigned.”*®*” While the diffuse structures below 230 nm
showed a progression with an average spacing of 940 cm™*,
which were attributed to symmetric stretching vibrational excita-
tion of the 2°B, state." In this absorption band, the O('D)
production becomes energetically allowed and is produced with
a near constant quantum yield of around 50% between 244 and
193 nm.**°

It is believed that single-photon dissociation of NO, via the
2°B, state produced NO with low rotational, but high vibra-
tional excitation.***> The photolysis of NO, at 248 nm resulted
in a very sharply peaked vibrational distribution of NO(v) from
channel (1) has been previously observed.*"**** Slanger et al.**
reported that the NO vibrational state population peaking atv =
7, close to the maximum energetically possible NO(v) level at
248 nm photolysis. In contrast, Wilkinson and Whitaker**
argued that the NO(X’IT) + O(°*P,) channel at 226 nm favored
the production of vibrationally cold, but high rotationally
excited NO products. At an even shorter excitation wavelength,
Ahmed et al.*® reported a bimodal translational energy distri-
bution for the O(°P)) channel at 212.8 nm, with a major peak
corresponding to NO(X’I1, v = 4) and a minor peak ascribing to
NO(X?TI, v = 10-11). Coroiu et al.*” also found that the kinetic
energy of the O(*P)) fragments was consistent with production
in coincidence with NO(X?I1) in v = 7 and v = 13-14 in the
~200 nm photodissociation of NO,. It was suggested that NO,
with more or less bending and symmetric stretching excitation
will dissociate via at least two adiabatic surfaces, which leads to
such bimodal energy distribution.''*>38

To date, photodissociation of NO, has been studied extensively
in the first and second UV absorption bands, but it still paints a
confusing and often contradictory picture of the dissociation
mechanism. Furthermore, the NO vibrational state population
distributions are not consistent in previous studies. In this work,
we provide the state-resolved photodissociation study of NO, at a
series of excitation wavelengths, which span two main UV absorp-
tion bands. The TKER spectra and anisotropy parameters f
derived from the O(*P.,;,) images exhibit a wavelength-
dependent non-adiabatic dissociation dynamical picture of NO,
via the 1°B, and 2°B, states. This study offers a whole and reliable
dissociation feature of NO, and is beneficial to further under-
standing of the non-adiabatic interactions in the dissociation
dynamics of polyatomic molecules.

Il. Experimental method

The experiment apparatus used in this study has been described
in previous publications.****> Briefly, the pulsed supersonic
molecular beam was generated by expanding a mixture of 10%
NO, and He into the source chamber via a pulsed valve (General
valve, Parker Series 9), where it was skimmed before entering
and propagating along the centre axis of the ion optics assembly
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(IOA, 23-plate ion optics) mounted in the reaction chamber. The
molecular beam was intersected at right angles by the photolysis
and probe laser beams between the second and third plates of
the ion optics assembly. Noted that the valve was held at 383 K in
order to push the NO,/N,0, equilibrium to 99.9% in favor of the
monomer.*®> Thus, the signal from N,O, photodissociation in
this work is negligible. The NO, molecules were photodisso-
ciated by absorbing one photon of 212-250 and 300-365 nm.
The nascent O(*P;) products from NO, photodissociation were
state-selectively ionized by using 1 + 1’ (~130 nm + ~600 nm)
photoionization scheme via the *s° [25*2P*(45°)3S] intermediate
state. Previous studies usually applied (2 + 1) resonance enhan-
cing multiphoton ionization (REMPI) at ~226 nm to ionize the
oxygen atom.'™*® This may cause multiphoton dissociation
processes, for instance, the combination of photolysis laser
and the 226 nm laser could lead to further generation of oxygen
products, while 1 + 1’ photoionization scheme significantly
suppressed these processes. The resulting O ions were then
accelerated by the ion optics and passed through a 740 mm
long time-of-flight tube before hitting a position-sensitive dual
microchannel plate (MCP) coupled to a P43 phosphor screen.
Transient images on the phosphor screen were recorded using a
charge-coupled device (CCD) camera (Imager pro plus 2M, La
Vision), using a 20 ns gate pulse voltage (which slices ~10% of
the total Newton sphere distribution of the ions) in order to
acquire time sliced images.

The laser system consisted of two Nd:YAG lasers and four
dye lasers. The laser beam in the UV region generated by
frequency doubling the output of the Nd:YAG I (Beamtech,
SGR-20) laser pumped dye laser I (Corbra-Stretch, Sirah) was used
to photolysis the NO, molecules. The Nd:YAG II (Continuum,
Powerlite 9030) and other three dye lasers (Corbra-Stretch, Sirah)
were designed to generate the 1 + 1’ detection laser beams for
ionizing O(*P)) atomic products. The VUV light beam (130.172 nm
for O(°P,), 130.44 nm for O(*P,), and 130.576 nm for O(°P,)) was
generated by the four-wave mixing (wyyy = 20, — ,) process. The
laser light at 212.55 nm (w;) was generated by doubling the
fundamental output of the dye laser II, which was pumped by
the 355 nm laser light generated by the Nd:YAG II. The second
harmonic output (532 nm) of the Nd:YAG 1II laser was split into
two parts to separately pump the dye laser III and IV, respectively.
The fundamental output of the dye laser ITI used as w, (~570 nm)
was Doppler scanned to measure O atomic products with different
velocities. w; and w, were spatially and temporally overlapped and
focused into a stainless-steel mixing cell filled with ~15 torr
Krypton gas. The fundamental frequency output from the dye
laser IV was employed as the second visible detection laser beam
(~600 nm).

[Il. Results and discussion
A. Photodissociation of NO, via the 1°B, state

Fig. 1 shows the UV absorption spectrum of the NO, molecules
between 200 and 450 nm. The diffuse vibrational progressions
are indicative of the mixed character of the excited potential
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energy surfaces (PESs). This complicated behavior is mainly
ascribed to the strong mixing of the initial populated 1°B, state
with the X ground state due to a low-lying conical intersection
between these two PESs.” The Renner-Teller interaction®
between the 1°B; excited state and the X ground state is also
responsible for it. Besides, the spin-orbit interactions of all
three states with the 1%A, excited state further increase the
complexity. Hence, the photodissociation of NO, in this spec-
trum region would be interesting and fascinating. Fig. 2 shows
the images of O(*P,) products and the corresponding total
kinetic energy release (TKER) spectra at (a) 300.02 nm, (b)
310.05 nm, (c) 320.12 nm, (d) 348.38 nm, (e) 357.13 nm, and
(f) 365.38 nm, respectively. The double-headed red arrow
indicates the polarization direction of the dissociation lasers.
Clearly, the partially resolved concentric ring structures in each
image correspond to the different rovibrational states of the
NO(X°IT) co-products. Besides the O(*P,) products, the images
of O(*Py) and O(°P,) products at these six photolysis wave-
lengths have also been detected (shown in Fig. S1 and S2,
ESIY). By comparing the O(*P_, o) images and the TKER spectra
to those in Fig. 2, they exhibit similar dynamics for the three
O(*Pj—2,1,0) spin-orbit dissociation channels.

According to the conservation of momentum and energy,
the TKER spectra of the NO + O products can be expressed by
the following equation:

TKER = Exg(NO) + Exg(O) = Exg(O)(1 + mo/mno),
= v — Dy(NO-0) — E;n(NO) — E;n(O), 2)

where Exg(NO) and Exg(O) represent the kinetic energy of NO
and O products (the Exg(O) can be directly derived from the
O(*P)) images), mo and myo are the relative atomic mass of NO
and O products, Av is the photon energy, Do(NO-O) is the
dissociation energy, E;i(NO) is the internal energy distribu-
tions of NO products, and E;.(O) is the energy of the SPJ:LO
state defined relative to the *P, ground state of O atom. All of
the TKER spectra in Fig. 2 display a series of partially resolved
peaks extending to the available energy limit. As marked on the
upper part of the TKER spectra, the partially-resolved peaks can
be assigned to the NO(X?TI, v) vibrational states. Noted that the
spin-orbit splitting of the NO(XT1,, 3,,) state is 119.82 cm ™,
which is not observed in this study due to the limited experi-
mental resolution.’” The TKER spectra in Fig. 2(a)-(f) show a
non-statistical vibrational distribution, which is similar to
previous studies on the photodissociation of the triatomic
molecules, such as CO,,*° OCS,** and CS,.** Furthermore, most
of the vibrational peaks in Fig. 2 display a bimodal rotational
structure. Such anomalous rotational population of NO pro-
ducts is similar to that observed in the NO, photodissociation
study by Slanger et al.®>" and Zacharias et al.,>* but different
from that observed by Elofson et al,' in which a statistical
rotational distribution was observed. Previous studies reported
that excitation around 337 nm involves both the 1°B, and 1°B;
excited states, and these two states have respective equilibrium
angles of 111°* and 180°,*° substantially different from
134.25° of the X ground state. The high rotational excitation

This journal is © the Owner Societies 2023
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Fig. 2 The images and TKER spectra of O(*P,) products from NO, photodissociation at the wavelengths of (a) 300.02 nm, (b) 310.05 nm, (c) 320.12 nm,
(d) 348.38 nm, (e) 357.13 nm and (f) 365.38 nm. The double headed red arrow indicates the polarization direction of the photolysis laser beam. The rings
shown in the images correspond to the vibrational state of the NO(3IT) co-products. The open circles represent the experimental data and the red solid
curves display the best fitting of the experimental spectra. The dashed green curves represent the simulated NO vibrational profile.

of NO can thus result from the decay of NO, in highly excited
bending vibrational states.

To abstract more information, a qualitative simulation of
the TKER spectra is carried out. In the fitting, a Gaussian-like
shape is used to simulate the population of each rotational
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state. The intensities of each NO rotational state are then
adjusted to produce a summed simulated TKER spectrum that
best matches the experimental data. This process is compli-
cated by the overlap of rotational levels associated with differ-
ent vibrational states of the NO product, which can obscure the
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Fig. 3 (a—c) Relative vibrational state population of the NO co-products from NO + O(*P,_, 1 o) channels at six different photolysis wavelengths between
365 and 300 nm. (d) The anisotropy parameter f values derived from simulations of the images for O(*P,_10) products.
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relative contributions of the different levels in the simulation,
but is helped by the expectation that the rotational population
distributions associated with each vibrational state should vary
relatively smoothly with the rotational quantum number. The
relative vibrational state population distribution of NO pro-
ducts corresponding to the three O(*P)_, ) product channels
are acquired and depicted in Fig. 3(a)-(c). Apparently, the
vibrational state populations of NO products at 300.02,
310.05, 320.12 and 348.38 nm are all inverted with a maximum
in v = 2 or v = 3. These point to a dynamical, rather than a
statistical dissociation mechanism at these wavelengths. A
tentative conclusion drawn by George et al.*’ is that the vibra-
tional excitations of nascent NO fragments are already present
in the excited electronic state of NO, molecules, and a fast
dissociation is assumed to occur before the statistical equili-
bration is reached. This model can be confirmed by the relative
large averaged anisotropy parameters shown in Fig. 3(d). These
f values are obtained by fitting the angular distributions of the
O(°P)) products using the following equation:

100) = {1 + BPa(cos0) ®

where 0 is the angle between the recoil direction of product pairs
and the polarization axis of the photolysis laser. P,(cos0) is the
second-order Legendre polynomial. I(f) stands for the angular
distribution. It is found that the f values change with the
photolysis wavelength, and follow similar variation trends for
three spin-orbit states of O(°P)). It increases slowly from ~0.4 at
365.38 nm to the maximum value of ~0.8 at 300.02 nm except
for a sudden increase at 357.38 nm. Generally, the variation of f§
values reveals that the dissociation rate of NO, via the 1°B, state
increases as the excitation wavelength decreases. Previous
studies*®™® reported that the fragmentation rate of NO,
decreases from 50 ps close to the dissociation threshold to less
than 80 fs with an excess energy of 0.1 eV above the threshold.
The observed f values in the range of 0.4-0.8 correspond to a fast
dissociation process, which agrees well with the averaged life-
time of ~250 fs for the 1B, state estimated by Michel et al.'®
As suggested in previous studies,'®**° the 1°B, state dis-
sociation of NO, at different photolysis wavelengths proceeds
via the nonadiabatic transition from the 1B, state to X ground
state due to a conical intersection between them, followed by a
fast dissociation on this ground PESs. The photodissociation of
NO, at all studied wavelengths in this work clearly shows non-
statistical rovibrational state distributions, but the wavelength-
dependent vibrational state distributions indicate that subtle
differences should exist in such a dissociation pathway. Com-
pared with the previous studies, for instance, Brouard et al.''
reported an inverted NO vibrational state distribution at
308 nm photolysis of NO,, which pointed to a dynamical
dissociation mechanism, but their results underestimate the
proportion of NO(v = 3) products. While Doughty et al’>'
reported a higher yield of NO products in v = 3 at 308 nm,
but were unable to extract the population in v = 0. The different
experimental conditions and detection methods may be
responsible for such disagreement. Nevertheless, the nascent
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vibrationally hot NO(X’II) product may originate from the
initially populated vibrational excitation state of the NO, mole-
cule. While the bimodal rotational distribution in the indivi-
dual vibrational peak is consistent with bending motion caused
by the geometry change on excitation mainly to the 1°B, state.

B. Photodissociation of NO, via the 2°B, state

Excitation of NO, in the range of 200-250 nm shows a progres-
sion of well-pronounced vibrational structures in Fig. 1, which
has been assigned in terms of the quantum number (v, v;v;) of
the 2%B, state of the parent NO, molecules (v,-symmetric stretch,
v,-bend, v;-anti-symmetric stretch). Several studies on the photo-
dissociation of NO, at 212.8 nm'”*%°2 and 248 nm?!®313334
were reported before. Among these previous works, only a few
of them were carried out by ion imaging method.!'*737:33

Fig. 4 displays the images of the O(°P,) products and the
corresponding TKER spectra transformed from the O(°P,)
images at the photolysis wavelengths of (a) 249.22 nm, (b)
246.09 nm, (c) 244.94 nm, (d) 242.36 nm, (e) 239.34 nm, (f)
237.59 nm, (g) 235.43 nm, and (h) 212.56 nm. The vibrational
assignments for each TKER spectrum have been indicated in
Fig. 4. Similarly, the images of the O(*P,) and O(°P,) products at
all studied photolysis wavelengths are also presented in Fig. S3
and S4 (ESIY). It is found that the O(*P;) images and the TKER
spectra for the three O(*P,, ;o) spin-orbit dissociation chan-
nels also present similar features. But, different from those via
the 1B, state, all images measured at the photolysis wave-
lengths in the range of 235.43-249.22 nm are characterized by a
set of bright outer rings. While at 212.56 nm, the images
consist of two structures, ie., the relatively weak inner one
and the strong outer one. As assigned in Fig. 4, each TKER
spectrum exhibits a group of vibrational peaks extending to the
available energy limit. Though Wilkinson and Whitaker®”
argued that the NO(XTI) products at 226 nm favored the
production of vibrationally cold, but high rotationally excited
NO products, our results were consistent with that the NO(XI1)
products were vibrationally excited and rotationally cold. Mor-
rell et al.®>® and Bernstein et al.** also attributed such sharply
peaked NO to vibrationally excited, rather than rotationally
excited products. At 249.22 and 246.09 nm, the major compo-
nent of the TKER spectrum is a little broad compared to those
at other photolysis wavelengths. While at the shortest wave-
length of 212.56 nm, the TKER spectrum exhibits a pronounced
bimodal structure, which is similar to that observed in the
212.8 nm photodissociation of NO,.*®

The vibrational state distributions of NO product for the
O(*Pj-2,1,0) channels derived by simulation of the TKER spectra
are present in Fig. 5(a)-(c). It is clear that a sharply populated
vibrational distribution of NO peaks at v = 2, and a tail extends
to v = 9 for photolysis between 244.94 and 235.43 nm. While the
major vibrational state population distribution of NO is a little
broad with peaking around v = 1 at 249.22 and 246.09 nm
photolysis. The low translational energy component at these
two wavelengths still extends to the available energy limit. At
212.56 nm, the bimodal vibrational state distribution of NO

This journal is © the Owner Societies 2023
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photodissociation at the wavelengths of (a) 249.22 nm, (b) 246.09 nm, (c)

244.94 nm, (d) 242.36 nm, (e) 239.34 nm, (f) 237.59 nm, (g) 235.43 nm, and (h) 212.56 nm. The double headed red arrow indicates the polarization
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products is more pronounced, with a major peak at v =6 and a
minor peak at v = 11, which is qualitatively consistent with that
observed by Ahmed at 212.8 nm photolysis, though their results
presented a major peak near v = 4.>® Previous studies also
reported that the major peak shifts to v = 7 as dissociation
wavelength decreases to ~200 nm.*” In addition, the rotational
excitation of the NO products at studied wavelengths is found
to be quite cold from the results of the TKER simulation.

To acquire more detailed information of the dissociation
process via the 2°B, state, the f§ values associated with the three
O(3PJ:2,1,0) spin-orbit dissociation channels are also obtained.
Fig. 5(d) plots the resulting f values as a function of the
photolysis wavelength for each O(*P,) channel. Similar to those
via the 1°B, state, the f§ values also present a roughly similar
trend for the three O(°P)) spin-orbit dissociation channels. As
shown in Fig. 5(d), the f values at 249.22 and 246.09 nm are
around 0.1-0.3, indicating that the angular distributions are
close to isotropic. While the f values become to range from 0.6 to
1.2 below 246.09 nm, suggesting that the angular distributions
observed at short photolysis wavelengths are much anisotropic.
Since different wavelengths correspond to excitation of NO, into
different vibrational excited states of the 2°B, state (marked in
Fig. 4), the variation of the f§ values suggests that the dissociation
lifetimes via the 2°B,(000) and 2°B,(010) vibrational states are
much longer than those via the other vibrational states.

Previous study shows that the 2B, state PES has a shallow
potential well in the Franck-Condon region and an avoided

This journal is © the Owner Societies 2023

crossing with a high excited electronic state at a bond length of
~3.35 A, and bond angle of 110°.* At 249.22 and 246.09 nm, the
initial excitation energies couldn’t overcome the barrier. Thus,
the excited NO, molecules will be trapped in the potential well
of the 2”B, state, resulting in a slow dissociation process and a
relatively broad NO vibrational state distribution. This is con-
sistent with previous reports on the dissociation lifetime of NO,,
i.e., ~42 ps for the 2°B,(000) state and ~ 2.2 ps for the 2°B,(010)
state. While the NO, molecules are excited to a series of
different vibrational levels of NO,(2°B,) between 244.94 and
212.56 nm, a direct and fast dissociation process along the
symmetric stretching coordinate of the 2%B, state will occur once
the excitation energies exceed the barrier. During such a fast
dissociation process, the nascent NO products almost inherit the
internal energies of initially excited NO, molecules, thus the
major peak in the NO vibrational state distribution shifts to a
high vibrational excited level when the excitation wavelength
decreases to 212.56 nm. Moreover, the interaction'*3%
between the 2?B, state PES and the lower 1°B, and/or X state
PESs via the vibronic coupling leads to production of kinetically
cold O(°P)) in coincidence with highly vibrationally excited NO
fragments, which is associated with the minor peak close to the
available energy limit. The final dissociation may happen on the
X state PES, because the 1B, state is strongly mixed with the X
state via a conical intersection. The bimodal energy distribution
of NO products is then interpreted as NO, dissociation on
different PESs from the initial excited 2°B, state.

Phys. Chem. Chem. Phys., 2023, 25,16872-16880 | 16877


https://doi.org/10.1039/d3cp00420a

Published on 18 May 2023. Downloaded by Dalian Institute of Chemical Physics, CAS on 7/11/2023 7:20:22 AM.

View Article Online

PCCP Pa per
300 300
(a) —8—212.56 nm (b) —=—212.56 nm
2504 ——235.43 nm 250 - ——235.43 nm
—A—237.59 nm —4—237.59 nm
= —v—23934nm | = —¥—239.34 nm
€ 2004 —+—242.36nm | S 2001 ——242.36 nm
a —<€—244.94 nm .e' —4—244.94 nm
S 1504 —»—246.09nm | S 150- —»—246.09 nm
g ——249.22 nm g —8—249.22 nm
1001 s 100
2 2
& 5
o 50 o 504
o A T T T T T T T o L T T - T T » T T T
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Vibrational Quantum Numbers (v) Vibrational Quantum Numbers (v)
300 1.0
(©) —=—212.56 nm (d) —A—O(P)
2504 ——235.43 nm ° 0(3,,1)
—A—237.59 nm . <
=z —v—239.34nm| = 0.3 —=—0(P)
£ 2004 ——24236nm| T
- —4—244.94 nm g
S 1504 ——246.09nm| &
c —e—24922nm| T ;6|
o 20
S 1004 o
= -
S 2 S
o 4 c
50 << 0.4
o L L) L) L Al Ll T

Vibrational Quantum Numbers (v)

290 300 310 320 330 340 350 360 370
Wavelength (nm)

Fig. 5 (a—c) Relative vibrational state population of the NO co-products from NO + O(*P,_,10) at eight different photolysis wavelengths between
249.22 and 212.56 nm. (d) The anisotropy parameter f values derived from simulations of the images for O(*P;_, 1) products.

V. Conclusion

In the present work, photodissociation dynamics of NO, + v —
NO(X’II) + O(°P)) have been investigated by using the time-sliced
velocity-mapped ion imaging technique combined with the 1 + 1/
photoionization scheme. The images of O(*P,,,) products from
NO, photodissociation are acquired in the wavelength range of
300.02-365.38 nm and 212.56-249.22 nm, which correspond to
excitation of the 1°B, and 2B, states, respectively. The TKER
spectra and NO vibrational state distributions are derived based
on the images of O(*Pj, , o) products. The non-statistical vibrational
state distribution of NO and the bimodal rotational structure in
most of the vibrational peak have been observed between 365.38
and 300.02 nm. This result indicates that the high bending vibra-
tional excitation due to the change in NO, geometry following decay
from the 1°B, state to the X state leads to hot rotational excitation of
NO. While the NO vibrational state distribution from NO, photo-
dissociation via a series of vibrational levels of the 2°B, state is
sharply peaked at low vibrational quantum number v, and this
vibrational peak shifts to larger v as the excitation energy increases.
A bimodal vibrational population distribution has been observed at
212.56 nm, which is ascribed to NO, dissociation on two different
pathways. Furthermore, the anisotropy parameter f values asso-
ciated with dissociation via the two B, states display wavelength-
dependent characters. The overall f§ value from excitation of the
1°B, state shows an increasing tendency as the photolysis wave-
length decreases except at 357.13 nm, suggesting the dissociation

16878 | Phys. Chem. Chem. Phys., 2023, 25, 16872-16880

occurs via a fast transition from the 1°B, state to the X state via a
conical intersection between them. While the f values from excita-
tion of the 2”B, state at short wavelength suggest that the dissocia-
tion on the 2°B, state PES is fast via an avoided crossing with the
higher state PES, except the relatively slow dissociation at 249 nm
and 246 nm due to the energies being lower than the barrier of the
2°B, state PES. In addition, the interaction between the 2B, state
and the lower 1B, and/or X state via the vibronic coupling leads to
the minor peak at a very high vibrational level at 212.56 nm
photolysis. Though we have presented a detailed state-resolved
photodissociation of NO,, a full understanding of the dissociation
mechanism still awaits further theoretical calculations.
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