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ABSTRACT: To clarify the contentions about dissociative photoionization NO,*(@’B, & b’A,) —» NO*(X!Z*,v*,J) + OCP)
mechanism of nitrogen dioxide via the a’B, and bA, ionic states, a new threshold
photoelectron—photoion coincidence (TPEPICO) velocity imaging has been
conducted in the 12.8—14.0 eV energy range at the Hefei Light Source. The fine
vibrational-resolved threshold photoelectron spectrum agrees well with the previous
measurements. The ro-vibrational distributions of NO”, as the unique fragment ion
in the dissociation of NO," in specific vibronic levels of a’B, and b*A, states, are
derived from the recorded TPEPICO velocity images. A “cold” vibrational (v* = 0)
and “hot” rotational population is observed at the a®B,(0,3,0) and (0,4,0) vibronic
levels, while the dissociation of NO," in b*A,(0,0,0) leads to the NO" fragment with
both hot vibrational and rotational populations. With the aid of the quantum
chemical calculations at the time-dependent B3LYP level, minimum energy paths on  Impulsive dissociation
the potential energy surfaces of the a’B, and b’A, states clarify their adiabatic

dissociation mechanisms near the thresholds, and this study proposes reliable

explanations for the observed internal energy distributions of fragment ions. Additionally, this study provides valuable insights into
the application of the classical “impulsive” model on an overall slow dissociation process.
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1. INTRODUCTION states, He-I and He-II photoelectron spectroscopy,lz_15
As one of the key reactive species, nitrogen dioxide (NO,) threshold photoelectron (TPE) spectroscopy,'”'” and
plays an important role in atmospheric chemistry."” Its cation, pulsed-field-ionization zero kinetic energy (PFI-ZEKE) spec-
NO,", is also an important intermediate in stratospheric ion— thSCOP)’lS were performed previously, together with a few
molecule reactions,” since the O*(*S) + N,,* N(*S) + O,*, and theoretical calculations.>'*° According to Franck—Condon
N* + 0,” " reactions are the most significant sources of NO* factors and statistical factors, the band intensity of a triplet
and O' ions in planetary atmosphere.’ Therefore, the state was usually stronger than that of the corresponding
properties of NO, neutral molecule and cation have attracted singlet in photoelectron spectra.”’ For these low-lying

extensive attentions in past decades. However, there are still
some inconsistent conclusions about the state of art
dissociation dynamics of NO," in electronically excited states.

As an open-shell molecule, the neutral NO, has a C,,
symmetric bent geometry, with an valence electronic
configuration of [core](1b,)*(4b,)*(1a,)*(6a,)" in the ground

electronic states, the spectral assignments were noncontro-
versial owing to their well separated spectral bands. For
instance, the a®B, state covers the energy range of 12.3—13.4
eV with a fine vibrational progression, while the b*A, state is

electronic state, X?A,. When one electron is removed from the Received:  January 27, 2021
outer orbitals, 6a,, 4b,, and 1a,, two separate spin ionic states, a Revised:  April 3, 2021
singlet and a triplet state, are naturally produced, except for Published: April 16, 2021

(6a,)7", thus leading to the NO,* molecular ion in the X'+
g('A;), 2°B,, b’A,, A'A,, and B'B, electronic states,
respectively. To study NO,* geometry in specific electronic
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located in the range of 13.4—13.9 eV, with the strongest 0—0
band and a few broadened vibrational peaks."”

Based on the assignments, the dissociation of NO," in these
low-lying electronic states has been investigated with various
experimental approaches, including electron ionization.'®"***
photofragment excitation spectroscopy,””** photoionization
mass spectrometry,”>® fast-ion beam laser spectroscopy,”’
photoelectron—photoion coincidence (PEPICO) spectrosco-
py,"”"” and threshold photoelectron—photoion coincidence
(TPEPICO) spectroscopy.'® The X12g+state with a linear
geometry has a deep potential well. The symmetric stretching
(v1*) and the bending (v,") vibrational frequencies were
measured to be approximately 175 and 75 meV respectively.'
NO," cation in the electronically excited states is unstable, and
the NO*, O*, O,*, and N* fra§ment ions can be produced at
different photon energies.”” In fact, only two lowest
dissociation channels of NO*(X'Z*) + O(®P) and
NO*(X'Z*) + O('D) correlate with those electronic states
below 16 eV. The corresponding dissociation limits were
determined at 12.3797 and 14.3471 eV, respectively, with
taking into account the dissociation energy of NO, (D, =
3.1154 ¢V)* and the ionization energy of NO (IE = 9.2643
eV).”” The lowest excited state, a’B,, was conformably found
to be metastable in previous studies except for the vibrational
ground state (0,0,0), since the parent ion and the NO*
fragment ion were both observed at the vibrationally excited
levels.” Yet, the reported lifetimes were quite different, e.g., 5—
155 us in (ZEKE-PFI),”’ on a microsecond time scale
suggested by Eland and Karlsson’s PEPICO experiments,"”
and submilliseconds in Shibuya et al.’s TPEPICO measure-
ment,'® i.e. 1.35 ms for (0,0,0), 760 us for (0,1,0), 66 us for
(0,2,0), and 42 us for (0,3,0) levels. Different from the
metastable a’B, state, the second excited state, b’A,, was
suggested to be repulsive due to the much wider vibrational
peaks, and the NO" fragment ion was observed with large
kinetic energies close to the energetic limit."> Moreover, the
recoil angle for NO" fragments was verified to be ~50° relative
to the initial C,, symmetry axis in dissociative photoionization
of NO, via the b%A, ionic state at 14.4 eV.** In recent imaging
PEPICO studies,'”*® the state-specific dissociative photo-
ionization of NO," below 20 eV was systematically studied for
the a°B,, b%A,, A'A,, B'B,, ¢*B,, C'B,, d°A,, °B,, and D'B,
electronic states, respectively. The NO* fragment ions were
observed at the ground vibrational level with a high rotational
population, regardless of dissociation from NO,"(a’B,,b’A,)
cations."”

Although some experimental and theoretical investigations
have been performed previously for the dissociation of NO,*
cations in the a’B, and b%A, states, there is still some
controversy on their dissociation mechanisms. Hirst calculated
the bending potential energy surface of a’B, state and found a
considerably deep well along the ON—O rupture.” A barrier of
~0.8 eV was estimated to adiabatically correlate with the
dissociation limit of NO*(X'Z*) + O(°P), when fixing the
bond angle at 120° and the unbroken N—O bond length at
1.22 A. Due to its too higher than the experimental onset near
the a’B,(0,2,0) level in energy, a tunneling or an avoided
crossing between two B, states was suggested for its
dissociation mechanism by Eland et al.'>"® However, such
tunneling should be very weak for these NO™ fragments and O
atoms of heavy mass. The high-level CASPT2 calculations of
Chang and Huang were opposed to the deduction of avoided
crossing,'” by checking the CASSCF wave functions “before”
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and “after” the barrier along the a’B, N—O rupture. Instead, an
intersystem crossing mechanism was proposed for the a’B,
dissociation by Shibuya et al.'® Alternatively, Tang et al.'’
suggested that the coupling between the a’B, state and the
upper 2°B, ionic state might be responsible for the dissociation
of a®B,, since a curve crossing was calculated to be located at a
bond angle of ~90° along the bending potential curves of a°B,
and 2°B, ionic states.”

To address this dispute, a new TPEPICO velocity imaging
experiment has been performed for dissociative photoioniza-
tion of NO, via the a’B, and bA, ionic states in the photon
energy range of 12.80—14.0 eV. In our TPEPICO velocity
imaging experiment at the Hefei Light Source, the translation
energy resolution (AEy/Ep ~ 3%)”" can be achieved for ion
imaging, so that the accurate kinetic energy released
distribution (KERD) and angular distribution of NO*
fragment ion can be obtained for a specific vibrational level
in the both ionic states. Then, the ro-vibrational distribution
can be assigned taking into account the dissociation limit and
the spectroscopic parameters of NO*. Moreover, the adiabatic
potential energy surfaces of a’B, and b’A, along the ON—O
bond length and 6(O—N—O) bond angle coordinates have
been mapped using the time-dependent density functional
theory (DFT). Consequently, the dissociation mechanisms of
NO," in these both states are reliably uncovered. Although the
classical “impulsive” model has always been used to describe a
rapid dissociation along a repulsive potential energy surface, we
shed light on its application on the overall relatively slow
dissociation processes of NO,* in a’B, and b’A,.

2. EXPERIMENTAL AND COMPUTATIONAL SECTION

The experiment was performed on the BL09-U beamline of the
Hefei Light Source. Details of the TPEPICO velocity imaging
spectrometer and the beamline have been described
previously;34’3’5 thus, only a brief introduction is given here.
VUV photons from an undulator of 800 MeV electron-storage
ring were dispersed with a 6 m-long monochromator with a
370 grooves:-mm™ spherical grating, and the photon energy
was covered from 7.5 to 22.5 eV with an energy-resolving
power (E/AE) of ~2000 at 15 eV.” The absolute photon
energies were calibrated using the well-known ionization
energies of argon and xenon, leading to an uncertainty of 10
meV. A gas filter filled with argon was installed in front of the
photoionization chamber to suppress higher-order harmonic
radiation from the undulator. The photon flux was measured
using a silicon photodiode (International Radiation Detectors,
SXUV-100) to normalize TPE intensities.

The commercial NO, gas (99.9%) was used without any
further purification. A continuous molecular beam (MB) of the
mixed NO, and helium gas (1/10 v/v) with a stagnation
pressure of 1.2 X 10° Pa was introduced into the chamber
through a 20-pm-diameter nozzle, collimated by a 0.5-mm-
diameter skimmer, and then intersected with the VUV beam at
10 cm downstream from the nozzle. The backing pressure was
typically S X 107> Pa with the MB on. In the photoionization
region, a dc electric field of ~15 V-cm™ extracted photo-
electrons and photoions in opposite directions. A special ion
optics was utilized to collect the photoelectrons and photoions
simultaneously and map their velocity images,34 where the
electron image was significantly magnified owing to the
delayed flight time. Then, a mask with a 1-mm-diameter hole
and a concentric ring was placed in front of the electron
detector to further subtract energetic electron contamination

https://doi.org/10.1021/acs.jpca.1c00701
J. Phys. Chem. A 2021, 125, 33163326


pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c00701?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

in TPES as described previously.”® The TPEPICO measure-
ments were performed with a single-start multiple-stop data
acquisition mode,”” in which photoelectrons were used to
trigger TOF measurements of ions. The coincident photoions
were projected onto dual microchannel plates (MCPs) backed
by a phosphor screen (Burle Industries, P43), and the images
on the screen were recorded by a TE-cooling CCD detector
(Andor, DU934N—BV). Furthermore, the three-dimensional
(3D) time-sliced velocity image of a specific ion was recorded
directly by applying a pulsed high voltage on MCPs as a mass
gate with a variable duration from 60 ns to dc.**

To understand dissociative photoionization mechanisms,
DFT at the B3LYP/6-311++G(d) level was used to optimize
geometries of NO, neutral and its cation in their ground states,
respectively. Since only two electronically excited states, a’B,
and b’A,, were paid attention to in this study, the
corresponding optimized geometries and harmonic vibrational
frequencies were calculated with the time-dependent DFT at
the TD-B3LYP/6-311++G(d) level. Based on the optimized
geometries of specific ionic states, the adiabatic potential
energy surfaces of a’B, and b*A, along the ON—O bond length
and the 6(0O—N—0O) bond angle coordinates were mapped at
the same level of theory. In this regard, at every given R(ON—
O) bond length and #(O—N—0O) bond angle, the unbroken
N-O bond length was reoptimized to verify local minima.
Then, a minimum energy path (MEP) on the potential energy
surface was plotted, and thus, the adiabatic decomposition
mechanism of NO," in the specific electronic state was readily
revealed. All these quantum chemical calculations were
performed using the Gaussian 16 A.03 program package.’

Additionally, using the optimized geometries, harmonic
frequencies, and normal-mode vectors for each electronic state,
the Franck—Condon factor (FCF) calculations were con-
ducted as the overlaps between initial and target vibrational
states in the harmonic approximation using the ezSpectrum
program.”” Then, the TPE spectrum of NO, in a specific
electronic state was simulated with a certain full width at half-
maximum (fwhm), according to experimental spectra, to assign
vibrational progressions of each specific electronic transition
from neutral to cation as we did in other systems.”'~**

3. RESULTS AND DISCUSSION

3.1. Threshold Photoelectron Spectrum of NO,* in
the a®B, and b3A, States. TPE spectrum of NO, in the
energy range of 12.8—14.0 eV was recorded with an increment
of 2 meV, and plotted in Figure 1, where the a’B, and b’A,
ionic states were both involved. A series of vibrational peaks
are clearly observed for each electronic state and summarized
in Table 1, where the previous TPE,'® PFI-ZEKE'® and
photoelectron spectral'” assignments are listed, too. Our and
previous TPE spectra show the very consistent band origins
and vibrational structures for these two states, while the PFI-
ZEKE and photoelectron spectral results have a slight energy
shift by ~20 meV. Since the weak extraction electric fields (a
few to 15 V-cm™') were used in all these experiments, Stark
effect could only lead to a shift of less than 2.5 meV, which is
much smaller than those we observed. Therefore, the
differences among these measurements, especially in band
origins between the TPE spectra and photoelectron
spectrum,'” might be caused by variations of ionization cross
section at the He-I radiation and threshold photoionization. In
those TPE spectra, the autoionization of Rydberg states nearby
probably has non-negligible contributions. Moreover, a
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Figure 1. Threshold photoelectron spectrum of NO, in the photon
energy range of 12.8—14.0 eV, with an increment of 2 meV, where the
vibrational progressions are assigned. Franck—Condon simulations
were performed for both a’B, and bA, states at room temperature
and plotted with red lines, and the details of the FC model are
described in the text. The red and blue asterisk mark the contributions
of N,O, photoionization to produce the B2A, and CZBlg/ D?B,, ionic
states, respectively.*®

broadened background (marked with blue star) can be
observed at the Franck—Condon gap between these two states
in Figure 1. However, no neutral Rydberg states exist in this
range,”” and it has not been observed in the previous He-I
photoelectron spectrum'” either. Consequently, the only
reasonable explanation for this background centered at ~13.4
eV is the contribution of the dimer N,0O, photoionization,***
since the thermal population ratio of the dimer is non-
negligible at room temperature, about 12% according to a
thermal equilibrium of 2NO, < N,0,. According to the recent
TPE spectrum of N,O, dimer,*° the CZBlg or D?B,, ionic
states of dimer just cover a TPE band here, while the B*A,
band with sharp features located in the 12.87—13.03 eV range
also agrees with those peaks with red asterisks in Figure 1. In
fact, the contribution of the dimer ions also can be verified in
the following TOF mass spectra.

According to the previous assignments,lz’H’M’18 seven
distinct peaks of the first vibrational sequence at 12.842,
12.929, 13.009, 13.092, 13.174, 13.250, and 13.327 eV, are
attributed to the a’B, state. In the optimized geometry of
NO,"(a’B,) at the TD-B3LYP level, both N—O bond lengths
are 1.205 A, close to their values (1.193 A) of the neutral in the
ground state, while the bond angle is significantly decreased
from 134.4° in the X?A, neutral to 121.5° in the a®B, cation,
indicating a bending (v,") excitation in photoionization. Thus,
these seven peaks are readily attributed to the v,* = 0—6 levels
of NO,*(a’B,). The interval of 78 + 2 meV (629 cm™) agrees
well with the calculated bending frequency, 660 cm™'.
Moreover, the most intense vibrational population is located
on v," = 2 in the 2B, band (Figure 1), validating a moderate
bending from the neutral to NO," in the a’B, state. To further
verify these spectral assignments, the FCF calculation was
performed using the DFT optimized geometries and calculated
frequencies of NO,"(a’B,) and the neutral in the ground state.
Then, the Franck—Condon simulated line spectrum was
convoluted with a Gaussian distribution with a fwhm of 50

https://doi.org/10.1021/acs.jpca.1c00701
J. Phys. Chem. A 2021, 125, 33163326


https://pubs.acs.org/doi/10.1021/acs.jpca.1c00701?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c00701?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c00701?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c00701?fig=fig1&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c00701?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Table 1. Spectral Assignments, Ionization Energies, and Relative Intensities of the Threshold Photoelectron Spectrum of NO,

in the Photon Energy Range of 12.80—14.0 eV

ionization energy (eV)

relative intensity

assignment present TPES'®
a°B,(0,0,0) 12.842 12.848
a®B,(0,1,0) 12.929 12.928
a°B,(0,2,0) 13.009 13.010
a°B,(0,3,0) 13.092 13.092
a°B,(0,4,0) 13.174 -
a°B,(0,5,0) 13.250 -
a°B,(0,6,0) 13.327 -
b°A,(0,0,0) 13.599 -
b%A,(0,1,0) 13.676 -
b3A,(1,0,0) 13.763 -

PFI-ZEKE'® PES'” present PES'"?
12.862 12.8605 243 25.5
12.941 12.9396 77.9 76.1
13.020 13.0185 100 100
13.100 13.0971 83.8 77.4
13.179 13.1750 75.3 419
13.258 13.2523 39.1 17.9
13.337 13.3258 23.6 7.0
13.593 13.592 100 100
13.678 13.677 53.4 41.8
- 13.762 435 37.9

cm™! to account for rotational envelope. A satisfactory
agreement between the experimental and FC simulated spectra
in Figure 1 validates our above assignments.

For the b%A, state, much broadened vibrational peaks are
observed in the TPES of Figure 1, resulting in a serious
overlapping and a blurred vibrational structure. Referring to
the previous photoelectron spectrum,'” three vibrational peaks
can be distinct, i.e., 13.599, 13.676, and 13.763 eV in Table 1.
Similarly, we also performed TD-B3LYP calculations on the
geometry and vibrational frequencies of NO,"(b*A,). At the
TD-B3LYP level, both N—O bonds are increased to 1.210 A,
and the bond angle is 129.9°. In comparison to the neutral, the
similar geometries imply the 0—0 band of b*A, should be the
most intense, and both symmetric stretching (v,*) and bending
(v,*) modes could be excited in photoionization. As shown in
Figure 1, the Franck—Condon simulation with a fwhm of 250
cm™! validates our predictions. The vibrational frequencies are
determined to be 1274 and 630 cm™", and generally consistent
with the TD-B3LYP frequencies.

3.2. TPEPICO Time-of-Flight Mass Spectra. Figure 2
shows the five representative TPEPICO time-of-flight (TOF)
mass spectra for the dissociative photoionization of NO,, e.g.
12.929, 13.009, 13.092, and 13.174 €V for a>B,(0,v,"=1—4,0),

2(0,2,0)

2(0,3,0)

400 ns_Ak
420ns_ A_
530ns_ A_

L a(0,4,0)

Concident ion intensity /a.u.

NO,"

e 5(0,0,0)

6 8 10 12 4 16 8
Time of flight /us

10 1|2
Time of flight / us

Figure 2. TPEPICO TOF mass spectra for vibrational state-selected
dissociative photoionization of NO, via the a’B, and b®A, states, in
which the a°B,(0,v,"=1—4,0) and bA,(0,0,0) ionic states were
recorded at 12.929, 13.009, 13.092, 13.174, and 13.599 eV,
respectively.
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and 13.599 eV for bA,(0,0,0) levels. Since only the
NO*(X'Z*) + O(3Pg) dissociation limit can be reached in
these photon energies, two ions, NO" and NO,", are distinctly
observed in Figure 2, and their relative intensities are very
similar to the previous results."> At 12.929 eV for a>B,(0,1,0),
no NO fragment is observed although the photon energy is
beyond the dissociation limit, implying a barrier toward
decomposition. The fwhm of the NO," TOF profile is narrow
as 17 ns. When the photon energy reaches 13.009 eV of the
a®B,(0,2,0) level, an asymmetrical TOF distribution is clearly
recorded for NO' fragment ions, as well as a part of residual
NO," ions, indicative of a metastable dissociation. Due to a
relatively low extraction field (~15 V/cm) in our experiment,
ion residence time in the acceleration region is several
microseconds, and thus a metastable dissociation leads to an
asymmetrical shape of daughter ion peak®” herein. In this
regard, such the asymmetrical TOF profile indicates the
dissociation rate constant at this energy is ca. 10° s™ under the
present experimental conditions. Moreover, as the photon
energy increases to or beyond a’B,(0,3,0), the NO* TOF
profile becomes symmetric owing to the faster dissociation. As
shown in Figure 2, the TOF distribution of NO" is broadened
to more than 400 ns (fwhm) due to a great deal of released
kinetic energy in dissociation. All these evidence strongly
suggest that there is a relatively deep potential well of a°B,
along the N—O bond, which is consistent with the previous
studies.”'® Moreover, the triangle-like TOF distribution of
NO" in Figure 2 is different from the reported anisotropic
profiles in the Eland and Karlsson’s PEPICO experiment,13 but
it is consistent with the recent imaging PEPICO measure-
ments.' "

To our surprise, a very wide NO," ion peak was still
observed at the higher energies like a’B,(0,4,0) and
b*A,(0,0,0) in Figure 2. Apparently, its TOF distribution
such as the width and profile is entirely different from that
from direct photoionization of NO, monomer (black trace in
Figure 2). According to thermal equilibrium between NO,
monomer and N,O, dimer at room temperature, the
photoionization of the dimer is involved in our experiment
as well, as observed in the TPES of Figure 1. Due to the fast
decomposition of the N,0," dimer ion in the present photon
energy range, we could not observe the N,O," dimer parent
ion in TOF mass spectra, and only the NO," fragment ion was
residual in Figure 2, with a broadened TOF distribution due to
the released kinetic energy in decomposition.

3.3. TPEPICO Image of NO* Dissociated from
NO,*(a®B,). Although the kinetic energy released distributions

https://doi.org/10.1021/acs.jpca.1c00701
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Figure 3. Time-sliced TPEPICO velocity map images of NO* and the correspodning total kinetic energy released distributions, recorded at (a)
13.092 eV for a®B,(0,3,0) and (b) 13.174 eV for a’B,(0,4,0), respectively. The polarization of electric vector & of VUV photons is vertical in the
images, and the fitted total KERD curves with a Gaussian profile are plotted with the red solid lines.

Table 2. Available Energy (E,,,), Kinetic Energies, and Ro-vibrational Energies (E,,) of Fragments, Mean Total Kinetic Energy
({(Er)) in the Dissociation of NO," in the a°B,(0,3,0), a*B,(0,4,0), and b*A,(0,0,0) States, as Well as the Corresponding

Anisotropy Parameters ()

kinetic energy (eV)

vibronic levels E,, (eV) NO*('Z*) o(Cr,)
a®B,(0,3,0) 0.712 0.220 0.413
a°B,(0,4,0) 0.794 0.215 0.315
b3A,(0,0,0) 1219 0.253" 0.474
0.341° 0.638

“fr = (Er)/E,y, which is the proportion of mean total kinetic energy (Er) to available energy E,,,.

(Er) f b E, (eV) p
0.633 0.88 0.089 0.14 = 0.1
0.619 0.78 0.179 0.13 £ 0.1
0.895 0.73 0.324 0.15 = 0.1
0.05 = 0.1

“For the channel to produce NO*('Z*,v*=1)

from NO," in b*A,(0,0,0). “For the channel to produce NO*('Z*v*=0) from NO,* in b%A,(0,0,0).

of fragment ions can be roughly derived from fitting the
corresponding TOF profiles,**™>* the detailed ro-vibrational
distributions are difficult to be discerned in this respect.
Moreover, the angular distributions in dissociation cannot be
obtained either. Therefore, in order to clearly uncover the
excess energy distribution in the dissociation of NO," ions in
the a’B, and b’A, states, the TPEPICO velocity image of NO*,
the unique fragment ion, was recorded. Thanks to the special
ion optics in our TPEPICO imaging spectrometer, a relatively
high energy resolution (AEr/Ep ~ 3%)>* was achieved for ion
imaging. Thus, accurate KERDs and angular distributions were
obtained simultaneously.

Based on the TOF mass spectra in Figure 2, the symmetrical
TOF distribution of NO* was observed when the photon
energy reached the a’B,(0,3,0) level, and thus three-dimen-
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sional time-sliced TPEPICO velocity image of NO* was
recorded at two representative photon energies, 13.092 eV for
a’B,(0,3,0) and 13.174 eV for a’B,(0,4,0), respectively, using a
mass gate of 60 ns. Although the false coincidence events have
been significantly reduced due to the specially designed electric
field,** the residual contributions still exist in all recorded
images. Moreover, according to the perpendicular config-
uration between the molecular beam (MB) and the ion flight
direction, the velocity spread of MB contaminates images
along its direction. Consequently, a multistep data reduction
process of subtracting, deconvolution, and quadrant symmet-
rization is necessary to obtain the better-resolution velocity
map images.”> >

Figure 3 shows the modified TPEPICO velocity images of
NO* at 13.092 and 13.174 €V, as well as the corresponding
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total KERDs, based on the conservation of energy and
momentum in dissociation. A sole ring is observed in each
image, and every total KERD curve is perfectly fitted with a
Gaussian profile as shown in the red line of Figure 3. For
dissociation of NO," in the a®B,(0,3,0) and a°B,(0,4,0) states,
both dominant total KERDs are located at ca. 0.62 eV,
spanning from 0.5 to 0.75 eV. The kinetic energy of the NO*
fragment ion and the total KERDs are summarized in Table 2,
together with the available energy relative to the dissociation
limit. Moreover, no obviously anisotropic distribution is
observed in the images of Figure 3 either. By integrating the
image intensities over a proper radius range of speed at each
angle, the angular distribution of NO* fragment ion, 1(@), was
obtained, and then the anisotropy parameter § for a specific
dissociation channel was derived from fitting I(d) with the
formula, I(0) = (47)™"-[1 + p-P,(cos 0)], where @ is the angle
between the recoil velocity of fragments and the polarization of
electric field vector ¢ of VUV photons, and P,(cos ) is the
second-order Legendre polynomial. As listed in Table 2, the
values were both close to zero for the dissociation of NO," in
the a’B,(0,3,0) or (0,4,0) states, indicating that the bond
breaking of a’B, state occurs in a larger time scale than the
period of molecular rotation indeed.

Taking the dissociation limit D, = 12.3797 eV for
NO*(X'E*) + O(’P), as well as the spectroscopic parameters
of NO*, such as the vibrational frequency v* = 2376.42 cm™,*°
the anharmonicity parameter @ X, = 16.262 cm™', and the
rotational constants B, 1.997 ecm™.,*’ the ro-vibrational
energy levels of NO* fragment ion are calculated and marked
in the total KERD curves of Figure 3. Apparently, the NO*
fragment ion dissociated from NO," in a*B,(0,3,0) has a “cold”
vibrational (v* = 0) and “hot” rotational (J = 0-28)
population, with a center at | = 19, which is greatly consistent
with Tang et al’s recent observation that the ro-vibrational
state of NO* is dominantly populated at v* = 0 and J = 21."”
For the dissociation of NO," at a’B,(0,4,0), the dominantly ro-
vibrational population of NO*(X'E") is located at v* = 0 and |
= 18-33, with a center of J = 27. Therefore, a correlation
between internal state populations of parent and fragment can
be summed up for NO,"(a’B,), that the increase in bending
vibrational amplitude of NO," directly leads to an enhanced
rotation of NO™ fragment ion. The same conclusion was also
obtained by Tang et al. based on their imaging PEPICO
measurement.'” In fact, such a “cold” vibrational and “hot”
rotational population of NO" strongly indicates that the
molecular geometry of NO," keeps bent just prior to
dissociation.

For dissociation of a triatomic molecule, the classical
impulsive model®® has usually been used to estimate energy
distributions of fragments in a direct dissociation along a
repulsive potential energy surface, in which the third atom
plays a spectator role when bond breaking rapidly occurs. In
this case, the proportion of the mean total kinetic energy (Er)
to the available energy (E,,,) can be calculated as the following
equation , eq 1 for dissociation of NO,",

_ (Er) _ Hox
E

ava

fr =072

(1)

where yu is the reduced mass. As indicated in Table 2, the fr
values are experimentally determined to be 0.88 for a®B,(0,3,0)
and 0.78 for a’B,(0,4,0), respectively. Apparently, these data
are generally close to the theoretical limit, indicating that the

Ho-No
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ON-O bond breaking occurs along a potential energy surface
with repulsive characteristics, instead of a statistical decom-
position process.

3.4. O-Loss Mechanism in the Dissociation of NO," in
the a®B, State. As mentioned above, there are some
controversies about the dissociation mechanism of
NO,"(a’B,) ions in previous experimental and theoretical
studies.">'®'”!? In the photoelectron spectroscopy'>'® and
PEPICO'” experiments, some possible mechanisms were
proposed for the a’B, dissociation, such as the tunneling, the
avoided crossing between two °B, states,'” the intersystem
crossing,'® and the coupling between the a’B, state and the
upper 2B, ionic state.'” However, the high-level CASPT2
calculations by Chang and Huang'’ were opposed to these
deductions. Based on the barrier height of 0.42 eV, an adiabatic
ON-O bond rupture was proposed for the a’B, state by them,
i.e, a vibrational predissociation to overcome such a low
barrier in ON—O stretching coordinate."’

To reveal the true ON—O bond rupture mechanism of
NO,*(a’B,), a whole potential energy surface including
bending and N—O stretching coordinates is necessary.
According to the previous calculations," ' the first dissocia-
tion limit of NO*(X'Z") + O(®P) adiabatically correlates with
the a®B,, b*A,, and 2°A” states, while the XlZg*, A'A, and B'B,
states link adiabatically to the second dissociation limit of
NO*(X'E*) + O('D). Thus, we only performed the TD-
B3LYP calculations to map potential energy surfaces of a few
low-lying electronic states, e.g., X12g+, a’B, and b’A,. Figure 4
shows the calculated adiabatic potential energy surface of a’B,
along the ON—O bond length and (0O—N—O) bond angle
coordinates.

As shown by the minimum energy path (MEP) in Figure 4
(black trace), the fragmentation observed in experiments is just
an adiabatic ON—O bond rupture process. NO,"(a’B,) has a
local minimum near Franck—Condon region on the potential
energy surface with a barrier. The calculated barrier height is
only 041 eV at the TD-B3LYP/6-311++G(d) level, which

7\ MEP
/

\
\

——a'B,

Energy / eV

Figure 4. Adiabatic potential energy surface of NO," in the a’B, state,
calculated at the TD-B3LYP/6-311++G(d) level, along the ON—O
bond rupture and bond angle §(O—N—0). The minimum energy
path (MEP) is shown with the black curve, and it is also plotted in the
inserted panel.
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is plotted as a sum of two Gaussian profiles in color dashed lines.

agrees very well with the CASPT?2 result (0.42 eV)."” Such the
energy agreement clearly indicates that no significant multi-
configuration interaction exists for the a’B, state, which can
also be confirmed by the Chang and Huang’s CASSCF wave
function analyses on electronic configuration.'” Actually, a
lower barrier height of 0.32 eV was obtained in a higher-level
CBS-QB3 calculation with zero-point energy correction, which
is closer to the experimental onset (0.25 eV, as the energy
difference between the (0,0,0) and (0,3,0) levels). That is to
say, the barrier height might be overestimated in previous
calculations.™"” Moreover, the unbroken N—O bond is slightly
shortened along this MEP from 1.205 A in NO,"(a’B,) to
1.010 A in the transition state and to 1.069 A in the NO*
fragment ion, as shown in Figure 4. Meanwhile, the 9(O—N—
O) bond angle slightly increases. Although the MEP shown in
Figure 4 is only extended to the ON—O bond length of 2.1 A,
far from the asymptote products, the molecular geometry of
NO," ion is certainly maintained as a bending structure prior
to dissociation. In this case, the recoil momentum naturally
results in large rotation of NO™ fragment ion, when the ON—O
bond is rapidly broken at this bent structure. Moreover, NO™ is
kept in the vibrational ground state because the excess energy
distributed on vibrational degree of freedom in the impulsive
dissociation approximation is only 0.06 eV as E, = E, (1 —
f r)-cos’0, where 6 is the bond angle at the exit, for example, 0
= 124° for a’B,, and is apparently not enough for NO*
vibrational excitation. Therefore, based on our MEP
calculation we can perfectly explain our experimentally ro-
vibrational distributions of NO* dissociated from NO," ion in
the a’B, state. Additionally, the imaginary vibrational
frequency of the transition state was calculated to be only
568 cm™! at the TD-B3LYP/6-311++G(d) level. Such a small
value indicates that the tunneling effect suggested by Eland and
Karlsson'® is ignored, which agrees with the common sense
about an insignificant tunneling for those fragments of heavy
mass. Furthermore, our calculation also shows that no obvious
interaction from the upper electronic states of °B, or B is
found along the MEP. Thus, the avoided crossing between two
3B, states'” and the coupling between a’B, and 2°B, states'” do
not exist or are negligible in the a’B, dissociation. As calculated
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in Chang and Huang’s CASSCF calculations,'” a relatively
strong spin—orbit coupling only exists between X12g+ and a’B,.
That is to say, the intersystem crossing mechanism'® is not
trustworthy either. Therefore, based on the excellent agree-
ment between the MEP calculation and TPEPICO imaging
experiments, an adiabatic ON—O bond breaking mechanism
can be validated for the vibrational predissociation of
NO,*(a®B,), i.., the vibrationally excited NO," cation
overcomes the adiabatic barrier along the ON—O rupture
coordinate, and dissociates toward NO* and oxygen atom at a
bent geometry. Additionally, unlike usual vibrational predis-
sociations, the nonstatistical KERD is found for the
NO,"(a’B,) decomposition, and its (fr) value is close to
that of the “impulsive” model, indicating that the N—O bond
breaking rapidly occurs to keep the other oxygen atom as a
spectator on the exit potential energy surface.

3.5. N-O Bond Rupture Mechanism of NO,"(b%A,).
Figure 5 shows the modified TPEPICO velocity images of
NO* at 13.599 eV, as well as the corresponding total KERDs,
where the NO," ions were prepared in the b*A,(0,0,0) state.
Due to the weak intensities of vibrational excited states in TPE
spectrum of Figure 1, we failed to record TPEPICO images for
those vibronic levels except for (0,0,0). Although the photon
energy is slightly increased from a’B,, the images of NO*
exhibit a significant change, that there are two rings with
different diameters observed clearly, and the outer one is
brighter. Since only the lowest dissociation limit of
NO*(X'E*) + O(’P) is open at this photon energy, these
rings naturally imply the formation of vibrationally excited
NO" fragment ions.

Similar to the internal energy assignments of Figure 3, the
ro-vibrational energy levels of the NO" fragment ion are
calculated, too, with considering the dissociation limit and the
spectroscopic parameters of NO*. The vibronic levels are
noted in the total KERD curve of Figure S. To our surprise, the
NO" fragment ion dissociated from NO," in b*A,(0,0,0)
typically shows a very “hot” rotational distribution (J ~ 30)
and a certain vibrationally excited (v* = 0—1) populations,
which is apparently different from that of the a®B, dissociation
in Figure 3. Moreover, the vibrationally excited (v* = 1)
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Figure 6. Adiabatic potential energy surface of NO," in the bA, state, calculated at the TD-B3LYP/6-311++G(d) level, along the ON—O bond
rupture and bond angle (0O—N-0), (a) RCON—-O) = 1.65-2.40 A and (b) R(ON—O) = 2.80—3.40 A. The minimum energy path (MEP) is
shown with the black curve, and it is also plotted in the inserted panel.

population (corresponding to the inner ring) accounts for
approximately about 28% of the total NO* fragment ions. It is
worth noting that the present internal energy populations are
somewhat different from the Tang et al’s imaging PEPICO
conclusions,'” in which a sole vibrational (v'=0) population
with high and wide ] rotational excitation (extending to the
v*=1 population) was observed for NO* fragment ions
dissociated from NO,* in the b®A,(0,0,0) state. Thanks to
the higher energy resolution of our TPEPICO imaging,”* this
wide distribution observed by Tang et al. is split to two
vibrational components (v* = 0 and 1). Therefore, our
experiment provides a more detailed and reliable population of
NO* fragment ion, and it exhibits more distinct energy
distributions in dissociation of a’B, and b®A, states.

As listed in Table 2, the anisotropy parameters for these two
vibrational channels are 0.05 + 0.1 for NO*(X'Z*v*=0) and
0.15 + 0.1 for NO*(X'Z*v*=1), respectively, by fitting the
angular distribution of NO™ at a specific speed range in the
image. For the NO," triatomic molecule, the transition dipole
moment to produce the bA, state is perpendicular to the
plane of the molecule.”® Thus, the photon mainly ionizes
molecules that lie in a plane perpendicular to the polarization
of the electric field vector. Since the recoil of oxygen atom and
NO" fragment proceeds in-plane, the near zero f value in
Table 2 decisively indicates the bond breaking occurs on a time
scale which is larger than overall rotation of parent molecule.
From another point of view, the b*A,(0,0,0) state does not
show a typically fast dissociation characteristic along a
repulsive potential energy surface, providing an additional
evidence of the quasi-minimum property for the b’A, state
with a very shallow well (less than 0.1 V) in the Franck—
Condon region, as calculated in previous multireference
configuration interaction (MRCI) calculations.” In principle,
a more anisotropic distribution can be predicted for
dissociation of a vibrationally excited state like b*A,(1,0,0).
However, due to too weak intensities of these vibrationally
excited states in TPES of Figure 1, the TPEPICO velocity
imaging cannot be performed regretfully.
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In comparison to the “cold” vibrational population of NO*
produced from NO,*(a’B,) cation, the dissociation of
b®A,(0,0,0) state shows different ro-vibrational population as
both “hot” rotation and vibration, although the a*B,(0,3,0) and
a’B,(0,4,0) levels are also beyond the dissociation limit of
NO*(X'T*wv*=1) + O(C’P). Therefore, the ON—O bond
rupture mechanism of NO," in the b’A, state should be
different from that of a®B,. In fact, a relatively consistent
mechanism of the b’A, dissociation has been proposed
before,">'*'”' that a direct ON—O bond rupture occurs on
its adiabatic potential energy surface. Consequently, the TD-
B3LYP calculation was performed to map its adiabatic
potential energy surface, especially along bending and N—O
stretching coordinates, to uncover potential reasons for
different internal energy distributions of NO* dissociated
from NO," in the a’B, and b®A, states.

For simplicity, the adiabatic potential energy surface after
the barrier is plotted in Figure 6, i.e., RCON—O) from 1.6S to
3.40 A. Compared with the optimized geometry of
NO,"(bA,) in Figure 1, the unbroken N—O bond length is
shortened to 1.090 A, and the bond angle is slightly reduced to
127.0° at the beginning point of Figure 6, RQON—O) = 1.65 A.
As shown by the MEP in the black trace of Figure 6, the
greatest repulsive force is located at the initial stage, i.e., R(N—
0) is from 1.5 to 1.8 A, in which the bond angle is almost
unchanged. However, a typical curve crossing by an upper
2°B,(3°A”) state is confirmed at R(N—O) ~ 2.0 A (Figure 6a),
which builds a potential wall to hinder the direct bond rupture
and drive the bending of molecule to a quasi-linear
configuration as shown in the distorted MEP in Figure 6.
Thus, a classical impulsive dissociation is disturbed by this
interaction after R(IN—0)=2.0 A, slowing the departure of the
oxygen atom. As a result, near the exit potential energy surface
the recoil momentum in the quasi-linear [ON--O]* complex
prefers to enhance the NO vibration. In other words, although
most excess energy is released into translation degree of
freedom at the initial decomposition stage, the exit potential
energy surface with a quasi-linear structure plays a considerable
role to redistribute the NO* ro-vibrational population in some
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extent, and hence more excess energy than the predicted value
by the classical impulsive model is distributed on the
vibrational degree of freedom under the action of recoil
momentum. It is worth noting that the excess energy
distributed on vibrational degree of freedom following the
impulsive approximation can be calculated to be ca. 0.16 eV for
b’A,, when fixing the bond angle at 130°. Apparently, this
energy is not enough for the NO™ vibrational excitation, too,
and is opposite to our experimental observation. However,
given the quasi-linear configuration on the exit, this vibration-
ally distributed energy in the impulsive approximation will be
increased to 0.34 eV, larger than the energy limit to produce
NO*(v*=1). This well demonstrates that the interaction from
the upper 2°B,(3°A”) state still has a significant influence on
such a direct dissociation along repulsive potential energy
surface.

In addition, this quasi-linear structure at the exit potential
energy surface disagrees with Toffoli et al.’s conclusion,* that
the recoil angle was ~120° in dissociation of NO," in the b A,
state. We would like to emphasize that in Toffoli et al’s
experiment,”” dissociative photoionization of NO, via b>A, was
induced by a photon of 14.4 eV, while that of our
measurement was located near the threshold of b*A, (13.599
eV). This means that the vibrational excited NO,"(bA,) ion
was produced by Toffoli et al, and was different from the
b®A,(0,0,0) state in current study. Furthermore, vibrational
energy in Toffoli et al.’s experiment is higher than the ring-
shape barrier height in the b’A, potential energy surface of
Figure 6a, and hence, its dissociation occurs directly along
bond breaking with a faster rate and a larger f value.

4. CONCLUSIONS

Using the TPEPICO velocity imaging approach coupled to
VUV photoionization at the Hefei Light Source, the
dissociative photoionization of NO, in the photon energy
range of 12.8—14.0 eV has been investigated thoroughly. Both
a’B, and b*A, states of NO,* were prepared with fine
vibrational structures in this energy range. The great
agreements were obtained with previous results for spectral
assignments for the vibrational progresses of these two
electronic states. Moreover, both NO,* and NO" ions were
observed in the TPEPICO TOF mass spectra at the a’B, and
b’A, states, except for the a’B,(0,0,0) and a’B,(0,1,0) levels.
Specially, the TOF distribution of NO™ was changed from an
asymmetrical peak at a®B,(0,2,0) to a broadened symmetric
profile at higher vibronic levels. This vibrationally dependent
dissociation behavior strongly indicates the predissociative
property of a’B,, which agrees with theoretical calculations.
To address the previous dispute about the NO,*(a’B,)
dissociation mechanism, the 3D time-sliced TPEPICO velocity
images of NO™ as the unique fragment ion were recorded at
the a®B,(0,3,0) and a*B,(0,4,0) levels. Then, the kinetic energy
release, ro-vibrational population and angular distribution of
NO* were achieved. Interestingly, a typical “cold” vibrational
(v* = 0) and “hot” rotational population is obtained, while the
(fr) values are close to the “impulsive” dissociation limit.
According to the MEP on potential energy surface at the TD-
B3LYP level, a adiabatic ON—O bond breaking mechanism is
validated for the vibrational predissociation of NO,"(a’B,). In
this relatively slow NO," decomposition process, an
“impulsive” dissociation model plays an important role after
overcoming the barrier toward NO* and oxygen atom, in
which the parent cation maintains a bent geometry. Similarly,
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the TPEPICO velocity imaging and the TD-B3LYP calcu-
lations were conducted for the dissociation of NO," in the
b®A,(0,0,0) state. The quasi-linear geometry of the parent
cation on the exit of adiabatic potential energy surface provides
an additional force to enhance vibrational excitation of NO*
fragment ion, leading to both “hot” vibrational and rotational
populations.

Additionally, the agreement between the experimental and
theoretical (f) values of the classical “impulsive” model has
always been used to judge if the dissociation occurs on a
repulsive potential energy surface.*”**>>*°° However, the
dissociation of NO," in the a®B, and b®A, states provides an
atypical example of a slow “impulsive” dissociation process.
Thus, this study provides valuable insights into the application
of the classical “impulsive” model on an overall slow
dissociation process of a polyatomic molecule.
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