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ABSTRACT: The N—NO bond fission of N,O*(C*E*) ions can produce two major
fragment ions, NO* or N™. In contrast to the dominant NO* fragment ion, the N*
formation mechanism remains unclear to date. Here, dissociative photoionization of
N,O via the C*Z" ionic state has been reinvestigated using a combined approach of
threshold photoelectron—photoion coincidence (TPEPICO) velocity imaging and
quantum chemical calculations. Accompanying the N*(*P) formation, the NO(X?IT) \>( w :
neutral fragment with low and high vi-rotational distributions was identified, based e\ pent N*(P) + NOCID)
on the N* speed and angular distributions derived from the TPEPICO images. In o \\ % %
particular, the excitation of the symmetric stretching ;" mode promotes the o\ Y s
formation of high rotational components, while the asymmetric stretching 13" mode &,
1=
P
{]

14A”

shows the exact opposite effect. According to our calculated multistate potential
energy surfaces, intersystem crossing from C*Z* to 1*II exclusively provides feasible
decomposition pathways to produce the N* fragment. In a slightly bent geometry,
spin—orbit couplings between C*Z* and two substates of 1*II, 1*A” or 1*A”, play a crucial role in the N* formation from vibrationally
selected N,O*(C*%") ions. The mechanism also provides new insights into the charge transfer reaction of N* + NO — N + NO™.

——> N-NO bond fission NO*('=H) + N(*S)

1. INTRODUCTION space self-consistent field (CASSCF) and multireference
second-order perturbation theory (CASPT2).'” By mapping
two-dimensional (2D) multistate potential energy surfaces
along the N—NO bond length and N—N—O angle, we have

Nitrous oxide (N,O), one of the most dominant long-lived
greenhouse gases with a 116 + 9 years' atmospheric lifespan,
has seen a notable increase in emissions due to agricultural

practices and N-fertilizer use, significantly impacting global proposed comprehensive N—NO bond-fission mechanisms in
warming.”~* Additionally, in the stratosphere, crucial processes linear and bent geometries to explain ro-vibrational distribu-
such as photodissociation and dissociative photoionization of tions of the NO" fragment observed in experiments, in which
N,O can release reactive substances such as O and NO the avoided crossing and the coupling of spin states play crucial
radicals, which deplete stratospheric ozone.” Therefore, roles."”
studying the dissociative photoionization of N,O can provide The decomposition of N,O*(C*Z*) ions is more complex,
fundamental data and offer essential insights for atmospheric and many dissociation channels are open owing to the increase
science. These topics have attracted extensive attention during of excitation energy and multistate coupling.'®'” Four
past decades.”™"* fragment ions, NO¥, N,*, O, or N¥, were all observed in
Both direct and indirect dissociation mechanisms have been experiments, and their branching ratios exhibited some degree
verified in the decomposition process of N,O in low-lying of vibrational dependence.'”™*" By fitting the TOF profile of
elgctfoniczstates,zdu)re to complzex and diverse interacfions. The the dominant NO* fragment, Nenner et al.'® and Chiang and
A’Y, BIL CXY, and DI states of N,O" are all Ma”' independently obtained average kinetic energy release
predissociative, except for a few lowest vibronic levels of distributions (KERDs). Their results consistently showed a

APZFPTIVET Iy the decomposition of N,O*(A2Z*) ions,
NO fragment was distinctly observed with bimodal rotational
distributions along the NO*(X'Z*) + N(*D) pathway, besides
the lowest one of NO*(X'Z*) + N(*S)."” Likewise, the Rec'eived‘ January 24, 2024
NO*(X'E") + N(*D) pathway also dominated in the Revised:  May 16, 2024
decomposition of N,O*(B?II) ions, and the molecular bending Acce.pted: May 16, 2024
was suggested to occur prior to the dissociation.”'® Very Published: May 23, 2024
recently, we have conducted high-level ab initio calculations on

N,O" in the A’E" and B’II states, using the complete active

vibrational dependence, which was roughly attributed to the
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effect of vibrational energy on the multistate couplin
dissociation via the T state.”’ Furthermore, Lebech et al.”
measured the molecular-frame photoelectron angular distribu-
tion in the photoionization to C*E' using electron—ion
velocity vector correlation, and a lifetime of ~2 ps was
obtained for C*E* with the aid of multichannel Schwinger
configuration interaction calculations. In 2011, we investigated
the NO* formation mechanism of N,0O*(C*E*) using thresh-
old photoelectron—photoion coincidence (TPEPICO) velocity
imaging.11 The excited asymmetric stretching (v5*) was found
to effectively promote the branching ratio of the NO*(X'E*) +
N(’D) pathway. In contrast, the other product channel of the
N—NO bond-fission of N,O*(C*E*), N* + NO, is rarely
mentioned. Although a vibrational dependence of the N*
branching ratio in the dissociative photoionization of N,O
was also observed,'2%**% the KERD and angular distribution
of the fragments, as well as the corresponding formation
mechanism, remain unknown. In addition, N,O* has been
observed as the intermediate of the ion-molecular reaction of
O*(*S) + N, in the ionospheres of Earth, Mars, and Venus,”**
from which the electron-transfer reaction of N* + NO — NO*
+ N can be initiated.”> Considering that the appearance
energies of NO* + N and N* + NO are 14.19 eV'” and 19.46
eV,'”?¢ respectively, this electron-transfer reaction occurs at
least in the energy range of C*X* ionic state according to its
ionization energy of 20.100 eV."" It motivates us to investigate
the N* formation mechanism in dissociative photoionization of
N,O toward the C*E* ionic state using a combined approach
of state-of-the-art TPEPICO velocity map imaging and high-
level quantum chemical calculations, which have been
successfully applied on dissociation dynamics of energy-
selected ions in the gas phase as one of the most powerful
approaches.”’

In this work, an experimental reinvestigation on dissociative
photoionization of N,O in the photon energy range of 20.0—
20.8 eV is carried out using TPEPICO velocity imaging.
Thanks to the high energy resolution of imaging (AE/E ~
2%), both speed and angular distributions of the N* fragment
are distinctly obtained. To understand the vibrationally
mediated photodissociation dynamics, various vibrational
modes of N,O*(C?Z*) ions are excited, and the results are
compared with each other. Moreover, multistate potential
energy surfaces of N,O" in C*X* and nearby quartet states are
calculated using CASSCF and CASPT?2 approaches. Combin-
ing the experimental and theoretical results, we reveal that the
N* formation mechanism from N,O*(C*X*) ions. The
vibrational dependence of energy distributions of fragments
is discussed with the aid of vibrational mode analyses, and the
interaction between the C’X* and 1*I1 states is proposed to
play a vital role in the vibrationally mediated dissociation
dynamics of N,O*(C?Z") ions.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

The dissociative photoionization experiments were performed
at the BLO9U undulator beamline of the National Synchrotron
Radiation Laboratory (Hefei, China). The details of the
TPEPICO velocity imaging spectrometer”® and the beamline™
have been described previously, and thus only a brief
introduction is outlined here. Figure S1 shows a schematic
diagram of this apparatus. Vacuum ultraviolet (VUV) photons
from an undulator of the 800 MeV electron-storage ring were
collimated and dispersed by a monochromator with a 370-
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lines/mm grating and then focused into a differentially
pumped gas filter filled with helium for suppressing higher-
order radiations. In current experiments, the entrance and exit
slits of the monochromator were set at 80 ym, corresponding
to the energy resolution power (E/AE) of ~2000 at 15 eV.”
The absolute photon energy was calibrated using well-known
autoionization lines of argon and neon. A silicon photodiode
(International Radiation Detectors, SXUV-100) was used to
record photon flux for normalization of the threshold
photoelectron spectra (TPES).

Commercial N,O gas (99.9% purity) with a stagnation
pressure of 2.8 atm was injected into a vacuum chamber
through a 30-pgm-diameter nozzle to form a supersonic
molecular beam. By collimating by a 0.5 mm-diameter
skimmer, the molecular beam was introduced into the
photoionization chamber and intersected with the VUV
photons at 10 cm downstream from the nozzle. The typical
backing pressures of the source and ionization chambers were
less than 1 X 107° Pa, while they were increased to 6 X 107> Pa
and 1 X 107* Pa with the molecular beam on. The produced
electrons and ions were extracted and velocity-mapped in
opposite directions by a DC extraction field of 14 V/cm. A 1
mm-diameter aperture mask was placed in front of the electron
detector, only allowing threshold electrons to pass through.
Due to the effect of the magnified ion optics for electrons, hot
electron contamination can be efficiently suppressed. The
TPEPICO measurements were performed with the single-
start—multiple-stop data acquisition mode,”” in which
electrons were used to trigger TOF measurements of ions.
The coincident ions were projected onto dual MCPs backed
by a phosphor screen (Burle Industries, P43), and the images
on the screen were recorded with a thermoelectric-cooling
CCD camera (Andor, DU934N-BV). In experiments, a pulsed
high voltage was applied at the MCPs as a mass gate (duration
of 60 ns) to achieve three-dimensional (3D) time-sliced
velocity images of the specific ions.

To theoretically study the dissociation mechanisms of
N,O*(C?Z*) ions, quantum chemical calculations were
performed using the MOLPRO version 2021.3 program.’'
The molecular geometry of N,O*(C*E*) was optimized at the
CASPT2/cc-pVQZ level, and the corresponding excitation
energies were calculated for mapping multistate potential
energy surfaces of the lowest several doublet and quartet states
at the CASSCF/cc-pVQZ level. As the N—O bond length
almost remains in the dissociative photoionization process in
the current excitation energy range, only 2D potential energy
surfaces were paid attention to along the N—NO bond length
and the N—N—O angle, while the N—O bond length was fixed
at 1.209 A. Based on the CASSCF wave functions, the full
valence active space including the 46—9¢ and 17—3x orbitals
was chosen, and 15 electrons for cations were active, i.e.,
CASSCF(15,12) for N,0O*. In addition, vibrational frequency
analyses of N,O*(C>Z") were carried out at the TD-B3LYP/6-
311G+(d) level using the Gaussian 16 program.*”

3. RESULTS AND DISCUSSION

3.1. TPES and Fragmentation of N,O*(C2X*). As shown
in the previous TPES of N,O in the photon energy range of
20.0—20.8 eV (also shown in Figure $2),"" three dominant
vibrational peaks, located at 20.100, 20.260, and 20.390 eV, are
attributed to the photoionization transitions from the vibra-
tional ground state of neutral N,O(X'E") to the (0,0,0),
(1,0,0), and (0,0,1) vibronic levels of N,O*(C>Z"), where the

https://doi.org/10.1021/acs.jpca.4c00494
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numbers in parentheses represent vibrational quanta for the v,*
(symmetric stretch), v," (bending), and v;" (asymmetric
stretch) modes, respectively. The most intense (0,0,0) band,
together with very weak bending peaks, indicates a quasilinear
geometry of N,O*(C*X*) in the Franck—Condon re-
gion, #1933

Once the N,O*(C?Z*) ions are formed, the molecular ions
will fully dissociate into fragment ions. In our previous study,''
a bimodal vibrational distribution was observed for the NO*
fragment, corresponding to the NO*(X'Z*) + N(*°P) and
NO*(X'E*) + N(*D) dissociation pathways. In comparison to
the NO* formation pathway, N* accounted for approximately
10% of the fragment abundance in the dissociation of
C22*(0,0,0) and (1,0,0), while it was increased to 20% for
C*2*(0,0,1). In other words, excitation of the v," vibrational
mode can efficiently promote the N—NO bond fission to
produce N* rather than NO*. Moreover, as shown in Figure 1,

NO*

N+

212 nsA

388 ns

Time of flight / ps

Figure 1. Vibrational state-selected TPEPICO TOF mass spectra for
the dissociative photoionization of N,O at 20.100, 20.260, and 20.390
eV.

the N* TOF width (FWHM) is slightly changed from 143 ns
at the (0,0,0) vibronic level to 132 ns at (1,0,0) and 212 ns at
(0,0,1), and the corresponding TOF profiles exhibit minor
changes; for example, the (1,0,0) distribution is closer to a
Gauss-type shape. These evidences imply vibrational depend-
ence of the N—NO bond-breaking mechanism of N,O*(C*Z*)
ions.

3.2. TPEPICO Velocity Images of the N* Fragment. In
order to compare more clearly the differences of energy
distribution in the N* formation from different vibrational
states of C’T*, the TPEPICO velocity images of N* were
recorded at 20.100, 20.260, and 20.390 eV. Considering that
the false-coincident signals always exist in the originally
recorded images in TPEPICO measurements, true images of
target fragment jons are obtained after a data processing
process,”* in which the subtraction of false coincidence images
and deconvolution and quadrant symmetrization are sequen-
tially performed. Figure 2 shows the modified 3D time-sliced
velocity map images of the N* fragment ion, while the raw
images and data processing are exhibited in Figure S3. In the
current experiments, the molecular beam flowed along the y-
axis direction from bottom up, and the electric field vector € of
the VUV photons also propagated along the y-axis in this
configuration. Frankly, the residual contributions of the false
coincidence ions are still observed in all the images of Figure 2
as the symmetrical top and bottom spots close to the center
due to the nonuniformity of measurements of coincidence and

4441

Figure 2. 3D time-sliced coincidence images of N* dissociated from
the N,O" (C*T*) ions in (a) the (0,0,0) level at 20.100 eV, (b) the
(1,0,0) level at 20.260 eV, and (c) the (0,0,1) level at 20.390 eV.

false coincidence ions, despite the fact that we have already
adopted the deduction.

Although the signal-to-noise ratio of Figure 2b is barely
satisfactory, similar image patterns can be observed for the
(0,0,0) and (1,0,0) levels. In Figure 2a,b, three major
homocentric rings are distinctly observed with a certain degree
of anisotropy. Obviously, these rings correspond to vibrational
excitations of the NO neutral fragment. Actually, the similarity
was also observed previously in the images of the NO*
fragment."" To our surprise, the N* image recorded at the
(0,0,1) level shows totally different patterns from the other
ones. As shown in Figure 2¢, two distinct outer rings and a
fuzzy inner ring are visible.

By accumulating the intensity of the image over all angles,
the speed distribution of the N* fragment was obtained and
plotted in Figure 3. In the current photon energy range, the
N*(*°P) + NO(X’IT) decomposition pathway is the unique one
that is energetically feasible for the N* formation.'"" "
According to the active thermochemical tables (ATcTs),
the corresponding dissociation limit D, equals 19.46 eV.
Taking into account the vibrational frequency (1876
em™)**% and the rotational constant (1.6961 cm™)*" of
the neutral NO(XII), the ro-vibrational population of the NO
fragment dissociated from the three vibrational states of
N,O*(C*T*) was calculated and marked in Figure 3.

As shown in Figure 3a, three discrete peak centers are very
close to three vibrational levels (v = 0—2) of NO, indicative of
the low rotational excitation. For example, the most dominant
rotational distribution is located at J < S for the v = 1 level.
Moreover, an inversion of vibrational population is observed.
As shown in the assignments in Figure 3a, the maximum
vibrational population of the NO fragment is located at v = 1.
Thus, the N* formation in the decomposition of N,O" ions in
the (0,0,0) level of C*X* is typically nonstatistical. Additionally,
there are some distributions between the three dominant
peaks, as shown in Figure 3a. Obviously, these minor
components can be attributed to the high rotational
distributions of NO in the corresponding vibrational states
with the center at J ~ 24. Interestingly, the maximal intensity
of the “hot” rotational component is also located at v = 1, in
line with the “cold” one. This implies that both “cold” and
“hot” rotational components might undergo the same
intermediate state prior to the N—NO bond fission.

For the dissociation of N,O*(C*Z") ions in the (1,0,0) level,
the poor quality of the image seriously affects the accuracy of
the speed distribution. In this matter, it was reluctantly fitted
using two series of peaks, as exhibited in Figure 3b,
corresponding to the two N* formation pathways in the N—
NO bond-breaking process. Although the population pattern is
generally consistent with that of the (0,0,0) level, there are still
some visible changes between Figure 3a and 3b. Due to the

19,26
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Figure 3. Speed distributions of the N* fragment dissociated from
N,O%(C2Z*) ions at the (0,0,0) (a), (1,0,0) (b), and (0,0,1) (c)
levels. The dots are the experimental distributions derived from the
images in Figure 2, while the solid lines represent the multipeak fitting
results in terms of Gaussian profiles. The blue and red dashed lines are
the NO components with low and high rotational excitations,
respectively.

higher available energy prior to dissociation, the vibrational
population of the NO fragment is expanded to v = 3 in the
dissociation of C*£*(1,0,0). Moreover, in comparison to the
(0,0,0) result, the excitation of the v,* mode significantly
promotes the contribution of the high rotational component,
as shown in Figure 3b.

In contrast, the N* speed distribution in the (0,0,1) level has
changed dramatically (Figure 3c). A satisfactory fitting can be
achieved using only one series of vibrational peaks, whose
centers generally correspond to the vibronic levels (v = 0-3)
of NO. This strongly indicates that the neutral NO fragment in
low rotational states predominates for the decomposition of
C?x*(0,0,1), while the channel to produce the “hot” rotational
NO fragment is negligible. In addition, the populations of the v
= 2 and 3 states are significantly reduced in comparison to
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those of the lower vibrational states, and moreover, the
corresponding widths are remarkably increased. Such muta-
tions usually indicate the change of dissociation mechanism.
To demonstrate the above changes more clearly, we
calculated the relative branching ratios of the “hot” and
“cold” rotational components by integrating their population
intensities and listed the results in Table 1. Obviously, the

Table 1. Branching Ratios of the NO Fragment with the
“Cold” and “Hot” Rotational Excitations in the
Decomposition of N,O*(C*Z") Ions

branching ratio
vibronic levels

“cold” rotational “hot” rotational

(0, 0, 0) 71% + 4% 29% +4%
(1,0, 0) 35% + 8% 65% + 8%
(0,0, 1) 95% <5%

excitation of various vibrational modes exhibits significant
influences on the rotational populations of the neutral NO
fragment. For example, the branching ratio of the low
rotational component is decreased from 71% to 35% when
the v," mode is excited, but it is improved to more than 95%
with the excitation of v;". Thus, the branching ratio does not
show an inconsistent trend with internal energies, implying
that the unimolecular decomposition is nonstatistical, and the
excitation of v, and v;" modes might lead to different indirect
dissociation pathways. Notably, the similar dependence on the
vibrational modes was also observed for the other N—NO
bond rupture pathway of N,O*(C’Z*) ions, ie, the NO*
formation,"" in which the excited ;" mode could improve the
branching ratio of the NO*(X'Z") + N(*D) pathway. We will
further discuss this effect in Section 3.6, with the aid of
quantum chemical calculations.

3.3. Energy and Angular Distributions in the
Decomposition of N,O7(C?Z*) lons. Based on the above
speed distributions, the proportion of average total kinetic
energy (TKE) and available energy E,..; (= hv — Dy) in the

(TKE) . The

results for N* formation in the decomposition of N,O*(C*<*)
ions at various vibrational states are listed in Table 2. It is well-
known that, for the rapid dissociation of a triatomic molecule,
the classical “impulsive model”® is usually expected to
describe its mechanism, in which the f value can be expressed

TKE Hn—
asz=< )= N-N
HN-No

Eavall

reduced mass. In this circumstance, the N—NO bond of N,0*
ions is broken at a specific bond angle in such a short period of
time that intramolecular vibrational redistribution (IVR)
cannot happen in time, and the oxygen atom plays the role
of a spectator. Using the mean vibrational and rotational
energies of the NO fragment, (E,;;,) and (E,,), we can calculate
the bond angle y at the moment of dissociation with the
following formulas (eqs 1 and 2):

<Ev1b> = (l _fT)'EavaiI'COSZZ

molecular dissociation was calculated as f. =

‘avail

= 0.733, where y is the corresponding

(1)

<Erot> = (l _fT)'Eavaﬂ'Sinz){ (2)

As shown in Table 2, an obvious difference exists between
the fr values of the high and low rotational components. In
general, the fr value of the low rotational component is
consistently larger than that of the high rotational one,
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Table 2. Energy Distributions of the N* Fragment Dissociated from N,0*(C*X*) Ions in Various Vibrational States

vibronic levels hv/eV E, il (TKE)/ev Jr
expt. “cold” “hot” expt. “cold” “hot”
(0,0,0) 20.100 0.64 0.37 0.40 0.32 0.61 0.62 0.50
(1,0,0) 20.260 0.80 0.43 0.54 0.41 0.54 0.68 0.51
(0,0,1) 20.390 093 0.66 0.69 0.71 0.74

regardless of vibrational states, indicating the faster dissociation
rate of N,O" ions along the quasi-linear geometry than the
bent one. Moreover, for the low rotational component, the fr
values gradually increase with available energy. Especially, the
experimental value of fr (= 0.71) at the (0,0,1) level is
extremely close to the impulsive limit (0.733). In addition, in
the dissociation of C*£%(1,0,0), (E,;) and (E,) of the high
rotational (“hot”) component are 0.30 and 0.09 eV,
respectively. Thus, the bond angle y at the moment of
dissociation using the “impulsive model” is determined to be
151°, according to egs 1 and 2.

In addition to the energy distributions, angular distributions
of the N* fragment can also be derived from the images. By
integration of the intensities over a specific speed range
(usually half-width of the fitted peak) at each angle, the angular
distribution of the N* fragment dissociated from the
vibrationally selected N,O*(C?L*) ions is obtained and
shown in Figures S4—S6. Subsequently, the anisotropy
parameter f is achieved by fitting the angular distribution,

1(), with the formula,®” I(#) = i[l + f-B(cos 0)], where 0

is the angle between the recoil velocity of fragment, and the
electric field vector ¢ of the VUV photon, and P,(cos ) is the
second-order Legendre polynomial. It is well-known that a
statistical dissociation usually has an isotropic angular
distribution with f = 0, while a nonstatistical dissociation
shows a nonzero f3 value, e.g,, f = 2 for parallel and f = —1 for
perpendicular distributions.

Since the “hot” rotational component has minor contribu-
tions in the images of Figure 2, especially for the (0,0,0) and
(0,0,1) levels, Table 3 summarizes only the fitted f values of

Table 3. Anisotropy Parameters f of the N* Fragment
Corresponding to the Low Rotationally Excited NO in the
Decomposition of N,0*(C*Z*) Ions at the (0,0,0), (1,0,0),
and (0,0,1) VibronicLevels

vibronic anisotropy parameter, pe

levels v=20 v=1 v=2 v=3
(0,0,0) 0.91 = 0.08 0.91 + 0.06 0.80 = 0.05 -
(1,0,0) 0.58 + 0.12 0.40 £+ 0.17 0.39 £ 0.15 0.23 +£0.11
(0,0,1) 0.67 + 0.07 0.65 + 0.08 0.54 = 0.09 0.30 + 0.10

“v is the vibrational quanta of the corresponding neutral NO
fragment.

the N* fragment with the “cold” rotational distribution. The £
values all are larger than zero, indicating a parallel dissociation
tendency for the decomposition of N,O*(C*Z*). We would
like to emphasize that these f values are very close to the
reported data for the formation of NO' dissociated from
N,O*(C*E*)."" This consistency greatly agrees with the
N,O*(C?T*) lifetime being shorter than the rotational period.
Moreover, with the vibrational quanta (v) of the neutral NO
fragment increasing, the f value is slightly reduced for each
specific vibrational state of the N,O*(C*E") ions, as indicated
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in Table 3. For the NO fragment in the same vibronic level, the
vibrational excitation of parent ions reduces the corresponding
f value, e.g, f = 091 at (0,0,0), 0.58 at (1,0,0) and 0.67 at
(0,0,1) for the NO (v = 0) fragmentation. The decreased
tendency of the f value with vibrational excitation indicates
some potential changes in the dissociation mechanism of
N,O*(C?Z*) ions when the vibrational stretching modes are
excited.

3.4. Optimized Geometry and Potential Energy
Surface of N,O*(C2Z*). To clearly understand the dissoci-
ation characteristics of the C*X* state, we performed high-level
quantum chemical calculations on its optimized geometry and
mapped 2D potential energy surface along the N—-NO
coordinate and bond angle at the CASPT2//cc-pVQZ level,
similar to our recent calculations of the A’X* and BIT states.'”
In the Franck—Condon region, a linear optimized geometry is
affirmed for the C*T* state with R(N—N) of 1.119 A and
R(N-0) of 1.209 A. These bond lengths are close to those of
A’T* state, in line with their similar spectral patterns in
TPES."””’ Moreover, vertical ionization energy (VIE) and
adiabatic ionization energy (AIE) of C*X" are calculated to be
19.89 and 19.77 eV, respectively, which reasonably agree with
the experimental values, 20.11, 20.10, and 20.101 + 0.007
oy 111921

Figure 4 shows the calculated 2D potential energy surface of
the C’Z* state along the N—NO coordinate and bond angle.

100

110
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140

Y (N-N-O%)/°

150
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R(N-N)/ A

Figure 4. CASSCF potential energy surface of the C*X*(*A’) state for
N,O" along the N—NO bond length and the N—N—O angle, in
which the N—O bond length of N,O" is fixed at 1.209 A. The red
curve shows the minimum energy path.

Notably, the pattern is generally similar to those of the lower
excited states, A’~X" and B*A’ (the A’ component of B[l in
bent geometry).'” In brief, from the global minimum of the
C’Z* state (linear geometry) in the Franck—Condon region, a
relatively high barrier of ~1.8 eV exists to break the N—NO
bond of N,0'(C?Z*) along the linear configuration.
Alternatively, as shown by the minimum energy path with

https://doi.org/10.1021/acs.jpca.4c00494
J. Phys. Chem. A 2024, 128, 4439—-4447


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.4c00494/suppl_file/jp4c00494_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c00494?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c00494?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c00494?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c00494?fig=fig4&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c00494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

N*(®P) +NO (X?1D),

20
RiN-Ny /4

2.5

2.0
RIN-N) /4

2.5

Figure S. Two-dimensional multistate CASSCF potential energy surfaces of the three lowest quartet states for N,O* along the N—NO and N—N—
O coordinates, (a) 1*A’, (b) 1*A” and 2*A” states, in which the 1*A’ and 1*A” states are split from the degenerate 1*II state in linear geometry. The
thick gray arrows indicate the Franck—Condon regions of photoionization, and the red curves represent the feasible dissociation pathways used to

produce the N* fragment.

the red arrow, a relatively lower barrier (~1.0 eV) is located
along the bending direction, and as the product, a local
minimum (IM) with the R(N—NO) of ~1.4 A and (N—N—
O) of ~120° is formed and subsequently dissociates. The
N*(°P) and NO(X’II) fragments are the adiabatic decom-
position products of C’L* in both linear or bent (C*A’)
geometries as shown in Figure 4, providing an alternative and
adiabatic pathway to form nitrogen atomic cation instead of
the neutral atom.

However, such two high barriers can prevent the parent ions
in low vibrational states from adiabatic decomposition.
Consequently, the coupling from nearby electronic states is
expected to cause the dissociation of N,O*(C*T*) ions
observed in experiments. We will discuss the corresponding
mechanism in the following section.

3.5. N* Formation Mechanism from the N-NO Bond-
Fission of N,O*(C’Z*). The NO* formation pathway of
N,O*(C2Z"), as the dominant N—NO bond-fission channel,
has been investigated previously,'" in which the competition
between the NO*(X'T*) + N(*D) and NO*(X'T*) + N(*P)
pathways is thoroughly discussed with different vibrational
excitations. Notably, the lowest dissociation channel,
NO*(X'Z*)+ N(*S), has never been observed in experiments
for the decomposition of N,O*(C*Z*).

In contrast, the N* formation must undergo an indirect
process due to too high adiabatic barriers of C*X*. As indicated
by the previous N-loss potential energy curves,” only the 1*I1
state adiabatically correlates with the dissociation limit of
N*(*°P) + NO(X’II) among all doublet and quartet states in
the current photon energy range, while a slightly higher 1*X~
state crosses the 1*II state and adiabatically correlates with the
NO*("Z*) + N(*S) dissociation limit. Consequently, the spin—
orbit coupling between the C*<* and 1*I1 states should play a
crucial role in the N* formation mechanism. Moreover, with a
slightly linear-to-bent geometrical change prior to the N—NO
bond rupture, the linear 1*I1 state can split into two substates
of A" and A” symmetry. Notably, the avoided crossing between
the 1*A”(1°I1) and 2*A”(1*Z”) states was not taken into
account in the previous calculations’ due to the linear
geometry constraint. Therefore, in order to clarify the
corresponding N formation mechanism more comprehen-
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sively, 2D multistate CASSCF potential energy surfaces of the
three lowest quartet states, 1*A’(1*I1), 1*A”(1*II), and
2*A”(1*L7), for N,O" along the N—NO and angle coordinates
were calculated and plotted in Figure S.

As shown in Figure Sa, the potential energy surface of the
1*A’(1*I1) substate exhibits a typically bound-state character-
istic in the N—NO coordinate and changes very slowly along
the bond angle. This near-planar feature allows molecules to
bend easily when adiabatically dissociating, corresponding to
the expected bond angle y of 151° using the “impulsive
model”. As a result, the rotationally excited NO neutral and the
N* fragment are produced, providing a feasible mechanism to
obtain the NO neutral fragment with rotational excitation.

In contrast, the potential energy surfaces of the electronic
states in *A” symmetry are more complex. A conical
intersection occurs between the 1*A”(1*TI) and 2*A”(17Z7)
states at the linear geometry of R(N—N) = 1.641 A and R(N—
O) = 1.148 A, optimized at the coupled-perturbed CASSCF/
cc-pVQZ level, as shown in Figure Sb. After passing through
this interaction region, the 1*A” state becomes repulsive and
adiabatically correlates to the lowest dissociation limit of
NO*(X'Z*) + N(*S), while the upper 2*A” state turns into a
bound state with the adiabatic dissociation limit of N*(°P) +
NO(X’IT). Moreover, along the bending coordinate, the 1*A”
state is repulsive, while the 2*A” state exhibits a trend of rapid
potential growth. These features strongly imply that along the
1*A”(1*T1) potential energy surface, the N—NO bond fission
should produce the N*(°P) atomic ions and the NO(X’II)
fragment with low rotational excitation. In addition, this
conical intersection actually provides a thermodynamically
allowed charge-transfer pathway of N* + NO — N + NOY,
when they approach ~1.7 A in a linear manner.

In summary, the NO(X’[I) and N* fragments can be
produced by N—NO bond breaking via intersystem crossing
(ISC) from C*Z* to 1*Il in the Franck—Condon region. The
“hot” rotational excitation of the NO fragment stems from
adiabatic dissociation of the 1*A’(1*I1) substate in a slightly
bent geometry, while the “cold” rotational component is
attributed to the conical intersection between the 1*A”(1*II)
and 2*A”(1*Z") states. These two N* formation pathways of
N,0*(C?Z*) can be summarized as
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3.6. The SOC Effect on the Vibrational-Dependent N*
Formation from N,O*(C*X*). Obviously, the spin—orbit
coupling (SOC) between C*Z* and neighboring quartet states
should play a decisive role in the decomposition of N,O7,
especially when a slightly linear-to-bent geometric change
occurs for parent ions. Given the large energy gap (1.61 V)
and the near-zero SOC value between the C?X* and
2*A”(1*L7) states in the Franck—Condon region, the ISC
from C*Z* to 2*A”(1*Z7) can be excluded. Consequently, the
SOC between the C** and 1*I1 states is the unique candidate,
which is calculated to be 8.6 cm™ at the linear optimized
geometry of C*X*, R(IN—N) = 1.119 A, and R(N-0O) = 1.209
A. Such a small SOC value agrees with the small branching
ratio of N* observed in experiments, in comparison to the
dominant decomposition channel of NO*(X'Z") + N(*D, *P).

As mentioned above, vibrational excitation exhibits signifi-
cant influence on the energy and angular distributions of
fragments in the decomposition of N,O*(C*E*). As vibrational
energies are almost negligible relative to the energy gaps
between electronic states, the vibrational dependence could
not be attributed to the effect of excitation energy.
Accordingly, the influence of various vibrational modes on
the SOC between the C’X* and 1*Il states might be the
underlying cause since this interaction is the rate-controlling
step in the overall unimolecular dissociation process. Hereby,
harmonic frequency calculations and vibrational mode analyses
were performed at the TDDFT-B3LYP/6-311G+(d) level. As
listed in Table 4, the calculated vibrational frequencies of

Table 4. Vibrational Mode Analyses of N,O" in the C*X*
State

@

vibrational frequencies (cm™") relative weight (%)

modes

N-N N-O
calc.” expt.b stretching  stretching bending
vt 1363 1290,'" 1274,* 33 67
1251°°
" 560/600 4823 - - 100
vt 2527 2339,'19 2371,*! 56 ()44
2300

“Calculated at the TDDFT UB3LYP/6-311+G(d) level. “From
references. “(—) indicates that the stretching vibration phases of the
N-N bond and the N—O bond are opposite.

N,O*(C?*Z*) are 1363 cm™ for v,*, 560 or 600 cm™" for v,*,
and 2527 cm™! for v;*. Using the scaling factor of 0.93 for the
calculated harmonic vibrational frequencies, these frequencies
are in good agreement with the experimental data.''

As indicated by the vibrational mode analyses in Table 4,
there are visible variations in the proportions of the N—O and
N—N stretching components for the v,* and v;" modes. For
the v,* mode, the N—O stretching is dominant at 67%. In
contrast, the N—N and N—O bond lengths contribute almost
equally in the 23" mode but in opposite phases. In other words,
the increase of the N—N distance is accompanied by the
reduced N—O distance when the v;* mode is excited.

To study how the vibrational modes affect the interaction
between the C*X* and 1*I1 states, the SOC values between
C?A’(C*T*) and 1*A’/1*A” states were calculated as (1*A’l
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HgolC?A’) and (1*A”IHoIC*A’), respectively, with a slightly
bent geometry (bond angle y = 170°). Using the calculated
relative weights for the v, and ;" modes in Table 4, a few N—
N and N—O bond lengths were used to represent the changing
bond lengths due to vibrational excitations. For example, when
the v," mode is excited, the average N—N bond length is
increased from 1.119 to 1.169 A, and the N—O distance is also
elongated from 1.209 to 1.310 A. The calculated (1*A’IH|
C*A’) and (1*A”IHgo|C*A’) values are equal to 11.7 and 13.0
cm”}, respectively, and both of them are enhanced. Meanwhile,
the energy gaps (AE) between C*A’(C?Z*) and 1*A/, or 1*A”
are synchronously increased to 2.00 and 2.52 eV at the
increased bond lengths. Based on the above N* formation
mechanism, the branching ratio of the “hot” rotational
component can be quantitatively determined by the ISC rate
ratio along the “hot” and “cold” rotational fragmentation paths,
where the ISC rate (kigc) can be expressed by

27 4 252
kigc = B I'IIIH, |C*ZI*-FCWD )
with the Condon approximation, where FCWD stands for the
Franck—Condon we’§hted density of final states at the
C?A’(C?Z*) energy.”’ Generally, the FCWD decreases
exponentially with increasing AE within a low excitation
energy range. Thus, formula S can be simplified as
kg o |14H|HSO|C22+|2~e_AE/ T in the current system. For
the parallel decomposition of N,O*(C*E*), the branching ratio
of the “hot” rotational component via process (3) as kigc(3)/
[krsc(3)+ kigc(4)] is increased from 0.50 at the C*X*
optimized geometry to 0.58 with the v," excitation. The
promoted contribution of the “hot” rotational component is
generally consistent with the experimental results (in Table 1).

Likewise, the influence of the v;" mode on the branching
ratio is discussed. In the 15" excitation, the average N—N bond
length is increased to 1.169 A, while the N—O distance is
reduced to 1.170 A, according to the calculated relative weights
for the v3* mode (Table 4). At this geometry, ( 1*A’IHgol
C*A’) is decreased to 7.9 cm™' while (I1*A”|HgoIC?A’) is
remarkably enhanced to 14.4 cm™". The two opposite trends
correspond exactly to the significantly reduced branching ratio
of the “hot” rotational component in the experiments.
Therefore, the above semiquantitative estimates have amply
confirmed the SOC effect on the vibration-dependent N*
formation of N,O*(C*Z") ions.

Last but not least, considering the C?Z* and 111 states with
unequal electronic structures, their intersection will cause the
overlaps of Hermite functions with different numbers of
vibrational quanta to not automatically integrate to zero, and
the vibrational overlaps may be particularly large at the region
close to the intersection. This strong coupling between
electronic state and specific vibrational modes might be the
reason for us to observe the mutations of vibrational
populations in experiments. However, its precise calculation
lies beyond our abilities using standard quantum chemical
approaches.

4. CONCLUSIONS

In this work, using the TPEPICO velocity imaging and high-
level quantum chemical calculations, we investigated the N*
formation mechanism of N,O" ions in vibrational state-
selected N,O(C*Z*) ions, e.g, (0,0,0), (1,0,0), and (0,0,1).
The speed and angle distributions of fragments were derived
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from the TPEPICO 3D time-slice velocity images of N*. Along
the N*(®°P) + NO(XII) dissociation channel, low (J < 5) and
high (J ~ 24) rotational distributions of NO(X’II) at each
vibrational state were identified respectively. In contrast to the
result at the (0,0,0) level, the formation of the high rotational
component was promoted when the symmetric stretch v,"
mode of N,O*(C?Z*) was excited, but the asymmetric
stretching 2, mode showed the exact opposite influence. In
particular, only “cold” rotational NO fragments were observed
in the decomposition of N,O* in the C*X*(0,0,1) state.

To understand in-depth the N* formation mechanism, we
have calculated 2D multistate potential energy surfaces of C*X*
and neighboring quartet states along the N—NO coordinate
and bond angle at the CASSCF//cc-pVQZ level. Too high
barriers for the N*(*°P) and NO(X?II) products prevent the
parent ions in low vibrational states from adiabatic
decomposition. Thus, the intersystem crossing from C*Z* to
1*TI becomes a unique feasible decomposition pathway for N*
formation. In a slightly bent geometry, the spin—orbit coupling
between C*Z* and 1*A’(1*I1) causes the production of the NO
fragment with high rotational excitation. The formation of NO
with “cold” rotational distribution undergoes a two-step
process in sequence: the ISC from C’X* and 1*A”(1°I)
followed by a conical intersection of 1*A”(1*Il) and
2*A”(1*L£7) in a linear manner. Notably, the conical
intersection provides new insights into the charge-transfer
reaction of N* + NO — N + NO™.

In addition, using a simple approximation, we quantitatively
analyzed the influences of N,O*(C*X*) vibrational modes on
the SOC values between the C?Z* and I1*Il states. The
elongation of both N—N and N—O bond lengths in the
excitation of v;* mode simultaneously enhances (1*A’lHgo|
C?’A’) and (1*A”IH4oIC*A’) values. However, due to the
different AE between C?*A’(C*T*) and 1*A’, or 1*A”, the
contribution of “hot” rotational component is improved as a
result, in line with the experimental conclusions. In contrast,
when the v;* mode is excited, the increased (1*A”|Hgo|C*A’)
and the reduced (1*A’IHoIC*A’) significantly promote the
formation of NO with “cold” rotational distributions.
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