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Infrared diode laser spectroscopy of O,-N,0O van der Waals complex
in the v; symmetric stretch region of N,O*
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The rovibrational spectrum of O,—N,O van der Waals complex is measured in the v; symmetric stretch region of N,O
monomer using a tunable diode laser spectrometer. The complex is generated by a slit-pulsed supersonic expansion with
gas mixtures of Oy, N> O, and He. Both a- and b-type transitions are observed. The effective Hamiltonian for an open-shell
complex consisting of a diatomic molecule in a % electronic state and a closed-shell partner is used to analyze the observed
spectrum. Molecular constants in the vibrationally excited state are determined accurately. The band-origin of the spectrum
is determined to be 1284.7504(25) cm ™!, red-shifted from that of the N>O monomer by ~ 0.1529 em L.
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1. Introduction

High resolution spectroscopy of open-shell van der Waals
complex consisting of an open-shell molecule and a closed-
shell partner is an important method to study the intermolec-
ular interactions involving open-shell molecules’ interaction.
Because of the nonzero electron spin introduced by the pres-
ence of one or more unpaired electrons, the spectra of open-
shell molecules and complexes are relatively complicated and
their analyses remain a great challenge.!'* Despite the im-
portance of molecular oxygen in many fields, intermolecu-
lar interactions, specifically the interactions between oxygen
and other molecules, are not well understood. For example,
the available spectroscopic data for oxygen-containing com-
plexes are limited to Ne-0,,3 Ar-0,,1671 0,-H,0,[8-111 0,
S0, 112131 0,-N,0,15] 0,~HF, and O,-DF.!!*"18] These
experimental studies have been accompanied by several the-
oretical studies.!>319-23] Spectroscopic investigations of the
0,-N>0 complex are of atmospheric interest, because a pre-
cise characterization of the weak interaction between O;
and N,O is essential for the accurate calculation of the O;
pressure-broadening coefficient of N»O. The available exper-
imental studies on O,—N;O are limited to the infrared region.
The vibrational spectra of O,—N,O in the N,O v; and v3 re-
gions were detected by matrix isolation technique when O;
was added to a nitrogen matrix diluted with N,O.!'*] The ro-
tationally resolved spectrum of O,—N,O in the NoO monomer
v3 asymmetric stretching region was measured with the super-
sonic expansion method.[!3! Spectroscopic data of Ref. [15]
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was refitted by W. M. Fawzy with a different effective Hamil-
tonian and the two results are almost the same. >/

In this paper, we present the rovibrational spectrum
of 0,-N>0O in the v; symmetric stretching region of N,O
monomer. Accurate molecular constants in the vibrationally
excited state are deduced from a nonlinear least-square fitting
of observed transition frequencies. The results are compared

with those obtained in the N,O v3 region.

2. Experimental details

The tunable mid-infrared diode laser spectrometer used to
record the absorption spectra of van der Waals complexes has

[27.28] Briefly, the infrared

been described in detail previously.
radiation source is a lead-salt diode laser which is mounted in
a liquid-nitrogen cooled Dewar (L5736, Laser Components).
The laser beam enters into a vacuum chamber through a CaF,
window after collimation. The laser controller (L5830, Laser
Components) is used to modulate the current of a diode laser
by a ramp waveform at a frequency of 1 kHz. The laser beam
is reflected 120 times by two astigmatic mirrors in the cham-
ber, and is arranged in the direction almost perpendicular to
the jet expansion to minimize Doppler broadening. The cham-
ber is evacuated by a 1500-L/s turbo-molecular pump backed
with a 15-L/s mechanical pump. The background pressure
is less than 2x 10~ mbar (1 bar=10° Pa). A small portion
of the laser beam is reflected by a CaF, beam splitter be-
fore it enters into the chamber, and is sent through a refer-

ence gas cell and an internally coupled confocal Fabry—Perot
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(291 The spectra are cal-

interferometer (IC-FPI) alternatively.
ibrated against accurate frequencies of NoO absorption lines
taken from the HITRAN database!*°! and the IC-FPI fringes
(FSR~ 0.01 cm™!). The absolute accuracy of frequency cali-
bration is estimated to be about 5 x 10~* cm™!. Direct absorp-
tion signals of the jet, reference gas or interferometer fringes
are detected by two liquid-nitrogen cooled HgCdTe detectors
(Judson Technologies) separately. A 14-bit 50-MHz A/D card
(NI PXI-5122) is used for data acquisition.

The O,—N;,O complex is generated in a pulsed supersonic
expansion through a 50 mmx200 pm slit nozzle which is at-
tached to two 0.8-mm pinhole pulsed valves (General Valve
series 9). The two pulsed valves are driven by two pulse con-
trollers (IOTA ONE) synchronously with an opening duration
of 1.5 ms and a repetition rate of 3 Hz. The sample gas is a
mixture of N>O (~ 0.5%), Oy (~ 5%), and He. The optimal
stagnation pressure is about 10 bar. Each spectrum is averaged
over more than 3000 pulses.

3. Theoretical background

The theory for the rotational energy levels of O,—N,O has
been described in detail previously.!!>3!] Here only a brief de-
scription is given. The structure of the O,—N>O complex is
assumed to be planar and can be described by the body-fixed
coordinate X, Y, Z axes of the complex and x, y, z axes of
O, molecule in the I" representation. The Z and z axes are
chosen such that they are coincident with the complex princi-
ple a axis and the O, internuclear axis respectively, while Y
and y axes are both perpendicular to the complex plane. The
relative positions of two monomers are defined by the inter-
molecular distance between O, and N,O centers of mass (R),
the angles of O, and N,O’s internuclear axis with respect to
complex principle a axis (6 and 6,) respectively, and the az-
imuthal angle between O, z axis and complex plane (¢). The
angle 0 is defined as 6 in Refs. [15] and [31].

When an open-shell species is bounded with a closed-
shell partner, the electronic spin—spin interaction is non-
negligible due to the nonzero electron spin introduced by the
unpaired electron(s). In order to analyze the infrared spec-
trum of O2—N;,O open-shell complex in the v; band region of
N»O, an effective Hamiltonian model consisting of rotational,
centrifugal distortion and electron spin—spin interaction terms
has been developed.l3!! The effective Hamiltonian can be ex-
pressed as

Het = A(Jy—Sa)* +B(Jp — Sp)* +C(J. — S.)?
—Dy(J = 8)* =Dy (J — 8)*(Ja— Sa)?
—Dx(Jy—Sa)* +di (J — S)?

21

X [(Je = 84) 2+ (J- = S-)7 + ?(353. -8%), ()

where A, B, and C are the rotational constants; Dy, Dk, Dk,
and d, are the centrifugal distortion constants; A is the effec-
tive spin—spin coupling constant of the complex; S,, S, and
S. are the projections of spin angular momentum along prin-
ciple a, b, and ¢ axes of the complex respectively; S is the
projection of spin angular momentum along the z axis in the
O, body-fixed coordinate; J+ = J;, FiJ. and S+ = S, 1S, are
the raising (+) and lowering (—) operators, respectively.

The energy levels
(71)17Ku7S+E+1

of the complex with parity
are denoted as e levels and those with
—(—1)/Ka=5+2+1 are marked as f levels, where K, is the
projection of J along the a axis and X is the projection of

electron spin § along the O; internuclear axis.

4. Results

The absorption spectra of the supersonic jet with gas mix-
tures of O»/N,O/He are measured in the N>O v band region
from 1284 cm™! to 1285.6 cm™!. A portion of the observed
spectrum is deposited in Fig. 1(a). Strong absorption lines of
N>O monomer in the jet are removed for clarity.

The observed spectrum is very dense and probably con-
tributed by several complexes or clusters formed in the jet.
Therefore, the first step is to rule out those lines belonging to
known species. The absorption spectrum in a supersonic ex-
pansion with ~ 0.5% of N,O diluted in helium is also mea-
sured for comparison. A portion of the observed spectrum
is shown in Fig. 1(b). Close inspection of the two spectra
in Figs. 1(a) and 1(b) indicates that many absorption lines of
(N,0),321 and (N,0)3331 clusters are observed under both
experimental conditions. Those additional lines that are ob-
served only after O, has been added to the gas mixtures of
N,O/He are then ascribed to the O;—N,O complex.

(a) Oz/NzO/He

(b) N,O/He

Absorption intensity/arb. units

—T— — T T L
1284.5 1284.7 1284.9

Wavenumber/cm~!

—
1284.3

Fig. 1. Part of the absorption spectra observed in the supersonic expan-
sion with gas mixtures of (a) O2/N,O/He and (b) N,O/He. The N,O
monomer lines are removed for clarity.
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Table 1. Observed transition frequencies (in cm’l) of 0,-N>O com-

plex in the v; stretch region of NoO monomer.
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1284.1149(-2)
1284.3643(3)
1285.1333(=6)
1285.5047(~1)
1284.1343(-1)
1284.1986(-3)
1284.5023(2)
1285.0231(=5)
1285.1607(0)
1285.2978(4)
1285.3617(3)
1285.4836(3)
1285.4053(-3)
1285.4206(~1)
1284.9637(5)
1284.9810(0)
1285.0090(1)
1285.0477(0)
1285.0989(0)
1285.1635(5)
1285.2403(0)
1284.5340(-2)
1284.5164(0)
1284.4492(-3)
1284.3972(-9)
1284.3337(0)
1284.2552(-9)
1284.1666(9)
1285.0786(10)
1285.1939(-6)
1285.4131(10)
1285.5147(-6)
1284.4193(=5)
1284.3031(2)
1284.1919(3)
1284.0847(-3)
1284.2676(-4)
1284.1247(-6)
1284.8066(1)
1284.9451(0)
1285.0865(0)
1285.2286(—4)
1285.3719(6)
1285.3163(-2)
1285.3419(-2)
1285.3546(6)
1285.3971(~1)
1285.4251(=5)
1285.4637(1)
1285.5665(=3)
1284.1388(-4)
1284.1512(2)
1284.1630(2)
1284.1727(7)
1284.1770(9)
1284.1727(-2)
1284.1615(5)
1284.1388(-4)
1284.1064(-4)
1284.1461(7)
1284.3113(6)
1284.4725(-7)
1285.0193(~1)
1285.1808(~7)

4Number in each parenthesis is (obs.—cal.) frequency in units of the last

digit.

The assignment and fitting of the transitions for the
0,-N,O complex are performed with the aid of Fawzy’s
program!3#! and molecular constants of 0,—N,O reported in
Ref. [15]. A total of 64 lines are assigned to the O,—N,O com-
plex, including 14 a-type and 50 b-type transitions. All the
transitions are within the X = 0 subgroup of levels. The ob-
served transition frequencies and their assignments and resid-
uals are listed in Table 1. Transitions are marked with quan-
tum number J, K,, and parity of rotational energy levels. The
subbands are marked by “K«AJgx (J”). In the final fitting, cen-
trifugal distortion constants are fixed at zero because their un-
certainties are very large if floated. The angle between the
complex a axis and O z axis (0;) and the effective spin—
spin coupling constant (A) in the excited state are constrained
to be the same as in the ground state. The fitting results
are listed in Table 2. The standard deviation of the fitting is
4.89 x 107* cm™!, which is within the experimental uncer-
tainty. As can be seen in Table 2, molecular constants in the
ground state determined in this work are in good agreement
with those derived in Ref. [15]. The latter are with better accu-
racy. It may be due to the fact that the spectrum of Q,—N,O!!
observed in the v3 region of N> O is nearly free of interferences

from the clusters of N, O.

Table 2. Molecular constants of O,—N,O complex. In the table,
the number in each parenthesis is one standard deviation of the fit-
ting. All parameters except the angle 8 (in degrees), are in units

ofcm~!.

Parameter N, O v3-excited 1! N, O vy-excited
Vo 2224.12300(23) 1284.7504(25)
A" 0.36111(59) 0.3627(14)
B" 0.075725(25) 0.075744(55)
c’ 0.062705(30) 0.062755(22)
A 0.35671(49) 0.36085(19)
B 0.075775(27) 0.075739(19)
c 0.062609(19) 0.062739(18)
A 1.6741(53) 1.6498(32)
6 53.11(12) 53.15(42)
c 0.000476 0.000489

A simulated spectrum of O;—N,O with molecular con-
stants listed in Table 2 is shown in Fig. 2(b) for comparison
with the observed spectrum. A rotational temperature of 5 K
and a Doppler line width of 0.002 cm™! are assumed in the
simulation. It should be pointed out that a strong feature at
~ 1284.550 cm™!, which is asterisked in Fig. 2(a), cannot be
assigned to any of the known bands of the NoO monomer or
its complexes. This feature is not observed in the He/N,O ex-
pansion. The carrier of this strong feature is still unknown.
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v
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Wavenumber/cm~!

Fig. 2. (a) An overall view of the absorption spectrum observed in the slit jet expansion of O,/N,O/He gas mixtures. Assigned
transitions of O,—N,O are marked. The N, O monomer lines are removed for clarity. The strong feature marked with an asterisk is not

assigned. (b) The simulated spectrum of O,—N;O.

5. Discussion

The rotational constants derived from the least-squares
fitting indicate that O,—N;O complex is a near prolate top with
K ~ —0.9. Compared with the value in the ground state, the
values of rotational constant A in the v; and v3 vibrationally
excited states are reduced by ~ 0.51% and ~ 1.22%, respec-
tively. It can be understood by the fact that the N, O subunit in
the complex is slightly expanded in the direction nearly par-
allel to the b-axis in both the v; and v3 stretching modes of
N;O.

The band origin of the complex in the N,O v; stretch

region is 1284.7504(25) cm~'. It is red-shifted by about
0.1529 cm~! from that of the N,O monomer, indicating a
stronger intermolecular interaction and an increased poten-
tial well depth in the excited state. In contrast, the band
origin in the v3 band region is found to be blue-shifted
by about 0.3663 cm~!.[!5] The band origin shift (Avg) of
0,-N,0 is also much smaller than those of N,—-N,O, i.e.,
+0.83634 cm™ 27 and +2.2327 cm~! 3> upon v; and v3 vi-
brational excitation respectively, as listed in Table 3. The un-
usual behavior of the band-origin shift for O,—N,O may arise

from the characteristics of its open-shell structure.

Table 3. Structural parameters of O,—N,O and N,—N,O complexes in different vibrational states.

0,-N,O N>-N,O
Parameter
Ground? v P v3? Ground® v1€ v3d
Avglem™! -0.1529 +0.3663 +0.83634 +2.2327
A/amu-A? -0.53(10) -0.60(10) -0.61(13) 1.98(8) 2.02(9) 1.99(12)
Rem/A 3.4232(10) 3.4202(4) 3.4243(6) 3.6926(3) 3.6929(3) 3.6954(4)

aRef. [15], Pthis work. °Ref. [27]. 9Ref. [35].

The inertial defect (A =1, — I, — I;) for O,-N,O com-
plex can be deduced from corresponding rotational constants.
The inertial defects in the ground and v3 excited states are
—0.53(10) amu-A? and —0.61(13) amu-A? respectively.!'”!
The inertial defect in the v; excited state, determined from
this study, is —0.60(10) amu-A2. The small negative value
of the inertial defect indicates that the O,—N>O complex

may not be planar, or large-amplitude out of plane motion is

present in the complex. In contrast, the inertial defects for
the closed-shell N»—N;O complex are 1.98(8) amu-A? in the
ground state,>”1 2.02(9) amu-A? in the v; excited state,*”]
and 1.99(12) amu-A2 in the v3 excited state!®! as listed in Ta-
ble 3. These small positive values of the inertial defect indicate
that No—N,O has a planar geometry in both the ground and vi-
brationally excited states.

The variation of intermolecular distance upon vibrational
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excitation can be extracted from the relevant rotational con-
stants. Assuming that the complex is planar, the following
formula can be used to calculate the intermolecular distance
between the mass centers of O, and N,O:

k /1 1 1 \1"?
Rcm_{u(c_bmo_boz)] ’ @

where k is a conversion factor (16.8576 cm~!-amu-A?), u
is the reduced mass of the complex, C is the rotational con-
stant of the complex, bn,0 and bo, are rotational constants
for two subunits respectively.[ls’m The values of R¢y, of Ox—
N,O are 3.4232(10) A in the ground state, 3.4202(4) A and
3.4243(6) A in the v, and v3 excited states, respectively. The
relative change of Ry upon the vibrational excitation of the
v1 and v3 stretching modes of O,—N,O is consistent with the
relative shift of the corresponding band-origins. The inter-
molecular distance in No—N»O is ~ 3.69 A as listed in Table 3,
which is about 0.27 A longer than that in O,—N»O. A shorter
intermolecular distance usually implies a stronger intermolec-
ular interaction. However, the calculated global minimum en-
ergy of 0—N»O is —191 cm~!,[1] while it is —326.64 cm™!
for Np—N»O. 2" The unusual characteristics of 0,—N,O might
arise from the non-zero electron spin in the O, subunit.

6. Conclusion

In this work, the high-resolution spectrum of the O,—
N,O open-shell complex is measured by a mid-infrared tun-
able diode laser spectrometer in the NoO monomer v; sym-
metric stretch region. The observed transition frequencies are
fitted successfully with a standard effective Hamiltonian for
open-shell van der Waals complex, yielding accurate molecu-
lar constants of the complex in the vibrationally excited state.
The comparisons of molecular constant and structural param-
eter between the O,—N,O complex and the N,—N,>O complex
indicate that the open-shell complex has some unusual charac-
teristics.
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