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Nitrous oxide dimer: An ab initio coupled-cluster study of isomers,
interconversions, and infrared fundamental bands, and experimental
observation of a new fundamental for the polar isomer
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Improved quantum chemistry (coupled-cluster) results are presented for spectroscopic parameters
and the potential energy surface for the N,O dimer. The calculations produce three isomer
structures, of which the two lowest energy forms are those observed experimentally: a nonpolar
C,;-symmetry planar slipped-antiparallel geometry (with inward-located O atoms) and a
higher-energy polar C,-symmetry planar slipped-parallel geometry. Harmonic vibrational
frequencies and infrared intensities for these isomers are calculated. The low-frequency
intermolecular vibrational mode predictions should be useful for future spectroscopic searches, and
there is good agreement in the one case where an experimental value is available. The frequency
shifts for the high-frequency intramolecular stretching vibrations, relative to the monomer, were
calculated and used to help locate a new infrared band of the polar isomer, which corresponds to the
weaker out-of-phase combination of the v; antisymmetric stretch of the individual monomers. The
new band was observed in the region of the monomer v; fundamental for both (14N20)2 and
(">N,0), using a tunable infrared diode laser to probe a pulsed supersonic jet expansion, and results

are presented. © 2009 American Institute of Physics. [DOI: 10.1063/1.3121224]

I. INTRODUCTION

The primary purpose of this paper is to present improved
quantum chemistry results for (i) spectroscopic constants and
(ii) the potential energy surface (PES) for conformer inter-
conversion, for the gas-phase N,O dimer. Previous ab initio
studies on N,O dimer of a similar nature, but at lower levels
of theory, have been reported by Sadlej and Sicinski,’ Mogi
et al.,* Nxumalo ef al.,® and by Valdés and Sordo.* The spec-
troscopic constants (vibrational fundamentals and rotational
constants) are needed to keep pace with recent experimental
observations of the spectra of the N,O dimer and to point the
way to possible future experiments. The PES investigations
are needed to investigate why, of the four predicted
conformers>* of the dimer, only two have been observed to
date.

The experimental data available for the nitrous oxide
dimer greatly expanded in the last two years. Previous to
this, (N,O), had been observed by means of infrared spectra
in the regions of the monomer vibrations v;+14
(~3500 cm™),” v,(~2220 em™),® and »;(~1280 cm™),’
all of which showed a nonpolar form of the dimer with a
slipped antiparallel geometry having C,, symmetry. In 2007,
we discovered a new polar isomer of (N,0), by means of its
spectrum in the v, 1regi0n,8 and later the v 1regi0n.9 With the
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help of these infrared results, the polar dimer has now been
observed in the microwave region by means of its pure rota-
tional spectrum.lo It turns out to have a planar slipped paral-
lel structure with C; symmetry. As well, the nonpolar N,O
dimer studies have been extended to the fully substituted >N
isotopomer11 and the earlier assignment of a combination
band (~2249 cm™!) involving the intermolecular torsional
vibration has been corrected.'

In the nonpolar dimer, the two monomers are equivalent,
so vibrational modes corresponding to in-phase monomer
stretching vibrations are infrared inactive. Each monomer
stretch is therefore accompanied by only one infrared active
dimer mode, corresponding to the out-of-phase combination.
In the case of the polar dimer, the two monomers are no
longer equivalent and so two allowed dimer modes should
accompany each monomer stretch. However, only one of
these bands was previously detected in each monomer
stretching region. With the help of the present ab initio re-
sults, we have now been able to locate the other polar dimer
band in the monomer v, region; hence the secondary purpose
of this paper is to report this new experimentally measured
spectrum.

We suspected that the nonexistence of two of the four
predicted isomers of this dimer might be due to low inter-
conversion barriers via a particularly labile disrotatory
(gearing-motion) cycle. Such a cycle is known for benzene
dimer, where it connects T-shaped and slipped-parallel
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TABLE 1. Computed relative energies (cm™') of optimized isomers of (N,0),.

J. Chem. Phys. 130, 164305 (2009)

Level of theory Nonpolar (O-in) Polar T-shape N-in Nonpolar N-in End to End D, (Nonpolar O-in)
Present results
PWO91/aug-cc-pVTZ 0 30 9 50 244 325
MP2/aug-cc-pVDZ 0 —37 38 7 451 690
MP2/aug-cc-pVDZ" 0 =23 32 100 452 653
MP3/aug-cc-pVDZ? 0 272 283 465 618 702
MP3/aug-cc-pVTZ? 0 260 295 444 648 704
CCSD/aug-cc-pVDZ* 0 246 263 422 557 710
CCSD/aug-cc-pVTZ* 0 237 275 408 588 707
CCSD(T)/aug-cc-pVDZ* 0 185 187 338 539 747
CCSD(T)/aug-cc-pVTZ? 0 176 231 325 577 761
Previous results
MP2/6-31G(d)° 0 -22 28 55 629
MP2/aug-cc-pVDZ° 0 -31 34 14 581¢
MP2/cc-pVTZE 0 -33 12 10 449¢
MP4/aug-cc-pVDZ’ 0 =73 27 -1 546°
QCISD(T)/aug-cc-pVDZ* 0 180 199 358 604°

“Calculated using CCSD/aug-cc-pVDZ geometries.
"Reference 3.

“Reference 4, calculated using MP2/cc-pVTZ geometries, and includes zero-point vibrational energies.

4p, values, add ~100 cm™' for D,.

structures,13 and acetylene dimer, where it interconverts
T-shaped structures.'* For (N,0),, two isomers have been
detected by gas-phase spectroscopy, one polar and one non-
polar, and both with planar slipped-parallel structures. We
will demonstrate below that three potential minima are pre-
dicted by coupled-cluster calculations, that a disrotatory
cycle connects all three, and that the barrier separating the
T-shaped structure from the polar one is quite small, possibly
preventing the T-shaped structure from being uniquely ob-
servable experimentally.

Il. COMPUTATIONAL RESULTS
A. Computational methods

All calculations were performed with GAUSSIAN03,15 us-
ing several theoretical methods: a density-functional ap-
proximation (PW91),'® Mgller—Plesset perturbation theory to
second and third order (MP2, MP3),'” and coupled-cluster
approximations [CCSD, CCSD(T)]."®*° The MP and CC
calculations were frozen core. Dunning augmented basis
sets”"?? were used. Energy-minimized conformers and tran-
sition states were both fully optimized with three levels of
theory: PWO9l/aug-cc-pVTZ, MP2/aug-cc-pVDZ, and
CCSD/aug-cc-pVDZ. Additional relative energies were ob-
tained with single-point calculations based on CCSD/aug-cc-
pVDZ optimized geometries. Counterpoise calculations for
basis-set superposition error were computed for unrelaxed
monomers, using the automated command in GAUSSIANO3.

B. Energies and the potential energy surface

Structures of several conformers known from past stud-
ies were investigated and a summary of raw relative energies
(without zero-point or basis-set superposition corrections)
appears in Table I. The best results should be those at the
CCSD, CCSD(T), and QCISD(T) levels. The aug-cc-pVDZ

basis set very well reproduces the results with the more ex-
pensive aug-cc-pVTZ basis set and CCSD results are within
100 cm™ of CCSD(T) results, which lends support to our
use of CCSD/aug-cc-pVDZ for geometry optimization and
vibrational frequency calculations.

Note that MP2 and PW91 are not expected to be accu-
rate within 1 kcal/mol (350 cm™), so the relative energy
problems of these methods on this scale should not be sur-
prising. The artificial lowering of the nonpolar N-in dimer at
these lower levels of theory might be attributed to over-
weighting of the secondary Lewis structure for NNO that
involves two double bonds and partial negative charge on the
outer nitrogen, since this would give additional electrostatic
benefits to this structure, as well as giving shifts in the rela-
tive NN versus NO bond lengths that are seen (data not
shown). However, the trends with the T-shaped structure sug-
gest interesting quadrupole effects as well.

To date, only the first two isomers in Table I have been
observed spectroscopically: the slipped-antiparallel nonpolar
O-in and the slipped-parallel polar forms. Since the best ab
initio calculations predict the T-shaped N-in isomer to be
quite close in energy to the known polar isomer, transition
state calculations were performed to determine barrier
heights for both in-plane and out-of-plane interconversions.

In-plane interconversion occurs via the disrotatory cycle
(Fig. 1), which connects four of the five structures of Table I,
including the two spectroscopically detected isomers at x
=0° and ~90°, where x is the disrotatory angle as defined in
Fig. 2. The transition states were computed at three levels of
theory (see Sec. I A), hereafter referred to by their methods
only: PW91, MP2, and CCSD. These results are shown as
sketches of PES energy profiles in Fig. 3. Note that two of
the points in this plot may not really be stationary points: the
PWO91 structures at x=90° (polar) and x=95° (transition state
from polar to T-shape N-in) each produced a vibrational fre-
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FIG. 1. Illustration of the disrotatory cycle. As one moves counterclockwise
in the cycle, monomer A moves clockwise while monomer B moves coun-
terclockwise. Values for the disrotatory coordinate x (defined in Fig. 2) are
shown; note that the left half of the cycle is indistinguishable from the right
half except for atom identities.

quency that was indistinguishable from the noise of the ro-
tational frequency zeros (<8 cm™!). From Fig. 3, the first
remark is that MP2 and PW9I1 appear to have problems
throughout the cycle. Focusing on the CCSD PES only, the
second remark is that the T-shaped N-in structure is sepa-
rated from the polar slipped-parallel structure by a very small
barrier (11 cm™!, or 0.1 kJ/mol), which suggests two reasons
why the T-shaped isomer may not be observable: (i) this
barrier may not exist on the true PES or (ii) the zero-point or
thermal energy of the dimer in the supersonic jet are suffi-
cient to allow interconversion of these two forms. In either
scenario, the implication is that the polar isomer has a very
low frequency (large-amplitude) vibrational mode for disro-
tation.

We also searched for out-of-plane pathways between
minimum-energy structures, as shown in Fig. 4. On the MP2
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FIG. 2. Definition of the disrotatory coordinate x: the average of the two
directional angles 6,4 and 6,z. x ranges from —180 to +180 if 6,z is
defined from —120 to +240, and 6, from —240 to +120, with positive
directions as defined by the arrows.
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FIG. 3. PES for disrotatory cycle of N,O dimer, computed at three levels of
approximation. The CCSD approximation is expected to be the most accu-
rate and it correctly predicts the x=0° “nonpolar O-in” structure to be the
most abundant.

PES, there is a high-energy cross-structure intermediate,
through which all slipped-parallel structures can intercon-
vert. On the PW91 PES, the cross-structure intermediate dis-
appears, but there is still a skewed-cross out-of-plane transi-
tion state for polar/nonpolar isomerization. However, on the
more accurate CCSD PES, both the minimization and the
transition-state search went to planar structures, indicating
no out-of-plane stationary points for isomerization. We con-
clude that out-of-plane isomerization mechanisms are not
important for this dimer.

C. Ab initio geometries and rotational constants

The optimized CCSD geometries are given in Table II.
To demonstrate their comparative reliability, Table III com-
pares the resulting CCSD rotational constants with the lower
levels of theory (MP2 and PW91) and with experiment for
the two isomers that have been experimentally observed
(nonpolar “O-in” and polar). The CCSD results are indeed
the best, producing rotational constants within 3% of experi-

200 - Out-of-plane Paths via Cross Structure _ 200
MP2/aug-cc-pvVDZ
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c
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ol A 4 onpolar O-in 1o
| |
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FIG. 4. Schematic for the computed MP2/aug-cc-pVDZ transition-state
pathways via cross structure. Out-of-plane pathways through stationary
points do not exist on the more accurate CCSD/aug-cc-pVDZ PES.
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TABLE II. CCSD/aug-cc-pVDZ geometrical parameters of N,O dimers.

Coordinate® Nonpolar O-in Polar T-shape N-in
Ryna(A) 1.1353 1.1359 1.1360
Ryngp(A) 1.1353 1.1369 1.1364
Ryoa(A) 1.1995 1.1991 1.1976
Ryog(A) 1.1995 1.1950 1.1960
Riyer(A) 343 3.57 4.14
bop (deg) 59.0 114.6 163.2
Oy (deg) —121.1 —65.5 -16.8
oa (deg) -59.0 54.8 80.1
Oxa (deg) 121.1 —125.2 -99.9
X (deg) 0.0 84.7 121.6

“Coordinates defined in Fig. 2.

mental values. The PW91 results are the worst, producing B
and C constants that are too small because the binding en-
ergy at this level of theory is too low (D,, Table I), giving a
larger intermolecular distance which increases the moments
of inertia and decreases B and C. The MP2 results are good
for the nonpolar isomer, but for the polar isomer MP2 pro-
duces too strong a binding energy, giving a smaller intermo-
lecular distance, which increases B and C. Table IV lists the
most reliable rotational constants (CCSD) for some unob-
served isomers and isotopomers as a guide for future re-
search.

D. Dissociation energy, D,

As a possible means of improving the D, predictions in
Table I, counterpoise corrections for basis-set superposition
error were computed: all dimer basis functions are offered to
each monomer. The corrections lower the MP2, CCSD, and
CCSD(T) estimates of D, by 217-243 c¢cm™' (aug-cc-pVDZ)
and 155-166 cm™' (aug-cc-pVTZ). For our best estimate of
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TABLE IV. Computed CCSD/aug-cc-pVDZ rotational constants for unob-
served forms of the N,O dimer (in cm™).

Isotopomer Isomer A B C
(""N'NO), T-shape N-in ~ 0.3962  0.03958  0.03598
(PNNO), T-shape N-in  0.3844  0.03825 0.034 79

(“N™NO)('>'N>NO)  Nonpolar O-in  0.2943  0.06058  0.050 24

D,, the BSSE-corrected CCSD(T)/aug-cc-pVTZ//CCSD/aug-
cc-pVDZ value is 598 cm™'. We presume an accuracy of
only =200 cm™'.

In the preceding section, it was shown that overestimates
and underestimates of the binding energy D, tend to result in
overestimates and underestimates, respectively, of the B and
C rotational constants. A D, value of ~600 cm™' demon-
strates that the CCSD/aug-cc-pVDZ D,(710 cm™) is an
overestimate, so that the CCSD/aug-cc-pVDZ B and C con-
stants should also be slight overestimates, in accord with
experiment (Table III).

E. Ab initio vibrational frequencies

Complete sets of CCSD/aug-cc-pVDZ harmonic fre-
quency results for the main isotopomers of the two known
isomers are presented in Table V. These replace the results of
previous calculations at lower levels of theory, reported by
Sadlej and Sicinski' and by Dutton et al.® for the nonpolar
isomer, and by Nxumalo et al.’ for both isomers; the latter
results are included in our table for comparison.

The four low-frequency intermolecular librations are of
particular interest; the frequencies for the nonpolar isomer
agree with the MP2 values of Nxumalo et al.,3 but the fre-
quencies for the polar isomer do not. So far, only one experi-
mental intermolecular frequency has been reported12 and its

TABLE III. Computed rotational constants for various forms of the N,O dimer (in cm™).

Rotational Percent error  Percent error  Percent error
constant CCSD* MP2* PW91° Exp* CCSD MP2 PW91
Nonpolar O-in ("*N'*NO), A 0.2957 0.2911 0.3074 0.299 409 -12 -2.8 +2.7
B 0.06170 0.06232 0.05117  0.059 925 +3.0 +4.0 —14.6
C 0.05105 0.05133 0.04387 0.049 836 +2.4 +3.0 -12.0
Polar (“N'NO), A 0.3015 0.2825 0.3155 0.309 171 -25 -8.6 +2.1
B 0.05537 0.06201 0.04699 0.054 124 +23 +14.6 -13.2
C 0.04678 0.05085 0.04090  0.045919 +1.9 +10.7 -10.9
Nonpolar O-in ("N*NO), A 0.2919 0.294 027 -0.7
B 0.058 72 0.056 413 +4.1
C 0.048 89 0.047 247 +3.5
Polar ("N'°NO), A 0.2906 0.298 119 -25
B 0.052 94 0.051 806 +2.2
C 0.044 78 0.044 004 +1.8
Polar “light-inside” ("*N'*NO)("*N'*NO) A 0.2928 0.300 583 —26
B 0.054 66 0.053 362 +2.4
C 0.046 06 0.045 274 +1.7
Polar “heavy-inside” ('"N'>NO)(“N"NO) A 0.2992 0.306 490 —2.4
B 0.053 68 0.052 439 +2.4
C 0.045 51 0.044 730 +1.7

“aug-cc-pVDZ basis set.
baug—cc—pVTZ basis set.
“Reference 10 for polar data, Ref. 11 for nonpolar data.
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TABLE V. Computed CCSD/aug-cc-pVDZ harmonic frequencies and infrared intensities.

Intensities Freqs CCSD/aug-cc-pVDZ Freqs MP2/6-31G(d)
Mode description® Sym. (km/mol) (em™) (cm™)®
Nonpolar isomer
anti str, anti combo b, 676.01 2334 2250
anti str, sym combo a, 0.00 2326 2244
sym str, sym combo a, 0.00 1302 1294
sym str, anti combo b, 187.75 1299 1292
op bend, sym combo a, 8.52 591 584
ip bend, sym combo a, 0.00 591 579
op bend, anti combo b, 0.00 589 583
ip bend, anti combo b, 13.39 586 581
ip co-rotation a, 0.00 121 113
Dissociation a, 0.00 69 56
ip disrotation b, 0.94 49 47
op torsion a, 0.30 30 26
Polar isomer

anti str, N-in monomer a’ 617.22 2326 2267
anti str, O-in monomer a’ 108.98 2324 2248
sym str, N-in monomer a' 85.36 1314 1293
sym str, O-in monomer a’' 82.33 1299 1291
op bend, N-in monomer a” 4.95 596 588
ip bend, N-in monomer a’ 8.05 594 580
op bend, O-in monomer a’ 3.59 591 582
ip bend, O-in monomer a' 3.98 590 578
ip co-rotation a’' 0.26 98 50
Dissociation a' 0.02 44 107
op torsion a’ 0.00 25 28
ip disrotation a' 0.12 25 44

“ip=in-plane, op=out-of-plane, anti str=monomer »;, sym str=monomer vj; dissociation=van der Waals
stretch, ip co-rotation=ip anti-geared bend, ip disrotation=ip geared bend, and op torsion=o0p bend.

PReference 3.

comparison with theory is discussed below in Sec. IV.

Also of interest are the high-frequency monomer-stretch
modes. Values were obtained for infrared frequency shifts of
the v; (mostly N-N stretch) and the v3 (mostly N-O stretch)
vibrations of the N,O dimers relative to the respective mono-
mer band origins. These values are presented in Tables VI
and VII and compared with the experiment below.

lll. EXPERIMENTAL RESULTS

The experiments were carried out at the University of
Calgary using a tunable infrared diode laser to probe a
pulsed supersonic slit jet, with experimental conditions simi-
lar to those in the previous N,O dimer studies.>*!"1? The
isotopically enriched sample of N'N'0 was obtained
from Iconisotopes with 99% isotopic purity.

As mentioned in the Sec. I, the observed polar N,O
dimer has a planar slipped-parallel structure with C; point
group symmetry, so we expect two infrared active dimer vi-
brations from this isomer in the region of the monomer 1,
fundamental band. The present calculations show that these
can be approximately characterized as being due to in-phase
and out-of-phase vibrations of the two monomer units, with
predicted shifts of +2.3 and —0.3 cm™!, respectively, for the
normal isotope (see Table VI). The predicted intensity of the
in-phase band (which we label as I) is about six times larger

than that of the out-of-phase band (labeled IT), which is con-
sistent with this characterization since in the latter case the
dipole moments of the two monomers tend to cancel.

Band I has already been observed and analyzed, both for
the normal and the fully "N-substituted isotopomelr.g’]l In
the search for band II, we started with the normal isotope and
were able to identify a weak band centered just above the
monomer band origin, close to the predicted ab initio value
from Table VI. Although band II is indeed significantly
weaker than band I, it could still be observed with a good
signal-to-noise ratio. The main experimental difficulty and
the reason why band II was not recognized in our earlier
searches®!! is that it is overlapped by a band of the N,O
trimer. Our success here in identifying band II can be cred-
ited to two factors: the availability of the ab initio vibrational
shift prediction and the fact that the interfering trimer band
has now been analyzed.24 Part of the observed spectrum is
shown in Fig. 5, which also contains simulated spectra of
band II and of the N,O trimer. We estimated that the ob-
served intensity of band II was about four to five times
weaker than that of band I, in reasonable agreement with the
theoretical ratio (Table VI) of 5.7 (or 4.9 for ’N, O dimer).

The analysis of the new N,O dimer band was made us-
ing the PGOPHER computer program,25 based on a conven-
tional asymmetric rotor Hamiltonian in the a-reduced form.
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TABLE VI. Computed CCSD/aug-cc-pVDZ frequency shifts (Av=vgmer Vmonomer) and intensities for N,O
dimers in the region of the monomer v; mode.

Freq Intensity Shift Obs shift

Isomer Isotopomer Dimer mode (em™) (km/mol) (em™) (em™) ®
Nonpolar (N, 0), Sym combo 2326.4 0 2.6

Nonpolar (N, 0), Antisym combo 2333.8 676 10.0 5.726
Nonpolar (N, 0), Sym combo 2251.0 0 2.3

Nonpolar (N, 0), Antisym combo 2258.2 644 9.5 5.442
Nonpolar (N, 0)(N, 0) Light monomer 2330.3 370 6.5

Nonpolar ("N, 0)(°N, 0) Heavy monomer 2254.4 290 57

Polar (N, 0), Sym combo 2326.1 617 2.3 2.696
Polar (N, 0), Antisym combo 23235 109 -0.3 0.119°
Polar (N, 0), Sym combo 2251.1 574 2.4 2707
Polar ("N, 0), Antisym combo 2248.2 117 -0.5 0.011°
Polar (PN, 0)("*N, 0) ¢ Light monomer 2323.9 360 0.1

Polar (N, 0)("*N, 0) ¢ Heavy monomer 2250.7 348 2.0

Polar (N, 0)(®N, 0) ¢ Light monomer 2325.8 383 2.0

Polar ("N, 0)("N,0) ¢  Heavy monomer  2248.6 326 -0.1

T-shape ("N, 0), Cap monomer 2326.0 500 22

T-shape (N, 0), Stem monomer 2329.0 282 52

T-shape (N, 0), Cap monomer 2250.7 473 2.0

T-shape (N, 0), Stem monomer 2253.8 272 5.1

“Reference 24, except as indicated.

"This work.

“The “heavy-inside isomer:” '"'N—""N-0 is monomer B in the polar [x=90°] structure of Fig. 1.
The “light-inside isomer:” *N—'N—-0O is monomer B in the polar [x=90°] structure of Fig. 1.

Both a- and b-type rotational transitions were observed, but
with a-type predominating, which is the opposite of band I
where b-type transitions were observed to be stronger. We
fixed the ground state parameters to those from the micro-
wave study of polar N,O dimer.'® About 102 transitions were
assigned, as listed in Table A-I of Ref. 26. The quality of the
fit was very good, with a root-mean-square error of

0.0002 cm™!, and the molecular parameters resulting from
the analysis are given in the first column of the Table VIII.
We also observed the analogous spectrum for band II of the
fully "*N-substituted polar N,O dimer and assigned a total of
112 transitions as listed in Table A-II of Ref. 26. The fit was
of similar quality to the normal isotope and the resulting
parameters are listed in column 2 of Table VIII.

TABLE VII. Computed CCSD/aug-cc-pVDZ frequency shifts (Av= Vg Vmonomer) and intensities for N,O
dimers in the region of the monomer v; mode.

Freq Intensity Shift Obs shift
Isomer Isotopomer Dimer mode (cm™) (km/mol) (cm™) (cm™) *
Nonpolar (N, 0), Sym combo 1301.7 0 —5.1
Nonpolar (*N, 0), Antisym combo 1298.6 188 —8.2 —5.192
Nonpolar (N, 0), Sym combo 1284.0 0 -5.0
Nonpolar ("N, 0), Antisym combo 1281.0 179 -8.0
Nonpolar ("N, 0)(°N, 0) Light monomer 1300.3 78 —6.6
Nonpolar (N, 0)(N, 0) Heavy monomer 1282.4 105 —6.6
Polar (N, 0), Sym combo 1314.1 85 7.2 5.309
Polar (N, 0), Antisym combo 1299.5 82 —7.4
Polar ("N, 0), Sym combo 1296.0 81 7.0
Polar (N, 0), Antisym combo 1281.8 78 -72
Polar (N, 0)("*N, 0) ® Light monomer 1299.8 133 -7.0
Polar (N, 0)("*N,0)®  Heavy monomer 1295.7 31 6.6
Polar (N, 0)(®N, 0) © Light monomer 1314.0 79 7.2
Polar (N, 0)("N, 0) ¢ Heavy monomer  1281.8 85 -72
T-shape (N, 0), Cap monomer 1305.5 93 —1.4
T-shape (N, 0), Stem monomer 1312.3 91 5.4
T-shape (N, 0), Cap monomer 1287.7 89 -13
T-shape (N, 0), Stem monomer 1294.3 86 5.2

“Reference 9.

®the “heavy-inside isomer:” "N—'*N-0 is monomer B in the polar [x=90°] structure of Fig. 1.
‘the “light-inside isomer:” "N—1*N—0 is monomer B in the polar [x=90°] structure of Fig. 1.
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FIG. 5. Part of “band II"” of polar (N,0), in the region of the monomer v,
vibration. The top trace is the observed spectrum, with a gap in a region of
strong N,O monomer absorption. The three lower traces are simulations. In
this spectral region, there is some weaker structure due to a known (Ref. 24)
band of the N, O trimer (simulated in the bottom trace), together with the
dominant structure of interest here due to band II of polar (N,O), (simulated
in the second trace from the bottom). The sum of these two simulations
(second trace from top) provides a very good match with experiment.

IV. DISCUSSION AND CONCLUSIONS

Examining the changes in rotational parameters between
the ground and excited states for the new band II of the polar
isomer reveals that there is substantial decrease in A
(=0.9%), accompanied by smaller increases in B (=~0.3%)
and C (=0.15%). In the case of band I, all three rotational
parameters were observed to decrease upon excitation."!
Though the effect is small, the implication of the increases in
B and C for band II is that the intermolecular separation is

TABLE VIIL. Molecular parameters for band II of the polar N,O dimer (in
cm™).*

(14N14Nl60)2 (15N15N16O)2
vy 2223.8749(1) 2154.7370(1)
A’ 0.306 407(32) 0.295 543(28)
B’ 0.054 288 4(48) 0.051 947 8(54)
c’ 0.045 97 90(32) 0.044 054 7(46)
105X Ay 1.33(18) 1.06(20)
109X A s —2.55(44) —2.54(37)
105X A, 0.300(25) 0.274(27)
106X 8¢ 0.6338" 0.6338"
107X 8, 0.57(21) 0.51(26)
A" 0.309 171 3° 0.298 119 0°
B’ 0.054 124 0° 0.051 805 6°
lold 0.045919 2" 0.044 004 0°
105X Ay 1.267° 1.267°
106X A jen —2.7359" —2.7359"
106X A 0.3037° 0.3037°
109X S 0.6338" 0.6338"
107X 8 0.5945" 0.5945"

“Uncertainties in parentheses are 1o from the least-squares fits in units of
the last quoted digit.

Ground state parameters (and excited state Jgs) were fixed to those from
Ref. 10.

J. Chem. Phys. 130, 164305 (2009)

TABLE IX. Vibrational shifts and rotational intensity ratios for the two
bands of the polar N,O dimer in the region of the v, band of the N,O
monomer (in cm™").

Observed shift Predicted shift Observed intensity ratio

(em™) (em™) (a-type/b-type) *
(MNN1%0),-T +2.696 +2.3 0.7
(PNN160),-T +2.707 +2.4 0.7
(MNN0),-II +0.119 -0.3 1.8
(SNSN160),-I1 +0.011 -0.5 1.8

“Note that the dipole transition moment ratios are the square roots of these
values.

slightly reduced in this excited vibrational state. We note that
this trend is consistent with the fact that band II is redshifted
relative to band I since the redshift implies (slightly) stronger
binding in the excited state.

Table IX compares the observed and theoretical vibra-
tional shifts for bands I and II of both polar N,O dimer
isotopomers, repeated from Table VI for emphasis. The
agreement is very good, although the ab initio predictions
are uniformly slightly “redder” than is observed. Indeed, the
predicted frequency differences between bands I and II are
almost perfect. We also give in Table IX the observed rela-
tive intensities of the a- and b-type transitions in bands I and
II, which were similar for both isotopomers. The fact that
b-type transitions are stronger for band I and a-type transi-
tions for band II seems consistent with the known structure
of the polar N,O dimer. As shown, for example, in Fig. 3 of
Ref. 10, the average projection of the N,O monomer axes on
the b inertial axis of the dimer is about 1.3 times greater than
on the a-axis, so b-type transitions predominate when the
monomers vibrate in-phase. When they vibrate out-of-phase,
both the a- and b-type moments tend to cancel, but the
former are less affected since the inequivalence of the two
monomers is likely to be more significant in the a-axis di-
rection.

For the nonpolar isomer, the agreement between theory
and experiment for the vibrational shifts is not as good as for
the polar, with the sign calculated correctly but the magni-
tude overestimated in both the »; and v; monomer regions
(Tables V and VI). This of course refers to the allowed anti-
symmetric dimer mode, since there are no experimental val-
ues for the forbidden symmetric mode. It is reasonable to
conjecture that the calculated differences between the anti-
symmetric and symmetric modes may be more reliable than
their absolute values, as we noted for the polar isomer. If this
is true, then the best estimates for the vibrational shifts for
the symmetric modes of the nonpolar '*N, O dimer would be
—1.7 and -2.1 cm™ in the v, and v; monomer regions,
respectively.

The only experimental information on the intermolecular
frequencies of the N,O dimer comes from the observation of
a combination band at 2249 c¢m™! in the v; monomer region
involving the torsional (out-of-plane) vibration.'*> However
in order to obtain a torsional frequency from this band, it is
necessary to know the frequency of the (forbidden) symmet-
ric fundamental (N-N stretch) mode for the nonpolar dimer.
If we use the new “best estimate” discussed in the previous

Downloaded 15 Sep 2009 to 142.3.152.21. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



164305-8 Berner et al.

paragraph (—1.7 cm™), then the combination band implies a
torsional frequency of 27.3 cm™', as compared to our
previous12 value of 21.5 c¢cm™', which was based on an older
theoretical estimate® for the forbidden symmetric mode. We
note that this new value is in rather good agreement with the
present theoretical value of 30 cm™' (Table V). Perfect
agreement cannot be expected here, because the theoretical
value is a harmonic one (anharmonic effects may be rela-
tively large in a weakly bound complex), and because the
experimental value refers to the torsional frequency when the
v; monomer vibration is excited, which may not be identical
to that in the ground state.

In conclusion, we performed ab initio calculations on the
N,O-N,O0 PES at various levels of theory in order to shed
some light on recent spectroscopic observations and to guide
future experiments. Our best prediction for the binding en-
ergy (D,) of the most stable nonpolar isomer is 598 cm™,
but this value still has a rather substantial uncertainty of
about 200 cm™'. Compared to results at the MP2 and PW91
levels, we find that CCSD results reduce the errors in rota-
tional constants from over 10% to less than 3% in the case of
the polar N,O isomer. Although the T-shaped N-in isomer is
relatively stable, it is not likely to be experimentally observ-
able since there is at most only a low barrier for its conver-
sion to the (observed) slipped-parallel polar isomer. Theoret-
ical predictions of infrared vibrational frequencies and
frequency shifts upon dimerization can be extremely useful
in the experimental location of these bands. This has been
demonstrated in the present paper by our identification of the
previously overlooked and relatively weak out-of-phase ver-
sion (“band II”) of the NNO stretch of the polar N,O dimer,
which accompanies the v, monomer band.
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