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The rotational spectrum of dinitrogen pentoxi®&0s) has been investigated between 8 to 25 GHz

at a rotational temperature 6f2.5 K using a pulsed-molecular-beam Fourier-transform microwave
spectrometer. Two wedk-dipole spectra are observed for two internal-rotor states of the molecule,
with each spectrum poorly characterized by an asymmetric-rotor Hamiltonian. The observation of
only b-type transitions is consistent with the earlier electron-diffraction results of McClediaad

[J. Am. Chem. Socl05 3789(1983] which give aC, symmetry molecule with thb inertial axis
coincident with theC, axis. Analysis of thé"!N nuclear hyperfine structure demonstrates that the
two nitrogen nuclei occupy either structurally equivalent positions or are interchanging inequivalent
structural positions via tunneling or internal rotation at a rate larger tharMHz. For the two
internal rotor states, rotational levels wih, + K. even havd =0, 2, while levels withK,+ K

odd havd =1, wherel  is the resultant nitrogen nuclear spin. This observation establishes that the
equilibrium configuration of the molecule has a twofold axis of symmetry. Guideabhiyitio and
dynamical calculations which show a planar configuration is energetically unfavorable, we assign
the spectrum to the symmetric and antisymmetric tunneling statesGaf symmetry NOgy with
internal rotation tunneling of the two NQyroups via a geared rotation about their respec@iye

axes. Because of the Bose—Einstein statistics of the spin-zero oxygen nuclei, which require that the
rotational—vibrational—tunneling wave functions be symmetric for interchange of the O nuclei, only
four of the ten vibrational-rotational-tunneling states of the molecule have nonzero statistical
weights. Model dynamical calculations suggest that the internal-rotation potential is significantly
more isotropic than implied by the electron-diffraction analysis. 1896 American Institute of
Physics[S0021-960806)02740-7

I. INTRODUCTION ported for this species, which could provide the necessary

. . - . spectroscopic constants for simulating the atmospheric spec-
The highly reactive dinitrogen pentoxid&,0s) mol- P pic © 9 P P
trum as a function of temperature.

ecule plays an important role in the chemistry of the upper A starting point in any high-resolution spectroscopic

atmosphere, functioning as a nighttime reservoir for,M6d . . .
NO k?oth of which artgimplica?ed in the catalytic fjestruc- study of NOs is the electron-diffraction results of McClel-
3 @nd et al” Their experiments show that,®s has a nonpla-

tion of stratospheric ozone. Direct evidence for the presenc . ) o
of N,Os in the stratosphere has been obtained by Tetowll ~ "ar 9eometry with two equivalent N@roups joined by an
gxygen atom to form &, symmetry configuration with a

from infrared spectra recorded at sunrise by the Atmospheri }
Trace Molecule Experiment aboard Spacelab 3. Their resul@rongly bent N-O-NG; angle of 111.8)° (see Fig. 1

have generated renewed interest in the spectroscopy df° adequately model the electron-diffraction patterns, Mc-
N,Os, motivating effortd®to measure precise spectroscopic Clellandet al.” invoked large-amplitude torsions of the NO
parameters for modeling the band profiles used in extractin§foups about thei€, axes. They modeled the torsional po-
the atmospheric concentration of®k. Despite all this ef- tential using atom—atom Lennard-Jones repulsions between
fort, no rotationally resolved infrared spectrum has been rethe oxygen atoms on opposing M@roups, supplemented by
cosine potentials in the internal rotation angles to mimic any
electronic effects propagated through ke O—N backbone.

d0ptical Technology Division.

BNIST Guest Researcher. The structural results of McClellanet al.” are qualita-
“Present address: InstitutrfiPhysikalische Chemie, Christian-Albrechts- tively supported by Hartree—Fock calculations using small
d)g”"’ers'ta’ D-24098 Kiel, Germany. . . 4-31 G basis sétsand by density-functional calculations
ermanent address: Science and Technology Division, Institute for De- . . . . L.
fense Analysis, 1801 N. Beauregard Street, Alexandria, VA 22311. using Gaussian-type orbitals and mple'zeta'plUS'DOIa”Zauon
9Physical and Chemical Properties Division. basis setS.The more recent density-functional calculatidns
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7250 Grabow et al.: Microwave spectrum of N,Og

X groups about thei€C, axes. The present results suggest that
the microwave spectrum of Colmoet al® arises either from

0 %O o 0O an excited state of )05 or from impurities.
...................................... 3 \m gt .
T N \ Y Na z
bR A
\ O Il. EXPERIMENT
04 ! A. Measurements

Nitrogen pentoxide was synthesized by dehydrating dry
nitric acid with phosphorous pentoxide, following the proce-
dure of Caesar and Goldfratfkand others2 The reaction
FIG. 1. Electron-diffraction geometry for s and the coordinate system product was distilled, V_Vlth the vapor collec_;ted_ in a stream of
used to discuss the structural analysis. The electron-diffraction geometry d?Xygen and ozone to insure complete oxidation of any, NO
McClellandet al. (Ref. 7 hase=a;=a,=30°r=1.1832) A, R=1.4924)  byproduct to NOs. Care was taken to avoid introduction of
A, y=111.816)°, and 5=133.26)". water vapor into the system since®} is rapidly converted

to nitric acid in the presence of water. The purity of the

resulting product was periodically tested using Fourier-
give a nearly planar configuration, with out of plane dihedraltransform infrared spectroscopy.
angles of~22°, compared to the electron-diffraction angles ~ The Balle—Flygare pulsed-nozzle Fourier-transform
of ~30° In addition, the density functional calculations pre- spectrometéf used in the present investigation has been de-
dict a small electric-dipole moment for the molecule of 0.1—scribed previously® To increase the sensitivity and resolu-
0.3 D, significantly less than the dielectric-constant measuretion, we follow Grabow and Stafif, and direct the nozzle
value of 1.4 D for NOs in carbon tetrachloride solvetf. pulse down the cavity axis. In this configuration each of the

Recently, Colmont, guided by the electron-diffraction transitions appears as a doublet, separated by 50-75 kHz
results, has reported the observation of the microwave spesymmetrically about the line center. In a frequency-domain
trum of N,Og using source frequency modulation with a picture these doublets occur because of the opposite Doppler
waveguide sample cell. A near rigid-rotor series of linesshifts of the two electromagnetic waves emitted parallel and
were assigned to JD; based on a fit to a Watsbh antiparallel to the direction of the molecular-beam propaga-
asymmetric-top Hamiltonian to a root-mean-square deviatiofion. In a time-domain picture, the doublets arise from the
of ~1.1 MHz, or about ten times the measurement uncermodulation of the electromagnetic field due to the motion of
tainty. Efforts were made to remove possible nitric acid im-the macroscopic dipole moment of the inhomogeneously po-
purities arising from the reaction of J®s with water, by larized molecular beam through the TE}mode pattern of
comparing the observed spectrum with a HN§pectrum the resonator. The moving macroscopic dipole moment
obtained under similar conditions. Surprisingly, no directcauses a modulation of the electromagnetic field equivalent
evidence was obtained for tunneling splittings arising fromto the splitting observed in the frequency domain.
large-amplitude motions, or fd¥¥N nuclear quadrupole hy-
perfine structure, presumably because of the Higthata
sampled(J=15).

In the present study we have examined the microwave 6.
spectrum of NOs; between 8-25 GHz at a rotational tem- 61 N #
perature of~2.5 K using the high sensitivity and high reso-
lution (~2 kHz) of a pulsed-molecular-beam Fourier- 147
transform microwave spectrometer. Definitive rotational 1t 1
assignments of the transitions are made by modeling the
J-dependent nuclear quadrupole hyperfine patterns. The
spectrum reveals two essentially equal-intensity asymmetric-
rotor-like series, each poorly fit to a Watson Hamiltonian.
The hyperfine patterns show that the two nitrogen nuclei
sample equivalent chemical environments on a time scale
faster than~1 us.

The observed nuclear-spin statistical weights require that
the equilibrium nuclear configuration of,8 has a twofold
axis of symmetry, in agreement with the electron-diffraction
results. Model dynamical calculations and new high-lekel
initio results described here, lead us to assign the two states
to two tunnelyn_g component; of@, S_ymmetry N,OE" The FIG. 2. Low-resolution survey spectrum fop® showing the thred com-
observed splittings are consistent with a tunneling pathwayonents of thek,=2—1, Q branch for theA; state. The spectrum was
corresponding to a geared internal rotation of the two,NO acquired in~45 min.
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FIG. 3. Low-resolution survey spectrum forL,® showing the 3;—2;, and
3,,—3,3 transitions for theA; state and the £—6,, impurity transition for
HNO;.

A molecular beam of BDs was formed by flowing, at a

pressure of~115 kPa, a mixture 0f~20% by volume He in
Ne over NOs solid at—20 to 0 °C throug a 1 mmdiameter

pulsed-nozzle valVé using a glass and Teflon gas manifold.
Low-resolution (0.2—-0.5 MH2 broadband survey spectra
were recorded between 8.82-9.02, 9.814-11.423, 11.500—
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spectrg are shown '_n Figs. 2_ an(_j 3, and a sgmple h'g_hflG. 5. Geometries of four conformations of,®f optimized at the
resolution spectrum is shown in Fig. 4. The main contami-QCISD/6-311G level (active coré under the symmetry constraints indi-

nant lines in the spectra are due to nitric acid originatingcated.

from the hydration reaction of the 5 with residual water
vapor in the gas-handling system.
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FIG. 4. High-resolution spectrum of thg,22;, transition for theA; state
of N,Os. The hyperfine pattern arises from the twe1 N quadrupolar

nuclei giving a resultant nitrogen nuclear spin of 1. The arrows point out th

“Doppler doublets.”

B. Ab initio calculations

Four conformations were considered computationally.
Structuresl, 2, 3 and 4 correspond approximately to the
(e, torsional coordinate valudgy,a), (0,909 or (90°,0,
(90°,909, and (0,0), respectively. These conformations be-
long to the point group€,, Cs, C,,, andC,,,, respectively
(see Fig. 5 Geometries for all four conformations were fully
optimized within the appropriate symmetry restrictions,
without constraining the O—NQmoieties to be planar. Be-
cause of the point-group restrictions, however, the optimized
geometries do not necessarily represent minima on the cor-
responding potential energy surfaces. Geometries, relative
energies, and dipole moments were determined at the
HF/6-311G, MP2/6-311G (active core, QCISD/6-311G
(active cor¢, SVWN/6-311G, BLYP/6-311G, and
Becke3LYP/6-3116. The last three are density functional
methods and were included to aid comparison with a prior
density functional study of pDs.° SVWN is local, employ-
ing Slater's exchange functionék=2/3)'° and the Vosko—
Wilk—Nusair correlation functiong® BLYP includes the
Jonlocal(gradieny corrections to the exchange and correla-
tion functionals due to Beck&and to Lee, Yang, and P&,

J. Chem. Phys., Vol. 105, No. 17, 1 November 1996



7252 Grabow et al.: Microwave spectrum of N,Og

TABLE I. Transition line centers and effective nuclear quadrupole coupling constants,@arit MHz.2°

Tk ke~ Ik, vo(A7) eQ oy eQdy vo(A1) eQd eQd
13100 9171.278 7892 0.190G23)
21-1y; 12 658.155 0641 —0.434919) —0.640616) 11 190.263 2@46) —0.440222) —0.606318)
3132 16 002.971 401 —0.597839) —0.646831) 14 736.326 5@2) —0.6031198) —0.614Q15)
414~33 19 220.199 9®7) —0.670349) —0.640454) 18 218.538 213) —0.656364) —0.635268)
51544 22 331.870 1684 —0.693337) —0.661951) 21 636.52)
616505 25 367.586 6L9) A= —0.03110)
o315 10 381.773 8®6) ~0.66317) ~0.59417) 11 186.355 1(28) —0.636411) —0.600812)
S05—414 14 604.6455) 15 069.303 23) —0.66512) —0.64913)
615555 10 961.705 2@22) ~0.50918) —0.42418)
716=624 14 382.22)
717655 11 563.11)
2021 14 957.879 8652 0.638320) —0.208919) 12 791.831 0®1) 0.630229) —0.184129)
3,,-3,, 14 466.829 (10) 0.0 —0.389654) 12 648.242 4(96) 0.0° —0.354250)
dyy4ys 13 876.9524 #5) —0.226518) —0.431716) 12 489.265 0@33) —0.244113) ~0.417111)
5,514 13 235.854 610) = +0.1250450) 12 339.551 9Q10) A= +0.099650)
6,4—65 12 597.807 812 A= +0.076842) 12 225.642 962 —0.413623) —0.466725)
Tos—Ths 12 021.017 787) = +0.065854) 12 173.439 8652) A= +0.03331)
8,6-8,, 11 563.11) 12 206.51)
9,9 12 345.879 567) A= +0.038729)

10,5109 12 611.563)

11,611 1o 13 024.211)
21~245 15 752.271 5(96) 0.635745) —0.437345) 13 357.684 4(67) 0.629231) —0.441G32)
3,-313 16 013.863 06/9) 0.0° —0.6057298) 13 757.239 6661 0.0 —0.591120)
4y—4yy 16 369.835 182 —0.247846) —0.668546) 14 288.619 0676) —0.251741) —0.6563
5,4—515 16 826.370 7(69) —0.376528) —0.700422) 14 950.469 8(64) —0.393930) —0.703728)
By5—616 17 390.775 260) A= +0.269328) 15 740.621 97685) A= +0.2556447)
Tos=T17 18 070.759 0%4) A= +0.236319) 16 655.643 (12) —0.517857) —0.737762)
8,815 17 690.478 165) A= +0.2028986)

gExperimental uncertainties are one standard deviation as determined by a least squares fit of each rotational transition to a line center and one or two
quadrupole coupling constants.

°A=eQds—eQdy-
‘Constrained in the fit.

29,30

respectively. Becke3LYRalso called B3LYRPis similar, but  GAussiaN 92DFT 2’ caussiaN 9428 andAces 1% program
also includes the HF density in a parameterized tdyis  packages!

closely related to the three-parameter functional that Becke

optimized for the thermochemistry of small molecu®¥i-  Ill. RESULTS

brational analysis(stationary point characterizatibrwas .

done only at the HF and MP2 levels. Relative energies of théA" Mlcrowave spectr'um

four conformations were also computed at thel- Rotational analysis

CCSOT)/6-311G, frozen-core CCS[N)/6-311G, and The observed transitions for,N5 corrected for hyper-
frozen-core CCSIN)/6-311+G* levels, in all these cases fine splittings are listed in Table I. A complete set of the
using the QCISD/6-311Ggeometries. measured transitions which include the frequencies of the

The electric-field gradient was computed at the nitrogerindividual hyperfine components is available from PABS.
nuclei at the QCISD//QCISD/6-311Qevel. To calibrate the Two sets of essentially equal intensitytype asymmetric-
accuracy of these results, the analogous calculation was dometor-like transitions are observed, assigned to two internal-
for nitric acid (HNO,), for which experimental results are rotor/tunneling states of the molecule, denotgdandA; in
available?® Further test calculations on HNQusing lower the table. Since collisional relaxation is allowed between the
levels of theory and both larger and smaller basis setdwo tunneling states, the nearly equal intensity of the two
showed that the orientation of the principal axes of the fieldsets of transitions indicates that the energy difference be-
gradient tensor is insensitive to these computational detailsyween the two states must be small compared to the
as has been found previough. molecular-beam temperature 2.5 K=52 GHz. The large

The d-type polarization functions were used in sphericalnumber of other internal-rotor states possible for a system
form (5D) for all calculations except the QCISD geometry with two tops are not observed, either because they are not
optimizations and electric-field gradients, in which case softpopulated due to the cold molecular-beam temperature, or
ware restrictions required the Cartesian for®D). All because they cannot exist due to the Bose—Einstein statistics
electrons were active in correlated calculations unlessf the spin-zero oxygen nuclei being interchanged by the
otherwise indicated. Computations were done using thénternal rotation. Transitions are observed for thg=2-1

J. Chem. Phys., Vol. 105, No. 17, 1 November 1996
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and 1-0 subbands of the two states,fdevels up to 11. No H=Hu+Ho(l1,9)+Ho(l5,9), )
evidence was found for transitions between the two states
- . Where
presumably because these transitions are either too weak or
forbidden. We note that the “permanenb*type dipole mo- Ha(l. )= (eQy);
ment component itself must be small, less thad.5 D, as ol )= 21;(21,—1)3(23-1)
estimated by the amount of power needed to create#2a » 3 219
polarizing pulse. X[3(1j-3)=+3(1;-3) = 17JI7]. ()

Attempts to fit the rotational series of either of the Here H,, is the rotation—internal-rotation Hamiltoniah,is
internal-rotor/tunneling states to a Watsbrasymmetric-  the nuclear-spin angular momentum of théh nitrogen
rotor Hamiltonian proved unsuccessful. Because the hypehycleus, and€Qq;); is the coupling constant of thi¢h ni-
fine analysis discussed below definitively establishesJthe trogen nucleus and is a characteristic of a particular rotation—
andK, quantum numbers of the transitions, it is improbableinternal-rotation state. Because the two nitrogen nuclei
that misassigned transitions are responsible for our inabilitgre equivalent, only the average of theeQq); ,
to fit the transitions to an asymmetric-rotor Hamiltonian.(qu])avez[(qu])l+(qu])z]/z, is determined for a par-
More likely, the rotational progressions are strongly affectedicular rotation-internal-rotation state. The eigenvaluesiof
by the internal rotation of the NOgroups. In the high are evaluated in the energy representatioHgf with the
internal-rotation-barrier limit, the rotational transitions of the quadrupole interaction treated by first-order perturbation
two observed internal states for the same set of rotationaheory in this basis. In the initial analysis of the hyperfine
quantum numbers will converge to the same frequencyinteractions, no explicit knowledge i, is required; each
However, we observe large splittings of the rotational tranppserved transition is fit to a hyperfine-free line center and
sitions. For instance, thg 2-1y, transitions for the two states two average quadrupole coupling constan&sQ ) ,e, Onhe
are separated by 1.5 GHz, while the 2—2,, transitions are  for the upper state and the other for the lower state. The
separated by-2.4 GHz. (eQq) .ve Were scaled by (2+3)/J for J#0 to remove the

If we apply a rigid asymmetric rotor analysis and assumej dependence from the constants. The resulting effective av-
that the 2,—1, transition occurs af+3C and the 2:-21,  erage coupling constants for each st&€q. are listed in
transition occurs at &-C), we find that theA andC rota-  Table | next to the hypothetical hyperfine-free line centers.
tional constants are approximately 7103 and 1852 MHz for  The eQaqy for the 1y, 111, Lo, 240, 241, and 2, states
the A; state and 6137 and 1684 MHz for thg state. The are related to the components of the quadrupole coupling
effect of nonrigidity is seen by noting that theSeandC  tensor along the principal inertial axesQq,,, eQq,,, and
values for theA; state predict the 10y transition at eQq., averaged over the two nuclear environments. For the
~8955 MHz(i.e., A+C) compared to the observed value of 1, 1,,, 1,0, 2;,, 2,;, and 2, states theeQq. are equal to
9171 MHz. The apparer rotational constants for the two —eQq,,, —€Qgq,,, —€Q0.c, €Q0.c, €QGp, andeQa,,
states are also significantly different. TKe=0 combination  respectively, independent of the asymmetry parameter,
differences from th&,=1-0 subband yield an approximate This approximation breaks down if the two internal-rotor/
(B+C)/2 value for theA; state of 1894 MHz, correspond- tunneling states are interacting with each other or with other
ing to aB value of ~1936 MHz, and an approximateB(  states through Coriolis interactions, since, for example, a
+C)/2 value for theA; state of 1855 MHz, corresponding state which correlates with glstate may now be an admix-
to aB value of ~2026 MHz. ture of 1, and 1, character due to b-type Coriolis inter-
action operating between the two tunneling states. From an
analysis of the hyperfine structure of transitions involving
the 1, 111, Lo, 240, 244, and 2, states we obtain

The =1, **N quadrupole hyperfine structure allows de- eQq,,=0.629154) MHz, eQq,,=—0.194859) MHz, and
finitive assignments of thé andK, quantum numbers to the eQq..=—0.434380) MHz. For an unperturbed vibrational
transitions and provides information about the geometry obr internal-rotor/tunneling stateQq,,+eQq,,+eQq..=0,
the molecule. The observed quadrupole hyperfine structure for eQgq; determined in this manner. Equivalently, the
characteristic of two equivalent quadrupolar nuclei, demoneQaq. for all the K, K, components of a gived sum to zero
strating that NOs; has two different nuclear-spin modifica- within a tunneling or vibrational state. Both of these condi-
tions. For both internal-rotor/tunneling states, rotationaltions are violated by the coupling constants listed in Tables I.
states withK,+K_ even have a resultant nitrogen nuclearFor J=2 of the A state, theeQau's sum to —0.017865)
spin of 1y=0,2, while rotational states witl,+K. odd = MHz, while for theA; state they sum to 0.03{%8) MHz. If
havely=1. This fact implies that in the high-barrier limit we add these sums for the two internal-rotor states, we obtain
when the two tunneling states become degenerate, states wehvalue of 0.01387) MHz, which is effectively zero for an
K,+K. even andK,+K_. odd will have different nuclear uncertainty of two standard deviations. This result suggests
spins. The presence of two different spin modifications in thehat the two internal-rotor states are interacting via Coriolis
high-barrier limit requires that the equilibrium configuration interactions, redistributing the quadrupole coupling constant
of the molecule has a twofold axis of symmetry. components between them.

For each transition, the hyperfine patterns were fit to the  In addition to guiding the rotational assignment, s
frequencies calculated from the energy-level expresdion  quadrupole hyperfine structure provides precise structural in-

2. Hyperfine analysis

J. Chem. Phys., Vol. 105, No. 17, 1 November 1996



7254 Grabow et al.: Microwave spectrum of N,Og

formation on NOs. To obtain this information, we first as- 1y#0 ug*0 1= 0

sume that the electric-field-gradient tensors at the two nitro-

gen nuclei are similar to that found in HNOADb initio 10f edqaa "I 7 TeQgaa | SQ'qaa JZNON  Obs.

calculations presented in the next section support this as- e
elqaa

sumption. Making this approximation allows us to calculate 120,57
the components of the electric field gradient, and thus of the 051 eQqce 1 110.0°
guadrupole coupling constant, along the principal inertial £
axis system of DOy by projecting the quadrupole tensor of §:=o.o -
the individual NQ groups onto the inertial frame. These pro- &
jections are principally a function of the NCQtorsional ¢
angles,«; anda,, and the NON valence anglg, defined in
Fig. 1. Because experimentally we observe that the two ni-
trogen nuclear environments are dynamically equivalent, we 10 | ™S~ | |
average the projections of the two B@roups before com- 0 20 40 60 80 100 120 140 160 180
paring with experiment. The angleg and«, are referenced
to the planar configuration, whew =0 and a,=0. a;=a,
corresponds to &, symmetry structure,a;=180°-a,,
=0, 4,=90°, ande;=90°, a,=0 correspond t&s Sym-  FiG. 6. Plot of calculatectQay,, €Qay,, and Qg as a function of
metry structures, and,=a,=90° corresponds to @,, Sym- torsion anglea=a;=a, for three values for the NON angle, using the
metry structure. We assume that the two g\lg)oups are Mmodel discussed in the text. The experimental vglues_ for the_ coupling con-
planar and equivalent and fix the NO bond lengths and NORTES o SEiet 2 T8 Uie (O Etly o e elettion fules.
angles at the electron-diffraction values:=1.1832) A, change fromb type toc type. The best agreement between the calculated
R=1.4924) A, and 8=133.26)°. Essentially identical re- and observed values occurs fer41° andy 120.5°.
sults are obtained if we use tla initio values forr, R, and
B, presented below.

The principal axes of the quadrupole coupling tensors of
the two nitrogen nuclei are approximated by placing anab initio calculations discussed below, we examine the pre-
(x,y,2) axis systems on each of the two pl@roups with the  dicted quadrupole coupling constants for three types of struc-
z-axes fixed normal to the Nplanes and the axes fixed tures: aC, configuration witha=a;=a,, a C,, structure
along the NO bonds which form the NON backbone. Forwith a=a;=a,=0 or 90°, and aC, structure witha;=0,
HNO;, Albinus et al?® have found this to be an accurate a,=90°, or equivalentlya;=90°, a,=0. The results for pos-
representation of the orientation of the principal-axis systemsible C, and C,, configurations are shown in Fig. 6, where
thex axis of the principal-axis system of HN@s rotated by  we plot calculated values for the quadrupole coupling con-
only 1.1° from the unique NO bond axis. Oab initio cal-  stants,eQq,,, €eQq,,, andeQq.., as a function ofa for
culations discussed later support the assumption that thithree values of theN\—O—N angle, y=110.0°, 120.5°, and
principal-axis system of the electric-field gradient tensor 0f130.0°. Recall for the electron-diffraction results
N,Os has one component along the NO bond of the NONy=111.86)° and for theab initio calculationsy=103°—
backbone and distorts minimally with changes in the internall23°, depending on level of theory and valueswfand «,.
rotation angle. Thus for JOg we approximate the two quad- The solid horizontal lines give the three experimental values
rupole coupling tensors byeQq,,=—-0.070 MHz, for the coupling constant§eQq,,=0.629154) MHZ,
eQq=+1.103 MHz, andeQq,,=—1.033 MHz, the prin- eQq,,=—0.194859) MHz, and eQq,=—0.434380)
cipal axis system components of HNE MHz], taken by averaging the relevant results in Table I. The

Guided in part by the electron diffraction results and thetwo solid vertical lines in the figure show the values wof

eQqp,

05 eQqce

o/ degrees

TABLE II. Estimated quadrupole coupling constants for various geometries©f M MHz.

o a ZNON Qi eQ0yp eQa
0° 0° 110° 0.4003 —0.3303 —0.0700
120° 0.5690 —0.4990 —0.0700
130° 0.7215 —0.6515 —0.0700
0° 90° 110° 0.5091 0.0424 —0.5515
120° 0.6504 —0.0989 —0.5515
130° 0.7790 —0.2275 —0.5515
90° 90° 110° 0.7171 —1.0330 0.3159
120° 0.8097 —1.0330 0.2233
130° 0.8935 —1.0330 0.1395
Experiment 0.629b4) —0.194859) —0.434380)
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TABLE Ill. Computed and experimental geometries and dipole momgytéor conformationsl—4 of N,Os (C,, Cs, C,,, andC,, symmetry, respectively
with all electrons active and the 6-311®asis set. Terminal dihedral angli@é—O—N-O are denoted by the symbal Other parameters are defined in Fig.
1. For conformatiori, the average angles,=a,=a=(7,+180°+1,)/2.

B3LYP QCISD
Parameter 1 2 3 4 1 2 3 4 Expt?
R, (A) 1.568 1.493
1.513 1.531 1.525 1.470 1.485 1.485 1.498
Ry (A) 1.460 1.447
r, (A) 1.182 1.188
1.188 1.185 1.192 1.187
r, (A) 1.198 1.196
1.188 1.191 1.188
r, (R) 1.182 1.188
1.199 1.186 1.188 1.188
r3 (A) 1.190 1.187
Ba ) 134.9 133.5
133.8 133.3 133.5 132.9 132.6 132.9 133.2
By (©) 132.2 132.5
v (©) 115.3 110.1 107.3 120.9 111.6 109.1 105.9 120.6 111.8
7 (°) 91.5 91.5
30.7 91.2 0.0 38.6 91.1 0.0 ~30°
75 (°) 0.0 0.0
7, (°) -91.5 -91.5
—-151.3 -91.2 180.0 —145.0 -91.1 180.0 ~—150
73 (°) 180.0 180.0
o (%) 90.0 90.0
29.7 90.0 0.0 36.8 90.0 0.0 ~30
a, (°) 0.0 0.0
u (D)° 0.03 0.78 0.03 0.25 0.24 0.43 0.21 0.17 1.39

aGeometry(conformationl) from Ref. 7 and dipole momeriin CCl, solution from Ref. 10.
PLocal C,, symmetry was assumed in Ref. 7.
©1D=3.3357 10" C m.

(47x1° and 133-1°) where theb andc inertial axes switch listed; the results from the HF, SVWN, BLYP, and MP2
for the N—O—Nangles considered. Theandc axis switch-  calculations may be obtained directly from the authors. Fig-
ing arises due to the definition of rotational constants whichyre 5 shows the optimized geometries for structured at
requires tha>B>C, and leads to a flipping of the selec- oyr highest level of theoryQCISD). The deviation from

tirf)nf'rules frﬁmb—tlyp? ('“gio) tc(j) ¢ tylpe (“077,0)' AS Seen N hanarity of the O—NQ@groups, defined as the supplement of
the figure, the calculated quadrupole coupling constants ar€Re dihedral angle between terminal oxygen atoms, is 3.6°,

sensitive function ofx. The best agreement with experiment 3.0° (for the out-of-plane group2.2°, and 0%by symmetry

is obtained fore=41° andy=120.5° with 1r uncertainties velv. Th d relati
of less than 1° on each angle. These choices of angles pred?((g’tr structuresl—4, respectively. The computed relative ener-

b-type selection rules, as observed experimentally. gies, without any corrections for vibrational zero-point en-
Only the C, configuration discussed above is consistentergy, are collected in Table IV. The numbers of imaginary
with the observed quadrupole coupling constants. This igibrational frequencies obtained for structur@s2,3,9 are
seen in Fig. 6 where we give calculate@qs for the two  (1,0,2,2 and (0,0,2,2 at the HF/6-3116 and MP2/6-3116
possibleC,, configurationga=0 or «=90°) and in Table Il  levels, respectively. For structuie(C, symmetry, which is
where we compare these configurations with@econfigu-  the one determined experimentallythe computed vibra-
ration (a; =0, &,=90° or a;=90°, a,=0). The experimental tjonal frequencies and infrared intensities are listed in Table
results are clearly inconsistent withCy, or C; geometry for /.
the molecule. In particular, for th€g configuration the cal-
culated value foeQq,. is —0.5515 MHz, independent o,
and differs significantly from the observed value of
—0.434380) MHz.

Electric field gradients at the nitrogen nuclei were char-
acterized by the angle formed between the chemically unique
N-O bond and the nearest principal axis of the electric-field
gradient tensor. For HNQ the computed angle is 0.3°, in-
dicating that the N—Qbond lies along a principal axis of the
B. Ab initio calculations electric-field gradient tensor. This value compares favorably

The computed geometries and dipole moments for strucwith the experimental angle of 1.1°For N,Os, the com-
tures1-4 are summarized in Table lll. For conciseness, onlyputed angles are 7.2°, 1.3°, 2.4°, and 4.2° for structiirek
the results from the B3LYP and QCISD calculations arerespectively.
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TABLE IV. Computed relative energies in c¢rhfor conformationsl—4. TABLE V. Computed vibrational frequencies in ¢thand infrared intensi-
The 6-311G basis set was used and all electrons were active in correlateties in km/mol for conformatiorl (C, symmetry of N,Os. The HF and
calculations, except as noted. MP2 frequencies have been scaled by 0.90 and 0.95, respectively.

Relative energy of conformation HF/6-311G MP2/6-311G
Calculation 1 2 3 4 Symm. Freq. Int. Freq. Int.

HF 0.0 —28.6 2751.4 1508.2 A 1801 681.8 1879 182.8

MP2 0.0 —-82.4 2242.7 583.5 A 1451 82.3 1303 48.5

SVWN 0.0 265.5 3360.5 174.0 A 974 17.0 822 45.0

BLYP 0.0 288.5 2630.3 81.7 A 879 12.7 767 1.1
B3LYP 0.0 120.4 2484.7 380.1 A 712 7.4 631 2.3
QCISD 0.0 —-8.2 2312.4 1065.4 A 461 0.5 347 3.3
ccsoT)? 0.0 —35.6 2188.9 868.4 A 247 2.4 213 0.3
val-CCSOT)?P 0.0 -29.2 2172.9 863.8 A 81 0.8 64 0.3
vaI—CCSIZ(T)a’b’C 0.0 154.5 2400.7 1176.0 B 1757 1005.6 1861 178.8
B 1344 381.4 1224 289.5

@Using the QCISD/6-311&geometry. B 893 709.7 719 217.3
bFrozen-core; only valence electrons correlated. B 787 90.6 690 30.0
‘Using the 6-31%G* basis set. B 767 17.4 519 233.2
B 528 22.1 226 574.6

B 7i 0.8 18 13.8

C. Internal-rotation theory tunneling NOg with a C, minimum, such as found in the

In the present section we present a dynamical modetlectron diffraction and hyperfine analysis, each rotation—
which allows the calculation of the rotational-tunneling spec-vibration state is eightfold degenerate, corresponding to the
trum of N,Og for a given structure and torsional potential. eight configurations pictured in Fig. 7. Tunneling between
We start with a group theoretical discussion ofQy using  the eight minima lifts the eightfold degeneracy. Starting from
the molecular-symmetry group of Longuet—HiggifisA a single reference configuration, four of the minima are
model Hamiltonian is developed which treats all the internalsampled by a geared rotation of the two N@oups about
modes as rigid except for the two M@orsions. Diagonal- their C, axes as pictured in Fig. 8. An antigeared inversion
ization of the associated Hamiltonian matrix is facilitated byof each of these configurations through either a planar or
using symmeterized basis functions to factor the matrix. AsonplanarC,, transition state, also shown in Fig. 8, allows
shown below, the resulting calculations give insight into theaccess to the other four minima. The vibrational wave func-
nature of the two internal-rotor/tunneling states observed fotions for the eight configurations generates an eight-
N,Os. dimensional reducible representation o0fG,; as

Allowing internal-rotation of the two N@groups, the A ®A] ®BJ®B; ®E"®E~. Thus tunneling between all
most general molecular symmetry group foyQy is Gi5.  the eight configurations of Fig. 7 will split th&=0 vibra-
This group has been previously applied to help interpret théional state into six tunneling sublevels Af , A], B;, B;,
large-amplitude motions observed in the water difiefhe  E*, andE~ symmetry.
character table fo6 4 is shown in Table VF® where the The qualitative effects of tunneling between the eight
permutation-inversion operations use the numbering of theninimum can be gleaned by constructing a tunneling Hamil-
nuclei as given in Fig. 1. For a noninternally rotating or tonian matrix for aJ=0 N,Os

TABLE VI. Character table for th&,5 molecular symmetry group used fon®%.

(12 (ab)(14)(23) (ab)(1324 (12* (ab)(14)(23)* (ab)(1324*
E (12)(39) (34 (ab)(13)(29) (ab)(1423 E* (12)(34)* (34)* (ab)(13)(24)* (ab)(1423*
A 1 1 1 1 1 1 1 1 1 1
AF 1 1 -1 -1 1 1 1 -1 -1 1
BY 1 1 1 -1 -1 1 1 1 -1 -1
By 1 1 -1 1 -1 1 1 -1 1 -1
E* 2 -2 0 0 0 2 -2 0 0 0
AT 1 1 1 1 1 -1 -1 -1 -1 -1
A 1 1 -1 -1 1 -1 -1 1 1 -1
By 1 1 1 -1 -1 -1 -1 -1 1 1
B, 1 1 -1 1 -1 -1 -1 1 -1 1
E” 2 -2 0 0 0 -2 2 0 0 0
J. Chem. Phys., Vol. 105, No. 17, 1 November 1996
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b1 b2 b3 b4 ¢s be b7 bs

6 Eo I 0 —ln —lh) —Inl —lny] —|h|T

o ~Ih) Eo —Ihgd O —In| —Ih —Ih] —Ihy|

45 0 —Ih) E —ln Il —Ih] —Ih] —In

g —In O —Ih] Eo —Inl —Ih] —Ih] —|n,

g —Ih —Ih| —Ih] —In] Es  —lh) O  —|ngl|’ ®
gl Il —Iha —Inl —Ih —Ihg  Eo —lh O

| —Ih) —Ih] —Ihd —Inl O —lh Ep —|ng

¢8_ _|hi| _|hp| _|hi| _|hn| _|hg| 0 _|hg| E0 d

where ¢,—¢g are the vibrational wave functions for the eight different configurations of Fighf,is a tunneling matrix
element describing the coupling between nearest neighbor minima for the geared internal |1cbt§ti'rsnthe corresponding
matrix element for the antigeared inversion through a planar transitions $tgtes the tunneling matrix element for the
antigeared inversion through a nonplar@y, transition state, ang¢h;| is a tunneling matrix element for the independent
rotation of one of the N@groups by 180°. The coefficients of these matrix elements are negative to insure that the totally
symmetric state is lowest in energy. The eigenvalues and eigenvectors resulting from diagonalization of the matrix are

Al ($1+ dot 3t dat dst do+ dr+ dg)/ B Eo—2|hg|—[hy|—[hy|—2|hy]
AL (p1— ot b3~ du— dst do— 7+ bp)l /8 Eo+2|hg|+[hy| +|hy| — 2]y
By (1ot da— dat ds— dot b7~ bg)/\8  Eg+2|hg| —|hy[—[hp|+2]hy]
By (@1t ot dat da— ds— o= b7~ bg)/\B  Eo—2[hg|+|hy|+[hy|+2[hy| @
E™ (h1—bat dr—ds)/ V4 Eo— [N +|hyl ’
(2= at dg— o)\ Eo—|hnl +|hyl
E™ (¢1—dba— byt ¢s)/ V4 Eo+|hn| —|hyl
(2= a— bgt d6)/\4 Eo+ |hnl —|hyl

whereE, is the zero of energy for the degenerate nontunnelobserved states while still having the molecular dynamics
ing vibrational states. Figure 9 shows the predicted energgescribed by th&, molecular symmetry group requirt®
level diagram for the £ state under the assumption that the oxygen substitutior{l =5/2) on all the oxygens of the NO
tunneling matrix elements have the size ordergroups. The cost of such an experiment is prohibitive in our
2[hg|>|hp|>]hy|>2|hy]. case.

For the dominant isotopomét*N,%0;) the total wave The group theory allows us to construct a symmeterized
function must be ofA; or A] symmetry inG,4. Since the basis set for discussing the dynamics ofQl. Neglecting
nuclear-spin functions transform a#Ap®3B;, only rovi-  the small amplitude coordinates, an appropriate coordinate
bronic states oA}, A7, B], andB; symmetry are allowed. system for describing the rotation—internal rotation dynamics
TheA7 states have a statistical weight of@rresponding to  of N,Os consists of the three Euler anglég,x)*° relating
a resultant N nuclear spin 6f=0,2) and theB; states have the body-fixed and space-fixed Cartesian coordinate systems
a statistical weight of 3resultant N nuclear spin dfy=1). and the two internal-rotation angles; and a, (see Fig. 1
The electric dipole moment operator transformsAas giv-  We fix the right-handed body-fixed axis system so thatythe
ing Ay A, A; A, BB, B;«B;,andE"«—E*  axis is normal to the ~O-N, plane, thex axis bisects the
selection rules on the rovibronic species. N,—O—N, angle with the positivex direction pointing from

The large number of vanishing states ipQy is a con-  the N's to the O, and the axis is parallel to a line connect-
sequence of the spin-zero oxygen nuclei, which allow onlying N, to N,, with the positivez direction pointing from N
rovibronic species which are symmetric with respect to in-to N, .
terchange of the equivalent oxygen nuclei. In the case of In Table VII we show the transformation properties of
15N,05 (which was not studied in the present investigation the Euler and internal-rotation angles under the effects of the
the total wave function must be d@; or B symmetry. operations of the molecular-symmetry group. Also given are
Again, the allowed rovibronic states ha#g , A;, Bf , and  the equivalent rotations of Bunk&rfor each operation. From
B; symmetry, however, for spin-1/2N the A] states have the transformation properties of the Euler angles, or similarly
a statistical weight of 11,=0) and theB; states have a from the equivalent rotations, we can determine the symme-
statistical weight of 3(Iy=1). To increase the number of try properties of the rotational wave functions specifying the
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FIG. 7. The eight configurations responsible for the eightfold structural
degeneracy of a nontunneling/noninternally rotatingdN The vibrational
wave functions for the eight configurations are denafedhrough¢g. The
even-numbered oxygen nuclei are labeled with asterisks for clarity.

* *
Oy O 03

) *
/“}_0‘?7/ <o —“O"‘\
0 *0 0

Anti-Geared Non-Planar Tunneling Pathway

FIG. 8. Possible tunneling pathways for oxygen interchange,@sNThe
bridging O is furthest away from the reader. The even-numbered oxygen (ab)(1423* T—ay 2m—ay

nuclei are labeled with an asterisks for clarity.

&1

=

00

e

2hg  h, ho 2h

FIG. 9. Qualitative energy level diagram fér=0 N,Os showing the lifting

of the eightfold structural degeneracy of the rigid molecule through internal-
rotation tunneling of the oxygen nuclei. Thes are tunneling matrix ele-
ments and are defined in the text.

relative orientation of thex,y,z) body-fixed axis system to
the space-fixed axis system. Forl'arepresentatiott the
Wang symmetric-rotor functioihave the symmetriea;

Bi, A7, andB] for the|K K )=|e€), |eo), |oo), and|oe)
states, respectively, wheesando refer to the limitingk, or

K. quantum number being even or odd. Similarly, using the
transformation properties of the internal-rotation angles we
can use projection operators to construct symmeterized
internal-rotation wave functions from an unsymmeterized
basis set consisting of products of @in;) or cognea;) with
sin(ma,) or co§ma,) wheren,m are integers. These sym-
meterized internal rotor functions are listed in Table VIII.
Products of the symmeterized internal-rotor functions and
the Wang symmetric rotor functions are used as basis func-

TABLE VII. Equivalent rotations and effects of symmetry operations on
internal rotation and Euler angles fon®%.

E a a, [% [ X RO
(12)(34) a+T aptm 6 ¢ X R
(12 atm a, 0 1) X RO
(39 a at 0 b X RO
(ab)(14)(23 a a 6 ¢+tm 2m—x R
(ab)(13)(29) ayt+ar atm ™60 ¢tm 2m—x Ry
(ab)(1423 ayt+ar a 60 ¢tm 2m—x Ry
(ab)(1329 a, atm ™6 ¢tm 2m—x R
E* 27—y 2m—a, w—0 $tm T—) RY
(12)(34)* Ty Ty ™6 Jtm m—x RY
(12* ey 2m—a, w60 ¢+m w—x Ry
(34* 2m—a, Ty ™60 Itm m—x RY
(ab)(14(23* 27—a, 27—, 0 b X+ R7
(ab)(13)(24* 7, Ty 0 ) x+m R7
(ab)(1324* 2m—a, T 0 ) x+m Ry

( 0 ¢ x+m  R7
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TABLE VIII. Symmetrized internal-rotor basis functions for,G®%.2°

Al
A
Bf
Bi
AZ
A
B;
B;
Ef
E;
E:

Ex

cogna;)cogMa,)+cogna,)codma;,)
sin(na,)sin(ma,) +sin(na,)sin(ma;)
sin(naq)cogma,)+sin(na,)codma;)
cognay)sin(ma,) +cogna,)sin(ma;)
cogna,;)cogmMa,)—cogna,)codma;,)
sin(nay)sin(Ma,) —sin(na,)sin(Ma;)
sin(na;)cogma,) —sin(na,)codma;)
cognaq)sin(ma,) —cogna,)sin(ma;)
cogna;)cogMa,)—cogna,)cogma;,)
sin(na4)sin(ma,) —sin(na,)sinima;)
sin(na)cogma,) —sin(na,)cogma;)
cognay)sin(ma,) —cogna,)sin(ma;)
cogna;)cogMa,)+cogna,)codme;,)
sin(na,)sin(ma,) +sin(na)sinima;)
sin(na)cogma,) +sin(na,)codma;)
cognay)sin(ma,)+cogna,)sin(ma;)
cogna,;)cogmMa,)+cogna,)codma;,)
sin(na)sin(Ma,) +sin(Na,)sinima;)
cogna,;)cogma,)—cogna,)codma;,)
sin(nay)sin(Ma,) —sin(na,)sin(Ma;)
sin(na;)cogma,)+sin(na,)codma;)
cognay)sin(ma,) +cogna,)sin(ma;)
sin(na;)cogma,) —sin(na,)codma;)
cognay)sin(ma,) —cogna,)sin(ma;)

n=m=0 n even,m even
n=m=2 n even,m even
n>m=0 n even,m even
n=m=2 n even,m even
n>m=0 n even,m even
n>m=2 n even,m even
n>m=0 n even,m even
n=m=2 n even,m even
n>m=1 n odd, m odd
n>m=1 n odd, m odd
n>m=1 n odd, m odd
n=m=1 n odd, m odd
n=m=1 n odd, m odd
n=m=1 n odd, m odd
n>m=1 n odd, m odd
n=m=1 n odd, m odd
n=1m=0 n odd, m even
n=1m=2 n odd, m even
n=1m=0 n odd, m even
n=1m=2 n odd, m even
n=1m=0 n odd, m even
n=1m=2 n odd, m even
n=1m=0 n odd, m even
n=1m=2 n odd, m even

8Functions are not normalized.
PThe subscripts on thE species are not symmetry labels but refer to the two sets of functions which make up
the degeneratE species.

tions for diagonalizing the rotation—internal rotation Hamil-

tonian of N,Os.

To construct the Hamiltonian operator for® we first
express the space-fixed Cartesian coordinates of each atomvifhere the elements o;fff:(Px,Py,PZ,PJr ,P_) are the
terms of (6,¢,x,a;,@,) and the fixed bond angles and bond generalized momenta associated with the angular velocities
lengths (R,r,y,8) to obtain a kinetic energy expression in of ™, and u is the inverse inertia tensor, the elements of
terms of the Euler and internal-rotation angles and their vewhich are functions ofy; and a.
locities. After ignoring terms associated with translation of
the center of mass we obtain the following expression for theal Hamiltonian to the quantum mechanical operator we ob-

classical kinetic energy:

2T =i+ ol + 1,05+ 2l o0+ 2l oo,

+21 o,0,+ o @ +af )+ V2o ,w,a

—\/2|07\wad+ )

(5

wherel;; (i,j=X,y,z) are the components of the total iner-
tial tensor of the molecule and are functionsa@fand «,, w;
(i=x,y,z) are the angular velocities about thth axis, | is
the moment of inertia of an NOgroup about itsC, axes,
\=c0gy/2) and \,=sin(y/2) are the direction cosines be-
tween the N@ top C, axes and the« and z axes, respec-
tively, a, =(a;+a,)/v2 and a_=(a;— a,)/v2. Because
of our choice of the inertial framey., couples only withw,

and a_ couples only withw, .

In the spirit of Hougen, Bunker, Johtisand others, Eq.

(5) can be rewritten as

2T=0w"lw,

(6)

2T=p" up, @

Using standard procedurés®for converting the classi-

tain the following rotation—internal-rotation Hamiltonian for
N,Os:

H=2 3PiuijPj+ Vel @y, az) +V(ay,az), ®)

where the summation runs over the five momehtg; is a
small effective potential arising from the transformation of
the kinetic-energy operator to quantum mechanical f&tm,
andV is the internal-rotation potential. Sind& is expected

to be negligible compared td we will ignore its contribu-
tions toH in the present discussion. The symmetries of the
various operators dfl are summarized in Table IX.

The Hamiltonian matrix oH is set up in the symmeter-
ized rotation—internal-rotation basis. The evaluation of the
matrix elements containing the; components o¥ is sim-
plified by expanding each of these operators in the basis

where | is a 5 dimensional generalized inertia tensor andfunctions of the correct symmetry. In our initial calculation
o =(w, ,Wy,W,, @ ,a_) iS arow vector and is its trans-
pose. Expressing in terms of momenta we have

of the rotation—tunneling levels we follow McClellaed al.”
and choose a trial potential of the form
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TABLE IX. Symmetries of various operators @e. any direct measure of th&=0 tunneling splitting and be-
cause the vanishing statistical weights for many of the states
Angular momentum operators . . .
p p p P, P prevents their observation. Alternatively, we have used the
A; le By Ay By ab initio calculations to model the general features of the
tunneling potential for BOg. Theab initio calculations indi-
cate that the configurations wherey,=a,=0 and

wij matrix elements
i\] X y z + -

X Af By B} Al B} a;=a,=90° correspond to high energy maxima on the

y A Al By Al internal-rotation potential. The lowest energy extrema on the

z Al Bl AL potential energy surface correspondatg=0 anda,=90° or

+ Al By a;=90° anda,=0 and theC, configuration observed experi-

- Al mentally. Theab initio calculations suggest that the most
reasonable tunneling motion for interchanging the bonding
roles of the two NQ groups is the geared pathway of Fig. 8.
A two dimensional potential energy surface which qualita-

V(agay)= \% (2 COS v, — COS Zr,) tively represents these features is given by
V(ay,az)=— Vgearedcos{z(az_ ai)]
+ UOE (ro /rij )n’ (9) + Vantigearegé[lisinz(a2+al)]

where the first term allows for electronic contributions to the *+ Viineal COS Zv; +COS Zv,), (10
potential due to coupling of the two N@roups through the \where thevgearedterm characterizes the barrier @t=0 and
NON frame and the second term mimics the van der Waalg,=90° (or a; =90° anda,=0), theV anigearederm forces the
repulsions of the O atoms between the twoNf@oups, with  NO, groups to move preferentially in a geared motion, and
ri; being the separation of théh andjth O nuclei of the two v/, ... is necessary to allow the potential minimum to move
NO, units. The electron-diffraction potential of McClelland away from ana;=a,=45° configuration.
et al” hasV,=66584) cm*, Uy=35 cm *, r,=2.8 A, and The qualitative features of the spectrum are only repro-
n=12. duced by having very small barriefs:~10 cm %) hindering

Initial dynamical calculations were undertaken on thethe geared internal rotation of the two B@roups. For ex-
el_ectron-diffrac_tion potential_ to compare predictions fromample, if we use values M geared Vantigeared S ANAV gy, Of
this surface with the experimental results. Because of the, 120 cm?, 2, and—40 cm !, which gives a barrier of-7
anisotropy of this potential, the basis-set expansion requiresm ! to geared internal rotation, we calculate large splittings
internal rotor states with andm as large as 24 for the basis of the transitions(2.0 GHz for the two 1,—0Qy lines, 1.3
functions shown in Table VIII, leading to diagonalization of GHz for the 20—14; lines, and 3.7 GHz for the,2-1,, lines)
matrices as large as 48481 forJ=1. The results from the for the two tunneling states, of the same order of magnitude
calculations show that the electron-diffraction potential isas the experimental observations. In addition, this potential
much too anisotropic and favors a tunneling pathway whicthas a minimum aty =a,=41°, as expected from the quad-
is inconsistent with experiment. The predicted tunnelingrupo|e hyperfine analysis, and no other low lying tunneling
splittings for theA; andA; are less than 100 kHz and es- states are predicted to be observable experimentally, in
sentially identical rotational constants are calculated for thexgreement with the detection of only one pair of tunneling
two states(A=7019 MHz,B=2032 MHz,C=1779 MH2.  states.
The zero-statistical-weighf,=0, B; andB, states are also
degenerate with each other, as are the zero-wekghtand
E~ states. TheB; and B, pair are separated from the]
andA; pair by 8 MHz, with theE™ andE~ states falling in The microwave spectrum of J@; is consistent with the
between. Experimentally, we observe that thge and A;  earlier electron-diffraction resuftsvhich determined &C,
transitions are split in some cases by more than 2 GHz, sugsymmetry structure for the molecule. The present microwave
gesting that the tunneling splittings are more on the order o&dndab initio calculations further demonstrate thay@®§ has
GHz than kHz. The dominant electron-diffraction tunnelinga large-amplitude motion corresponding to the geared rota-
pathway, splits theA; andB; species symmetrically from tion of the two NQ groups about their twofold axes. The
the E* species, and mimics the independent internal rotatioiack of any direct measurement of the tunneling splitting
of one of the two NQ groups by 180° about it€, axis, associated with this motion makes it difficult to precisely
corresponding to the tunneling matrix elemépof Egs.(3) determine the barrier, however, our model simulations sug-
and (4). gest that the barrier is on the order of 10 Cmsignificantly

We have attempted to vary the potential parameters o$maller than the electron-diffraction value 6200 cmi 1.” A
the electron-diffraction potential to obtain results which arepossible source of error in the electron-diffraction analysis
more consistent with experiment. This process turns out tonay be due to the lack of correction for background nitric
be difficult because the spectroscopic data is only weakhacid impurity, which was found to be a dominant impurity in
sensitive to the potential barrier heights due to the lack othe present experiments.

IV. DISCUSSION
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The small magnitude of the barrier in,85 makes it the discrepancy with the solution measurement. The sample
essential to understand the large-amplitude potential and ithay have been contaminated with HN@he product of the
effect on the rotational and vibrational states of the moleculdacile hydrolysis of NOs. Sinceu(HNO3)=2.17+0.02 D}
to accurately model the thermodynamic properties gD  such contamination would lead to a high measured value.
in atmospheric chemistry applications. For molecules wherdé\lternatively, NOg may adopt a different conformation in
the internal rotor is a symmetric top, precise internal-rotatiorsolution than in the gas phase. Only a small differential sol-
barriers have been determined without direct measurement ofition energy(<2 kJ/mo) is required to favor structur@
the tunneling splitting. However, for such molecules there igover 1. Since conformatior® is predicted to have a larger
no dependence of the overall rotational constants on the irdipole moment than structutie(Table 11I), solvation effects
ternal rotation angles, making it easier to model the Coriolignay explain the high solution value for.
contributions to the rotational constants from which the bar-
rier is inferred. In the case of Jds, the rotational constants ACKNOWLEDGMENTS
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