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The rotational spectrum of dinitrogen pentoxide~N2O5! has been investigated between 8 to 25 GHz
at a rotational temperature of;2.5 K using a pulsed-molecular-beam Fourier-transform microwave
spectrometer. Two weakb-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 McClellandet al.
@J. Am. Chem. Soc.105, 3789~1983!# which give aC2 symmetry molecule with theb inertial axis
coincident with theC2 axis. Analysis of the

14N 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 than;1 MHz. For the two
internal rotor states, rotational levels withKa1Kc even haveIN50, 2, while levels withKa1Kc

odd haveIN51, whereIN is the resultant nitrogen nuclear spin. This observation establishes that the
equilibrium configuration of the molecule has a twofold axis of symmetry. Guided byab initio and
dynamical calculations which show a planar configuration is energetically unfavorable, we assign
the spectrum to the symmetric and antisymmetric tunneling states of aC2 symmetry N2O5 with
internal rotation tunneling of the two NO2 groups via a geared rotation about their respectiveC2
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. ©1996 American Institute of
Physics.@S0021-9606~96!02740-7#

I. INTRODUCTION

The highly reactive dinitrogen pentoxide~N2O5! mol-
ecule plays an important role in the chemistry of the upper
atmosphere, functioning as a nighttime reservoir for NO2 and
NO3, both of which are implicated in the catalytic destruc-
tion of stratospheric ozone. Direct evidence for the presence
of N2O5 in the stratosphere has been obtained by Toonet al.1

from infrared spectra recorded at sunrise by the Atmospheric
Trace Molecule Experiment aboard Spacelab 3. Their results
have generated renewed interest in the spectroscopy of
N2O5, motivating efforts

2–6 to measure precise spectroscopic
parameters for modeling the band profiles used in extracting
the atmospheric concentration of N2O5. Despite all this ef-
fort, no rotationally resolved infrared spectrum has been re-

ported for this species, which could provide the necessary
spectroscopic constants for simulating the atmospheric spec-
trum as a function of temperature.

A starting point in any high-resolution spectroscopic
study of N2O5 is the electron-diffraction results of McClel-
landet al.7 Their experiments show that N2O5 has a nonpla-
nar geometry with two equivalent NO2 groups joined by an
oxygen atom to form aC2 symmetry configuration with a
strongly bent O2N–O–NO2 angle of 111.8~6!° ~see Fig. 1!.
To adequately model the electron-diffraction patterns, Mc-
Clellandet al.7 invoked large-amplitude torsions of the NO2
groups about theirC2 axes. They modeled the torsional po-
tential using atom–atom Lennard-Jones repulsions between
the oxygen atoms on opposing NO2 groups, supplemented by
cosine potentials in the internal rotation angles to mimic any
electronic effects propagated through theN–O–Nbackbone.

The structural results of McClellandet al.7 are qualita-
tively supported by Hartree–Fock calculations using small
4–31 G basis sets8 and by density-functional calculations
using Gaussian-type orbitals and triple-zeta-plus-polarization
basis sets.9 The more recent density-functional calculations9
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give a nearly planar configuration, with out of plane dihedral
angles of;22°, compared to the electron-diffraction angles
of ;30°.7 In addition, the density functional calculations pre-
dict a small electric-dipole moment for the molecule of 0.1–
0.3 D, significantly less than the dielectric-constant measured
value of 1.4 D for N2O5 in carbon tetrachloride solvent.10

Recently, Colmont,5 guided by the electron-diffraction
results, has reported the observation of the microwave spec-
trum of N2O5 using source frequency modulation with a
waveguide sample cell. A near rigid-rotor series of lines
were assigned to N2O5 based on a fit to a Watson11

asymmetric-top Hamiltonian to a root-mean-square deviation
of ;1.1 MHz, or about ten times the measurement uncer-
tainty. Efforts were made to remove possible nitric acid im-
purities arising from the reaction of N2O5 with water, by
comparing the observed spectrum with a HNO3 spectrum
obtained under similar conditions. Surprisingly, no direct
evidence was obtained for tunneling splittings arising from
large-amplitude motions, or for14N nuclear quadrupole hy-
perfine structure, presumably because of the high-J data
sampled~J>15!.

In the present study we have examined the microwave
spectrum of N2O5 between 8–25 GHz at a rotational tem-
perature of;2.5 K using the high sensitivity and high reso-
lution ~;2 kHz! of a pulsed-molecular-beam Fourier-
transform microwave spectrometer. Definitive rotational
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 ms.

The observed nuclear-spin statistical weights require that
the equilibrium nuclear configuration of N2O5 has a twofold
axis of symmetry, in agreement with the electron-diffraction
results. Model dynamical calculations and new high-levelab
initio results described here, lead us to assign the two states
to two tunneling components of aC2 symmetry N2O5. The
observed splittings are consistent with a tunneling pathway
corresponding to a geared internal rotation of the two NO2

groups about theirC2 axes. The present results suggest that
the microwave spectrum of Colmontet al.5 arises either from
an excited state of N2O5 or from impurities.

II. EXPERIMENT

A. Measurements

Nitrogen pentoxide was synthesized by dehydrating dry
nitric acid with phosphorous pentoxide, following the proce-
dure of Caesar and Goldfrank12 and others.13 The reaction
product was distilled, with the vapor collected in a stream of
oxygen and ozone to insure complete oxidation of any NO2
byproduct to N2O5. Care was taken to avoid introduction of
water vapor into the system since N2O5 is rapidly converted
to nitric acid in the presence of water. The purity of the
resulting product was periodically tested using Fourier-
transform infrared spectroscopy.

The Balle–Flygare pulsed-nozzle Fourier-transform
spectrometer14 used in the present investigation has been de-
scribed previously.15 To increase the sensitivity and resolu-
tion, we follow Grabow and Stahl,16 and direct the nozzle
pulse down the cavity axis. In this configuration each of the
transitions appears as a doublet, separated by 50–75 kHz
symmetrically about the line center. In a frequency-domain
picture these doublets occur because of the opposite Doppler
shifts of the two electromagnetic waves emitted parallel and
antiparallel to the direction of the molecular-beam propaga-
tion. In a time-domain picture, the doublets arise from the
modulation of the electromagnetic field due to the motion of
the macroscopic dipole moment of the inhomogeneously po-
larized molecular beam through the TEMplq mode pattern of
the resonator. The moving macroscopic dipole moment
causes a modulation of the electromagnetic field equivalent
to the splitting observed in the frequency domain.

FIG. 2. Low-resolution survey spectrum for N2O5 showing the threeJ com-
ponents of theKa5221, Q branch for theA1

2 state. The spectrum was
acquired in;45 min.

FIG. 1. Electron-diffraction geometry for N2O5 and the coordinate system
used to discuss the structural analysis. The electron-diffraction geometry of
McClellandet al. ~Ref. 7! hasa5a15a2530° r51.183~2! Å, R51.492~4!
Å, g5111.8~16!°, andb5133.2~6!°.
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A molecular beam of N2O5 was formed by flowing, at a
pressure of;115 kPa, a mixture of;20% by volume He in
Ne over N2O5 solid at220 to 0 °C through a 1 mmdiameter
pulsed-nozzle valve17 using a glass and Teflon gas manifold.
Low-resolution ~0.2–0.5 MHz! broadband survey spectra
were recorded between 8.82–9.02, 9.814–11.423, 11.500–
17.488, 17.665–19.225, and 21.055–22.378 GHz as de-
scribed by Andresenet al.18 Sample low-resolution survey
spectra are shown in Figs. 2 and 3, and a sample high-
resolution spectrum is shown in Fig. 4. The main contami-
nant lines in the spectra are due to nitric acid originating
from the hydration reaction of the N2O5 with residual water
vapor in the gas-handling system. B. Ab initio calculations

Four conformations were considered computationally.
Structures1, 2, 3, and 4 correspond approximately to the
~a1,a2! torsional coordinate values~a,a!, ~0,90°! or ~90°,0!,
~90°,90°!, and ~0,0!, respectively. These conformations be-
long to the point groupsC2, Cs , C2v, andC2v, respectively
~see Fig. 5!. Geometries for all four conformations were fully
optimized within the appropriate symmetry restrictions,
without constraining the O–NO2 moieties 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 core!, SVWN/6-311G*, BLYP/6-311G*, and
Becke3LYP/6-311G*. The last three are density functional
methods and were included to aid comparison with a prior
density functional study of N2O5.

9 SVWN is local, employ-
ing Slater’s exchange functional~a52/3!19 and the Vosko–
Wilk–Nusair correlation functional.20 BLYP includes the
nonlocal~gradient! corrections to the exchange and correla-
tion functionals due to Becke21 and to Lee, Yang, and Parr,22

FIG. 3. Low-resolution survey spectrum for N2O5 showing the 313–202 and
322–313 transitions for theA1

1 state and the 651–642 impurity transition for
HNO3.

FIG. 4. High-resolution spectrum of the 221–212 transition for theA1
1 state

of N2O5. The hyperfine pattern arises from the twoI51 14N quadrupolar
nuclei giving a resultant nitrogen nuclear spin of 1. The arrows point out the
‘‘Doppler doublets.’’

FIG. 5. Geometries of four conformations of N2O5 optimized at the
QCISD/6-311G* level ~active core! under the symmetry constraints indi-
cated.

7251Grabow et al.: Microwave spectrum of N2O5

J. Chem. Phys., Vol. 105, No. 17, 1 November 1996
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:  193.0.65.67

On: Tue, 23 Dec 2014 12:30:42



respectively. Becke3LYP~also called B3LYP! is similar, but
also includes the HF density in a parameterized way.23 It is
closely related to the three-parameter functional that Becke
optimized for the thermochemistry of small molecules.24 Vi-
brational analysis~stationary point characterization! was
done only at the HF and MP2 levels. Relative energies of the
four conformations were also computed at the
CCSD~T!/6-311G*, frozen-core CCSD~T!/6-311G*, and
frozen-core CCSD~T!/6-3111G* levels, in all these cases
using the QCISD/6-311G* geometries.

The electric-field gradient was computed at the nitrogen
nuclei at the QCISD//QCISD/6-311G* level. To calibrate the
accuracy of these results, the analogous calculation was done
for nitric acid ~HNO3!, for which experimental results are
available.25 Further test calculations on HNO3, using lower
levels of theory and both larger and smaller basis sets,
showed that the orientation of the principal axes of the field-
gradient tensor is insensitive to these computational details,
as has been found previously.26

Thed-type polarization functions were used in spherical
form ~5D! for all calculations except the QCISD geometry
optimizations and electric-field gradients, in which case soft-
ware restrictions required the Cartesian form~6D!. All
electrons were active in correlated calculations unless
otherwise indicated. Computations were done using the

GAUSSIAN 92/DFT,27 GAUSSIAN 94,28 andACES II29,30program
packages.31

III. RESULTS

A. Microwave spectrum

1. Rotational analysis

The observed transitions for N2O5 corrected for hyper-
fine splittings are listed in Table I. A complete set of the
measured transitions which include the frequencies of the
individual hyperfine components is available from PAPS.32

Two sets of essentially equal intensityb-type asymmetric-
rotor-like transitions are observed, assigned to two internal-
rotor/tunneling states of the molecule, denotedA1

1 andA1
2 in

the table. Since collisional relaxation is allowed between the
two tunneling states, the nearly equal intensity of the two
sets of transitions indicates that the energy difference be-
tween the two states must be small compared to the
molecular-beam temperature of;2.5 K[52 GHz. The large
number of other internal-rotor states possible for a system
with two tops are not observed, either because they are not
populated due to the cold molecular-beam temperature, or
because they cannot exist due to the Bose–Einstein statistics
of the spin-zero oxygen nuclei being interchanged by the
internal rotation. Transitions are observed for theKa52–1

TABLE I. Transition line centers and effective nuclear quadrupole coupling constants for N2O5 in MHz.a,b

JKaKc8 2JKaKc9 n0~A1
1! eQqeff8 eQqeff9 n0~A1

2! eQqeff8 eQqeff9

111–000 9 171.278 78~92! 0.1900~23! ••• ••• ••• •••
212–101 12 658.155 06~41! 20.4349~19! 20.6406~16! 11 190.263 22~46! 20.4402~22! 20.6063~18!
313–202 16 002.971 40~91! 20.5978~39! 20.6468~31! 14 736.326 57~42! 20.6031~18! 20.6140~15!
414–303 19 220.199 94~97! 20.6703~49! 20.6404~54! 18 218.538 2~13! 20.6563~64! 20.6352~68!
515–404 22 331.870 18~84! 20.6933~37! 20.6619~51! 21 636.5~2! ••• •••
616–505 25 367.586 6~18! D5 20.031~10! ••• ••• •••
404–313 10 381.773 83~66! 20.663~17! 20.594~17! 11 186.355 11~28! 20.6369~11! 20.6008~12!
505–414 14 604.645~5! ••• ••• 15 069.303 0~23! 20.665~12! 20.649~13!
615–523 ••• ••• ••• 10 961.705 22~22! 20.509~18! 20.426~18!
716–624 ••• ••• ••• 14 382.2~2! ••• •••
717–625 ••• ••• ••• 11 563.1~1! ••• •••
220–211 14 957.879 84~62! 0.6383~20! 20.2089~18! 12 791.831 04~91! 0.6302~29! 20.1841~29!
321–312 14 466.829 1~10! 0.0c 20.3896~54! 12 648.242 40~96! 0.0c 20.3542~50!
422–413 13 876.9524 7~45! 20.2265~18! 20.4317~16! 12 489.265 08~33! 20.2441~13! 20.4171~11!
523–514 13 235.854 6~10! D5 10.12504~50! 12 339.551 90~10! D5 10.0996~50!
624–615 12 597.807 8~12! D5 10.0768~42! 12 225.642 95~62! 20.4136~23! 20.4667~25!
725–716 12 021.017 78~97! D5 10.0655~54! 12 173.439 88~62! D5 10.0330~31!
826–817 11 563.1~1! ••• ••• 12 206.5~1! ••• •••
927–918 ••• ••• ••• 12 345.879 58~57! D5 10.0387~29!
1028–1019 ••• ••• ••• 12 611.56~3! ••• •••
1129–111,10 ••• ••• ••• 13 024.21~1! ••• •••
221–212 15 752.271 51~96! 0.6357~45! 20.4373~45! 13 357.684 49~67! 0.6292~31! 20.4410~31!
322–313 16 013.863 03~79! 0.0c 20.6057~28! 13 757.239 65~61! 0.0c 20.5911~20!
423–414 16 369.835 15~82! 20.2478~46! 20.6685~46! 14 288.619 06~76! 20.2517~41! 20.6563c

524–515 16 826.370 74~58! 20.3765~28! 20.7004~22! 14 950.469 81~64! 20.3939~30! 20.7037~28!
625–616 17 390.775 28~50! D5 10.2693~28! 15 740.621 975~85! D5 10.25564~47!
726–717 18 070.759 09~54! D5 10.2363~19! 16 655.643 0~12! 20.5178~57! 20.7377~62!
827–818 ••• ••• ••• 17 690.478 16~15! D5 10.20289~86!

aExperimental 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.
bD5eQqeff8 2eQqeff9 .
cConstrained in the fit.
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and 1–0 subbands of the two states, forJ levels up to 11. No
evidence was found for transitions between the two states,
presumably because these transitions are either too weak or
forbidden. We note that the ‘‘permanent’’b-type dipole mo-
ment component itself must be small, less than;0.5 D, as
estimated by the amount of power needed to create ap/2
polarizing pulse.

Attempts to fit the rotational series of either of the
internal-rotor/tunneling states to a Watson11 asymmetric-
rotor Hamiltonian proved unsuccessful. Because the hyper-
fine analysis discussed below definitively establishes theJ
andKa quantum numbers of the transitions, it is improbable
that misassigned transitions are responsible for our inability
to fit the transitions to an asymmetric-rotor Hamiltonian.
More likely, the rotational progressions are strongly affected
by the internal rotation of the NO2 groups. In the high
internal-rotation-barrier limit, the rotational transitions of the
two observed internal states for the same set of rotational
quantum numbers will converge to the same frequency.
However, we observe large splittings of the rotational tran-
sitions. For instance, the 212–101 transitions for the two states
are separated by;1.5 GHz, while the 221–212 transitions are
separated by;2.4 GHz.

If we apply a rigid asymmetric rotor analysis and assume
that the 212–101 transition occurs atA13C and the 221–212
transition occurs at 3(A–C), we find that theA andC rota-
tional constants are approximately 7103 and 1852 MHz for
theA1

1 state and 6137 and 1684 MHz for theA1
2 state. The

effect of nonrigidity is seen by noting that theseA andC
values for theA1

1 state predict the 111–000 transition at
;8955 MHz~i.e.,A1C! compared to the observed value of
9171 MHz. The apparentB rotational constants for the two
states are also significantly different. TheK50 combination
differences from theKa5120 subband yield an approximate
(B1C)/2 value for theA1

1 state of 1894 MHz, correspond-
ing to a B value of ;1936 MHz, and an approximate (B
1C)/2 value for theA1

2 state of 1855 MHz, corresponding
to aB value of;2026 MHz.

2. Hyperfine analysis

The I51, 14N quadrupole hyperfine structure allows de-
finitive assignments of theJ andKa quantum numbers to the
transitions and provides information about the geometry of
the molecule. The observed quadrupole hyperfine structure is
characteristic of two equivalent quadrupolar nuclei, demon-
strating that N2O5 has two different nuclear-spin modifica-
tions. For both internal-rotor/tunneling states, rotational
states withKa1Kc even have a resultant nitrogen nuclear
spin of IN50,2, while rotational states withKa1Kc odd
have IN51. This fact implies that in the high-barrier limit
when the two tunneling states become degenerate, states with
Ka1Kc even andKa1Kc odd will have different nuclear
spins. The presence of two different spin modifications in the
high-barrier limit requires that the equilibrium configuration
of the molecule has a twofold axis of symmetry.

For each transition, the hyperfine patterns were fit to the
frequencies calculated from the energy-level expression33

H5H rt1HQ~ I1 ,J!1HQ~ I2 ,J!, ~1!

where

HQ~ I i ,J!5
~eQqJ! i

2I i~2I i21!J~2J21!

3@3~ I i–J!21 3
2~ I i–J!2I i

2J2#. ~2!

Here,H rt is the rotation–internal-rotation Hamiltonian,I i is
the nuclear-spin angular momentum of thei th nitrogen
nucleus, and (eQqJ) i is the coupling constant of thei th ni-
trogen nucleus and is a characteristic of a particular rotation–
internal-rotation state. Because the two nitrogen nuclei
are equivalent, only the average of the (eQqJ) i ,
(eQqJ)ave5[(eQqJ)11(eQqJ)2]/2, is determined for a par-
ticular rotation-internal-rotation state. The eigenvalues ofH
are evaluated in the energy representation ofH rt , with the
quadrupole interaction treated by first-order perturbation
theory in this basis. In the initial analysis of the hyperfine
interactions, no explicit knowledge ofH rt is required; each
observed transition is fit to a hyperfine-free line center and
two average quadrupole coupling constants, (eQqJ)ave, one
for the upper state and the other for the lower state. The
(eQqJ)avewere scaled by (2J13)/J for JÞ0 to remove the
J dependence from the constants. The resulting effective av-
erage coupling constants for each state,eQqeff are listed in
Table I next to the hypothetical hyperfine-free line centers.

TheeQqeff for the 101, 111, 110, 212, 211, and 221 states
are related to the components of the quadrupole coupling
tensor along the principal inertial axes,eQqaa , eQqbb , and
eQqcc , averaged over the two nuclear environments. For the
101, 111, 110, 212, 211, and 221 states theeQqeff are equal to
2eQqaa , 2eQqbb , 2eQqcc , eQqcc , eQqbb , andeQqaa ,
respectively, independent of the asymmetry parameter,k.
This approximation breaks down if the two internal-rotor/
tunneling states are interacting with each other or with other
states through Coriolis interactions, since, for example, a
state which correlates with a 101 state may now be an admix-
ture of 101 and 110 character due to ab-type Coriolis inter-
action operating between the two tunneling states. From an
analysis of the hyperfine structure of transitions involving
the 101, 111, 110, 212, 211, and 221 states we obtain
eQqaa50.6291~54! MHz, eQqbb520.1948~59! MHz, and
eQqcc520.4343~80! MHz. For an unperturbed vibrational
or internal-rotor/tunneling state,eQqaa1eQqbb1eQqcc50,
for eQqii determined in this manner. Equivalently, the
eQqeff for all theKaKc components of a givenJ sum to zero
within a tunneling or vibrational state. Both of these condi-
tions are violated by the coupling constants listed in Tables I.
For J52 of theA1

1 state, theeQqeff’s sum to20.0178~65!
MHz, while for theA1

2 state they sum to 0.0316~58! MHz. If
we add these sums for the two internal-rotor states, we obtain
a value of 0.0138~87! MHz, which is effectively zero for an
uncertainty of two standard deviations. This result suggests
that the two internal-rotor states are interacting via Coriolis
interactions, redistributing the quadrupole coupling constant
components between them.

In addition to guiding the rotational assignment, the14N
quadrupole hyperfine structure provides precise structural in-
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formation on N2O5. To obtain this information, we first as-
sume that the electric-field-gradient tensors at the two nitro-
gen nuclei are similar to that found in HNO3. Ab initio
calculations presented in the next section support this as-
sumption. Making this approximation allows us to calculate
the components of the electric field gradient, and thus of the
quadrupole coupling constant, along the principal inertial
axis system of N2O5 by projecting the quadrupole tensor of
the individual NO2 groups onto the inertial frame. These pro-
jections are principally a function of the NO2 torsional
angles,a1 anda2, and the NON valence angle,g, defined in
Fig. 1. Because experimentally we observe that the two ni-
trogen nuclear environments are dynamically equivalent, we
average the projections of the two NO2 groups before com-
paring with experiment. The anglesa1 anda2 are referenced
to the planar configuration, wherea150 anda250. a15a2
corresponds to aC2 symmetry structure,a15180°2a2,
a150, a2590°, anda1590°, a250 correspond toCs sym-
metry structures, anda15a2590° corresponds to aC2v sym-
metry structure. We assume that the two NO3 groups are
planar and equivalent and fix the NO bond lengths and NO2
angles at the electron-diffraction values:7 r51.183~2! Å,
R51.492~4! Å, and b5133.2~6!°. Essentially identical re-
sults are obtained if we use theab 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 an
(x,y,z) axis systems on each of the two NO2 groups with the
z-axes fixed normal to the NO2 planes and thex axes fixed
along the NO bonds which form the NON backbone. For
HNO3, Albinus et al.

25 have found this to be an accurate
representation of the orientation of the principal-axis system;
thex axis of the principal-axis system of HNO3 is rotated by
only 1.1° from the unique NO bond axis. Ourab initio cal-
culations discussed later support the assumption that the
principal-axis system of the electric-field gradient tensor of
N2O5 has one component along the NO bond of the NON
backbone and distorts minimally with changes in the internal
rotation angle. Thus for N2O5 we approximate the two quad-
rupole coupling tensors by eQqzz520.070 MHz,
eQqxx511.103 MHz, andeQqyy521.033 MHz, the prin-
cipal axis system components of HNO3.

25

Guided in part by the electron diffraction results and the

ab initio calculations discussed below, we examine the pre-
dicted quadrupole coupling constants for three types of struc-
tures: aC2 configuration witha5a15a2, a C2v structure
with a5a15a250 or 90°, and aCs structure witha150,
a2590°, or equivalently,a1590°,a250. The results for pos-
sibleC2 andC2v configurations are shown in Fig. 6, where
we plot calculated values for the quadrupole coupling con-
stants,eQqaa , eQqbb , andeQqcc , as a function ofa for
three values of theN–O–N angle,g5110.0°, 120.5°, and
130.0°. Recall for the electron-diffraction results
g5111.8~6!° and for theab initio calculationsg5103°–
123°, depending on level of theory and values ofa1 anda2.
The solid horizontal lines give the three experimental values
for the coupling constants@eQqaa50.6291~54! MHZ,
eQqbb520.1948~59! MHz, and eQqcc520.4343~80!
MHz#, taken by averaging the relevant results in Table I. The
two solid vertical lines in the figure show the values ofa

FIG. 6. Plot of calculatedeQqaa , eQqbb , and eQqcc as a function of
torsion angle,a5a15a2 for three values for the NON angle,g, using the
model discussed in the text. The experimental values for the coupling con-
stants are represented by the three horizontal lines in the figure. The two
vertical lines show the values ofa where the electric-dipole selection rules
change fromb type toc type. The best agreement between the calculated
and observed values occurs fora541° andg 120.5°.

TABLE II. Estimated quadrupole coupling constants for various geometries of N2O5 in MHz.

a1 a2 /NON eQqaa eQqbb eQqcc

0° 0° 110° 0.4003 20.3303 20.0700
120° 0.5690 20.4990 20.0700
130° 0.7215 20.6515 20.0700

0° 90° 110° 0.5091 0.0424 20.5515
120° 0.6504 20.0989 20.5515
130° 0.7790 20.2275 20.5515

90° 90° 110° 0.7171 21.0330 0.3159
120° 0.8097 21.0330 0.2233
130° 0.8935 21.0330 0.1395

Experiment 0.6291~54! 20.1948~59! 20.4343~80!
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~4761° and 13361°! where theb andc inertial axes switch
for the N–O–Nangles considered. Theb andc axis switch-
ing arises due to the definition of rotational constants which
requires thatA.B.C, and leads to a flipping of the selec-
tion rules fromb-type ~mbÞ0! to c type ~mcÞ0!. As seen in
the figure, the calculated quadrupole coupling constants are a
sensitive function ofa. The best agreement with experiment
is obtained fora541° andg5120.5° with 1s uncertainties
of less than 1° on each angle. These choices of angles predict
b-type selection rules, as observed experimentally.

Only theC2 configuration discussed above is consistent
with the observed quadrupole coupling constants. This is
seen in Fig. 6 where we give calculatedeQq’s for the two
possibleC2v configurations~a50 or a590°! and in Table II
where we compare these configurations with theCs configu-
ration ~a150, a2590° ora1590°, a250!. The experimental
results are clearly inconsistent with aC2v or Cs geometry for
the molecule. In particular, for theCs configuration the cal-
culated value foreQqcc is 20.5515 MHz, independent ofg,
and differs significantly from the observed value of
20.4343~80! MHz.

B. Ab initio calculations

The computed geometries and dipole moments for struc-
tures1–4 are summarized in Table III. For conciseness, only
the results from the B3LYP and QCISD calculations are

listed; the results from the HF, SVWN, BLYP, and MP2
calculations may be obtained directly from the authors. Fig-
ure 5 shows the optimized geometries for structures1–4 at
our highest level of theory~QCISD!. The deviation from
planarity of the O–NO2 groups, defined as the supplement of
the dihedral angle between terminal oxygen atoms, is 3.6°,
3.0° ~for the out-of-plane group!, 2.2°, and 0°~by symmetry!
for structures1–4, respectively. The computed relative ener-
gies, without any corrections for vibrational zero-point en-
ergy, are collected in Table IV. The numbers of imaginary
vibrational frequencies obtained for structures~1,2,3,4! are
~1,0,2,1! and ~0,0,2,2! at the HF/6-311G* and MP2/6-311G*
levels, respectively. For structure1 ~C2 symmetry!, which is
the one determined experimentally,7 the computed vibra-
tional frequencies and infrared intensities are listed in Table
V.

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 HNO3, the computed angle is 0.3°, in-
dicating that the N–OH bond lies along a principal axis of the
electric-field gradient tensor. This value compares favorably
with the experimental angle of 1.1°.7 For N2O5, the com-
puted angles are 7.2°, 1.3°, 2.4°, and 4.2° for structures1–4,
respectively.

TABLE III. Computed and experimental geometries and dipole moments~m! for conformations1–4 of N2O5 ~C2, Cs , C2v, andC2v symmetry, respectively!
with all electrons active and the 6-311G* basis set. Terminal dihedral angles~N–O–N–O! are denoted by the symbolt. Other parameters are defined in Fig.
1. For conformation1, the average anglesa15a25a[~t11180°1t2!/2.

Parameter

B3LYP QCISD

Expt.a1 2 3 4 1 2 3 4

Ra ~Å! 1.568 1.493
1.513 1.531 1.525 1.470 1.485 1.485 1.498

Rb ~Å! 1.460 1.447
r 1 ~Å! 1.182 1.188

1.188 1.185 1.192 1.187
r 4 ~Å! 1.198 1.196

1.188 1.191 1.188b

r 2 ~Å! 1.182 1.188
1.199 1.186 1.188 1.188

r 3 ~Å! 1.190 1.187
ba ~°! 134.9 133.5

133.8 133.3 133.5 132.9 132.6 132.9 133.2
bb ~°! 132.2 132.5
g ~°! 115.3 110.1 107.3 120.9 111.6 109.1 105.9 120.6 111.8
t1 ~°! 91.5 91.5

30.7 91.2 0.0 38.6 91.1 0.0 ;30b

t4 ~°! 0.0 0.0
t2 ~°! 291.5 291.5

2151.3 291.2 180.0 2145.0 291.1 180.0 ;2150b

t3 ~°! 180.0 180.0
a1 ~°! 90.0 90.0

29.7 90.0 0.0 36.8 90.0 0.0 ;30
a2 ~°! 0.0 0.0
m ~D!c 0.03 0.78 0.03 0.25 0.24 0.43 0.21 0.17 1.39

aGeometry~conformation1! from Ref. 7 and dipole moment~in CCl4 solution! from Ref. 10.
bLocal C2v symmetry was assumed in Ref. 7.
c1D53.3357310230 C m.
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C. Internal-rotation theory

In the present section we present a dynamical model
which allows the calculation of the rotational-tunneling spec-
trum of N2O5 for a given structure and torsional potential.
We start with a group theoretical discussion of N2O5 using
the molecular-symmetry group of Longuet–Higgins.34 A
model Hamiltonian is developed which treats all the internal
modes as rigid except for the two NO2 torsions. Diagonal-
ization of the associated Hamiltonian matrix is facilitated by
using symmeterized basis functions to factor the matrix. As
shown below, the resulting calculations give insight into the
nature of the two internal-rotor/tunneling states observed for
N2O5.

Allowing internal-rotation of the two NO2 groups, the
most general molecular symmetry group for N2O5 is G16.
This group has been previously applied to help interpret the
large-amplitude motions observed in the water dimer.35 The
character table forG16 is shown in Table VI,35 where the
permutation-inversion operations use the numbering of the
nuclei as given in Fig. 1. For a noninternally rotating or

tunneling N2O5 with a C2 minimum, such as found in the
electron diffraction and hyperfine analysis, each rotation–
vibration state is eightfold degenerate, corresponding to the
eight configurations pictured in Fig. 7. Tunneling between
the eight minima lifts the eightfold degeneracy. Starting from
a single reference configuration, four of the minima are
sampled by a geared rotation of the two NO2 groups about
their C2 axes as pictured in Fig. 8. An antigeared inversion
of each of these configurations through either a planar or
nonplanarC2v transition state, also shown in Fig. 8, allows
access to the other four minima. The vibrational wave func-
tions for the eight configurations generates an eight-
dimensional reducible representation ofG16 as
A1

1
%A1

2
%B2

1
%B2

2
%E1

%E2. Thus tunneling between all
the eight configurations of Fig. 7 will split theJ50 vibra-
tional state into six tunneling sublevels ofA1

1 , A1
2 , B2

1 , B2
2 ,

E1, andE2 symmetry.
The qualitative effects of tunneling between the eight

minimum can be gleaned by constructing a tunneling Hamil-
tonian matrix for aJ50 N2O5

TABLE IV. Computed relative energies in cm21 for conformations1–4.
The 6-311G* basis set was used and all electrons were active in correlated
calculations, except as noted.

Calculation

Relative energy of conformation

1 2 3 4

HF 0.0 228.6 2751.4 1508.2
MP2 0.0 282.4 2242.7 583.5
SVWN 0.0 265.5 3360.5 174.0
BLYP 0.0 288.5 2630.3 81.7
B3LYP 0.0 120.4 2484.7 380.1
QCISD 0.0 28.2 2312.4 1065.4

CCSD~T!a 0.0 235.6 2188.9 868.4
val-CCSD~T!a,b 0.0 229.2 2172.9 863.8
val-CCSD~T!a,b,c 0.0 154.5 2400.7 1176.0

aUsing the QCISD/6-311G* geometry.
bFrozen-core; only valence electrons correlated.
cUsing the 6-3111G* basis set.

TABLE V. Computed vibrational frequencies in cm21 and infrared intensi-
ties in km/mol for conformation1 ~C2 symmetry! of N2O5. The HF and
MP2 frequencies have been scaled by 0.90 and 0.95, respectively.

Symm.

HF/6-311G* MP2/6-311G*

Freq. Int. Freq. Int.

A 1801 681.8 1879 182.8
A 1451 82.3 1303 48.5
A 974 17.0 822 45.0
A 879 12.7 767 1.1
A 712 7.4 631 2.3
A 461 0.5 347 3.3
A 247 2.4 213 0.3
A 81 0.8 64 0.3
B 1757 1005.6 1861 178.8
B 1344 381.4 1224 289.5
B 893 709.7 719 217.3
B 787 90.6 690 30.0
B 767 17.4 519 233.2
B 528 22.1 226 574.6
B 7i 0.8 18 13.8

TABLE VI. Character table for theG16 molecular symmetry group used for N2O5.

E ~12!~34!
~12!
~34!

(ab)~14!~23!
(ab)~13!~24!

(ab)~1324!
(ab)~1423! E* ~12!~34!*

~12!*
~34!*

(ab)~14!~23!*
(ab)~13!~24!*

(ab)~1324!*
(ab)~1423!*

A1
1 1 1 1 1 1 1 1 1 1 1

A2
1 1 1 21 21 1 1 1 21 21 1

B1
1 1 1 1 21 21 1 1 1 21 21

B2
1 1 1 21 1 21 1 1 21 1 21

E1 2 22 0 0 0 2 22 0 0 0
A1

2 1 1 1 1 1 21 21 21 21 21
A2

2 1 1 21 21 1 21 21 1 1 21
B1

2 1 1 1 21 21 21 21 21 1 1
B2

2 1 1 21 1 21 21 21 1 21 1
E2 2 22 0 0 0 22 2 0 0 0
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f1 f2 f3 f4 f5 f6 f7 f8

f1

f2

f3

f4

f5

f6

f7

f8

3
E0 2uhgu 0 2uhgu 2uhnu 2uhi u 2uhpu 2uhi u

2uhgu E0 2uhgu 0 2uhi u 2uhnu 2uhi u 2uhpu

0 2uhgu E0 2uhgu 2uhpu 2uhi u 2uhnu 2uhi u

2uhgu 0 2uhgu E0 2uhi u 2uhpu 2uhi u 2uhnu

2uhnu 2uhi u 2uhpu 2uhi u E0 2uhgu 0 2uhgu

2uhi u 2uhnu 2uhi u 2uhpu 2uhgu E0 2uhgu 0

2uhpu 2uhi u 2uhnu 2uhi u 0 2uhgu E0 2uhgu

2uhi u 2uhpu 2uhi u 2uhnu 2uhgu 0 2uhgu E0

4 , ~3!

wheref1–f8 are the vibrational wave functions for the eight different configurations of Fig. 7,uhgu is a tunneling matrix
element describing the coupling between nearest neighbor minima for the geared internal rotation,uhpu is the corresponding
matrix element for the antigeared inversion through a planar transitions state,uhnu is the tunneling matrix element for the
antigeared inversion through a nonplanarC2n transition state, anduhi u is a tunneling matrix element for the independent
rotation of one of the NO2 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

A1
1 ~f11f21f31f41f51f61f71f8!/A8 E022uhgu2uhnu2uhpu22uhi u

A1
2 ~f12f21f32f42f51f62f71f8!/A8 E012uhgu1uhnu1uhpu22uhi u

B2
1 ~f12f21f32f41f52f61f72f8!/A8 E012uhgu2uhnu2uhpu12uhi u

B2
2 ~f11f21f31f42f52f62f72f8!/A8 E022uhgu1uhnu1uhpu12uhi u

E1 ~f12f31f72f5!/A4 E02uhnu1uhpu

~f22f41f82f6!/A4 E02uhnu1uhpu

E2 ~f12f32f71f5!/A4 E01uhnu2uhpu

~f22f42f81f6!/A4 E01uhnu2uhpu

, ~4!

whereE0 is the zero of energy for the degenerate nontunnel-
ing vibrational states. Figure 9 shows the predicted energy
level diagram for the 000 state under the assumption that the
tunneling matrix elements have the size order
2uhgu.uhnu.uhpu.2uhi u.

For the dominant isotopomer~14N2
16O5! the total wave

function must be ofA1
1 or A1

2 symmetry inG16. Since the
nuclear-spin functions transform as 6A1

1
%3B1

1, only rovi-
bronic states ofA1

1 , A1
2 , B1

1 , andB1
2 symmetry are allowed.

TheA1
6 states have a statistical weight of 6~corresponding to

a resultant N nuclear spin ofIN50,2! and theB1
6 states have

a statistical weight of 3~resultant N nuclear spin ofIN51!.
The electric dipole moment operator transforms asA1

2 , giv-
ing A1

6↔A1
7, A2

6↔A2
7, B1

6↔B1
7, B2

6↔B2
7, andE6↔E7

selection rules on the rovibronic species.
The large number of vanishing states in N2O5 is a con-

sequence of the spin-zero oxygen nuclei, which allow only
rovibronic species which are symmetric with respect to in-
terchange of the equivalent oxygen nuclei. In the case of
15N2O5 ~which was not studied in the present investigation!
the total wave function must be ofB1

1 or B1
2 symmetry.

Again, the allowed rovibronic states haveA1
1 , A1

2 , B1
1 , and

B1
2 symmetry, however, for spin-1/215N theA1

6 states have
a statistical weight of 1~IN50! and theB1

6 states have a
statistical weight of 3~IN51!. To increase the number of

observed states while still having the molecular dynamics
described by theG16molecular symmetry group requires

17O
oxygen substitution~I55/2! on all the oxygens of the NO2
groups. The cost of such an experiment is prohibitive in our
case.

The group theory allows us to construct a symmeterized
basis set for discussing the dynamics of N2O5. Neglecting
the small amplitude coordinates, an appropriate coordinate
system for describing the rotation–internal rotation dynamics
of N2O5 consists of the three Euler angles~u,f,x!36 relating
the body-fixed and space-fixed Cartesian coordinate systems
and the two internal-rotation angles,a1 anda2 ~see Fig. 1!.
We fix the right-handed body-fixed axis system so that they
axis is normal to the Na–O–Nb plane, thex axis bisects the
Na–O–Nb angle with the positivex direction pointing from
the N’s to the O, and thez axis is parallel to a line connect-
ing Nb to Na , with the positivez direction pointing from Nb
to Na .

In Table VII we show the transformation properties of
the Euler and internal-rotation angles under the effects of the
operations of the molecular-symmetry group. Also given are
the equivalent rotations of Bunker37 for each operation. From
the transformation properties of the Euler angles, or similarly
from the equivalent rotations, we can determine the symme-
try properties of the rotational wave functions specifying the
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relative orientation of the (x,y,z) body-fixed axis system to
the space-fixed axis system. For aI r representation11 the
Wang symmetric-rotor functions37 have the symmetriesA1

1 ,
B1

2 , A1
2 , andB1

1 for the uKaKc&5uee&, ueo&, uoo&, anduoe&
states, respectively, wheree ando refer to the limitingKa or
Kc 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 sin~na1! or cos~na1! with
sin~ma2! or cos~ma2! 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-

FIG. 7. The eight configurations responsible for the eightfold structural
degeneracy of a nontunneling/noninternally rotating N2O5. The vibrational
wave functions for the eight configurations are denotedf1 throughf8. The
even-numbered oxygen nuclei are labeled with asterisks for clarity.

FIG. 8. Possible tunneling pathways for oxygen interchange in N2O5. The
bridging O is furthest away from the reader. The even-numbered oxygen
nuclei are labeled with an asterisks for clarity.

FIG. 9. Qualitative energy level diagram forJ50 N2O5 showing the lifting
of the eightfold structural degeneracy of the rigid molecule through internal-
rotation tunneling of the oxygen nuclei. Theh’s are tunneling matrix ele-
ments and are defined in the text.

TABLE VII. Equivalent rotations and effects of symmetry operations on
internal rotation and Euler angles for N2O5.

E a1 a2 u f x R0

~12!~34! a11p a21p u f x R0

~12! a11p a2 u f x R0

~34! a1 a21p u f x R0

~ab!~14!~23! a2 a1 p2u f1p 2p2x Rx
p

(ab)~13!~24! a21p a11p p2u f1p 2p2x Rx
p

(ab)~1423! a21p a1 p2u f1p 2p2x Rx
p

(ab)~1324! a2 a11p p2u f1p 2p2x Rx
p

E* 2p2a1 2p2a2 p2u f1p p2x Ry
p

~12!~34!* p2a1 p2a2 p2u f1p p2x Ry
p

~12!* p2a1 2p2a2 p2u f1p p2x Ry
p

~34!* 2p2a1 p2a2 p2u f1p p2x Ry
p

(ab)~14!~23!* 2p2a2 2p2a1 u f x1p Rz
p

(ab)~13!~24!* p2a2 p2a1 u f x1p Rz
p

(ab)~1324!* 2p2a2 p2a1 u f x1p Rz
p

(ab)~1423!* p2a2 2p2a1 u f x1p Rz
p
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tions for diagonalizing the rotation–internal rotation Hamil-
tonian of N2O5.

To construct the Hamiltonian operator for N2O5 we first
express the space-fixed Cartesian coordinates of each atom in
terms of ~u,f,x,a1,a2! and the fixed bond angles and bond
lengths ~R,r ,g,b! to obtain a kinetic energy expression in
terms of the Euler and internal-rotation angles and their ve-
locities. After ignoring terms associated with translation of
the center of mass we obtain the following expression for the
classical kinetic energy:

2T5I xxvx
21I yyvy

21I zzvz
212I xyvxvy12I xzvxvz

12I yzvyvz1I 0~ ȧ2
2 1ȧ1

2 !1&I 0lzvzȧ2

2&I 0lxvxȧ1 , ~5!

whereI i j ( i , j5x,y,z) are the components of the total iner-
tial tensor of the molecule and are functions ofa1 anda2, vi

( i5x,y,z) are the angular velocities about thei ’th axis, I 0 is
the moment of inertia of an NO2 group about itsC2 axes,
lx5cos~g/2! and lz5sin~g/2! are the direction cosines be-
tween the NO2 top C2 axes and thex and z axes, respec-
tively, ȧ15(ȧ11ȧ2)/& and ȧ25(ȧ12ȧ2)/&. Because
of our choice of the inertial frame,ȧ1 couples only withvx

and ȧ2 couples only withvz .
In the spirit of Hougen, Bunker, Johns36 and others, Eq.

~5! can be rewritten as

2T5v1Iv, ~6!

where I is a 5 dimensional generalized inertia tensor and
v15(vx ,vy ,vz ,ȧ1 ,ȧ2) is a row vector andv is its trans-
pose. ExpressingT in terms of momenta we have

2T5p1mp, ~7!

where the elements ofp15(Px ,Py ,Pz ,P1 ,P2) are the
generalized momenta associated with the angular velocities
of v1, andm is the inverse inertia tensor, the elements of
which are functions ofa1 anda2.

Using standard procedures37,38 for converting the classi-
cal Hamiltonian to the quantum mechanical operator we ob-
tain the following rotation–internal-rotation Hamiltonian for
N2O5:

H5( 1
2Pim i j Pj1Veff~a1 ,a2!1V~a1 ,a2!, ~8!

where the summation runs over the five momenta,Veff is a
small effective potential arising from the transformation of
the kinetic-energy operator to quantum mechanical form,39

andV is the internal-rotation potential. SinceVeff is expected
to be negligible compared toV we will ignore its contribu-
tions toH in the present discussion. The symmetries of the
various operators ofH are summarized in Table IX.

The Hamiltonian matrix ofH is set up in the symmeter-
ized rotation–internal-rotation basis. The evaluation of the
matrix elements containing themi j components orV is sim-
plified by expanding each of these operators in the basis
functions of the correct symmetry. In our initial calculation
of the rotation–tunneling levels we follow McClellandet al.7

and choose a trial potential of the form

TABLE VIII. Symmetrized internal-rotor basis functions for N2O5.
a,b

A1
1 cos~na1!cos~ma2!1cos~na2!cos~ma1! n>m>0 n even,m even

sin~na1!sin~ma2!1sin~na2!sin~ma1! n>m>2 n even,m even
A1

2 sin~na1!cos~ma2!1sin~na2!cos~ma1! n.m>0 n even,m even
cos~na1!sin~ma2!1cos~na2!sin~ma1! n>m>2 n even,m even

B1
1 cos~na1!cos~ma2!2cos~na2!cos~ma1! n.m>0 n even,m even

sin~na1!sin~ma2!2sin~na2!sin~ma1! n.m>2 n even,m even
B1

2 sin~na1!cos~ma2!2sin~na2!cos~ma1! n.m>0 n even,m even
cos~na1!sin~ma2!2cos~na2!sin~ma1! n>m>2 n even,m even

A2
1 cos~na1!cos~ma2!2cos~na2!cos~ma1! n.m>1 n odd,m odd

sin~na1!sin~ma2!2sin~na2!sin~ma1! n.m>1 n odd,m odd
A2

2 sin~na1!cos~ma2!2sin~na2!cos~ma1! n.m>1 n odd,m odd
cos~na1!sin~ma2!2cos~na2!sin~ma1! n>m>1 n odd,m odd

B2
1 cos~na1!cos~ma2!1cos~na2!cos~ma1! n>m>1 n odd,m odd

sin~na1!sin~ma2!1sin~na2!sin~ma1! n>m>1 n odd,m odd
B2

2 sin~na1!cos~ma2!1sin~na2!cos~ma1! n.m>1 n odd,m odd
cos~na1!sin~ma2!1cos~na2!sin~ma1! n>m>1 n odd,m odd

E1
1 cos~na1!cos~ma2!1cos~na2!cos~ma1! n>1,m>0 n odd,m even

sin~na1!sin~ma2!1sin~na2!sin~ma1! n>1,m>2 n odd,m even
E2

1 cos~na1!cos~ma2!2cos~na2!cos~ma1! n>1,m>0 n odd,m even
sin~na1!sin~ma2!2sin~na2!sin~ma1! n>1,m>2 n odd,m even

E1
2 sin~na1!cos~ma2!1sin~na2!cos~ma1! n>1,m>0 n odd,m even

cos~na1!sin~ma2!1cos~na2!sin~ma1! n>1,m>2 n odd,m even
E2

2 sin~na1!cos~ma2!2sin~na2!cos~ma1! n>1,m>0 n odd,m even
cos~na1!sin~ma2!2cos~na2!sin~ma1! n>1,m>2 n odd,m even

aFunctions are not normalized.
bThe subscripts on theE species are not symmetry labels but refer to the two sets of functions which make up
the degenerateE species.
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V~a1a2!5
V0

2
~22cos 2a12cos 2a2!

1U0( ~r 0 /r i j !
n, ~9!

where the first term allows for electronic contributions to the
potential due to coupling of the two NO2 groups through the
NON frame and the second term mimics the van der Waals
repulsions of the O atoms between the two NO2 groups, with
r i j being the separation of thei th andj th O nuclei of the two
NO2 units. The electron-diffraction potential of McClelland
et al.7 hasV05665~84! cm21, U0535 cm21, r 052.8 Å, and
n512.

Initial dynamical calculations were undertaken on the
electron-diffraction potential to compare predictions from
this surface with the experimental results. Because of the
anisotropy of this potential, the basis-set expansion requires
internal rotor states withn andm as large as 24 for the basis
functions shown in Table VIII, leading to diagonalization of
matrices as large as 4813481 forJ51. The results from the
calculations show that the electron-diffraction potential is
much too anisotropic and favors a tunneling pathway which
is inconsistent with experiment. The predicted tunneling
splittings for theA1

2 andA1
1 are less than 100 kHz and es-

sentially identical rotational constants are calculated for the
two states~A57019 MHz,B52032 MHz,C51779 MHz!.
The zero-statistical-weight,J50, B2

1 andB2
2 states are also

degenerate with each other, as are the zero-weight,E1 and
E2 states. TheB2

1 andB2
2 pair are separated from theA1

1

andA1
2 pair by 8 MHz, with theE1 andE2 states falling in

between. Experimentally, we observe that theA1
2 and A1

1

transitions are split in some cases by more than 2 GHz, sug-
gesting that the tunneling splittings are more on the order of
GHz than kHz. The dominant electron-diffraction tunneling
pathway, splits theA1

6 andB2
6 species symmetrically from

theE6 species, and mimics the independent internal rotation
of one of the two NO2 groups by 180° about itsC2 axis,
corresponding to the tunneling matrix elementhi of Eqs.~3!
and ~4!.

We have attempted to vary the potential parameters of
the electron-diffraction potential to obtain results which are
more consistent with experiment. This process turns out to
be difficult because the spectroscopic data is only weakly
sensitive to the potential barrier heights due to the lack of

any direct measure of theJ50 tunneling splitting and be-
cause the vanishing statistical weights for many of the states
prevents their observation. Alternatively, we have used the
ab initio calculations to model the general features of the
tunneling potential for N2O5. Theab initio calculations indi-
cate that the configurations wherea15a250 and
a15a2590° correspond to high energy maxima on the
internal-rotation potential. The lowest energy extrema on the
potential energy surface correspond toa150 anda2590° or
a1590° anda250 and theC2 configuration observed experi-
mentally. Theab initio calculations suggest that the most
reasonable tunneling motion for interchanging the bonding
roles of the two NO2 groups is the geared pathway of Fig. 8.
A two dimensional potential energy surface which qualita-
tively represents these features is given by

V~a1 ,a2!52Vgearedcos@2~a22a1!#

1Vantigearede
d@12sin2~a21a1!#

1Vlinear~cos 2a11cos 2a2!, ~10!

where theVgearedterm characterizes the barrier ata150 and
a2590° ~or a1590° anda250!, theVantigearedterm forces the
NO2 groups to move preferentially in a geared motion, and
Vlinear is necessary to allow the potential minimum to move
away from ana15a2545° configuration.

The qualitative features of the spectrum are only repro-
duced by having very small barriers~,;10 cm21! hindering
the geared internal rotation of the two NO2 groups. For ex-
ample, if we use values ofVgeared, Vantigeared, d, andVlinear of
0, 120 cm21, 2, and240 cm21, which gives a barrier of;7
cm21 to geared internal rotation, we calculate large splittings
of the transitions~2.0 GHz for the two 111–000 lines, 1.3
GHz for the 220–111 lines, and 3.7 GHz for the 221–110 lines!
for the two tunneling states, of the same order of magnitude
as the experimental observations. In addition, this potential
has a minimum ata15a2541°, as expected from the quad-
rupole hyperfine analysis, and no other low lying tunneling
states are predicted to be observable experimentally, in
agreement with the detection of only one pair of tunneling
states.

IV. DISCUSSION

The microwave spectrum of N2O5 is consistent with the
earlier electron-diffraction results7 which determined aC2
symmetry structure for the molecule. The present microwave
andab initio calculations further demonstrate that N2O5 has
a large-amplitude motion corresponding to the geared rota-
tion of the two NO2 groups about their twofold axes. The
lack of any direct measurement of the tunneling splitting
associated with this motion makes it difficult to precisely
determine the barrier, however, our model simulations sug-
gest that the barrier is on the order of 10 cm21, significantly
smaller than the electron-diffraction value of;200 cm21.7 A
possible source of error in the electron-diffraction analysis
may be due to the lack of correction for background nitric
acid impurity, which was found to be a dominant impurity in
the present experiments.

TABLE IX. Symmetries of various operators inG16.

Angular momentum operators
Px Py Pz P1 P2

A1
2 B1

1 B1
2 A1

2 B1
2

mi j matrix elements
i \ j x y z 1 2

x A1
1 B1

2 B1
1 A1

1 B1
1

y A1
1 A1

2 B1
2 A1

2

z A1
1 B1

1 A1
1

1 A1
1 B1

1

2 A1
1
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The small magnitude of the barrier in N2O5 makes it
essential to understand the large-amplitude potential and its
effect on the rotational and vibrational states of the molecule
to accurately model the thermodynamic properties of N2O5

in atmospheric chemistry applications. For molecules where
the internal rotor is a symmetric top, precise internal-rotation
barriers have been determined without direct measurement of
the tunneling splitting. However, for such molecules there is
no dependence of the overall rotational constants on the in-
ternal rotation angles, making it easier to model the Coriolis
contributions to the rotational constants from which the bar-
rier is inferred. In the case of N2O5, the rotational constants
vary greatly with internal rotation angles due to the large
masses of the oxygen nuclei. Because of the significant de-
pendence of the rotational constants on the internal-rotation
angles, more general internal-axis models~IAM ! such as ap-
plied by Coudert and Hougen40 to ~H2O!2 would need to
include the internal-rotation dependence of the rotational
constants explicitly.

Additional information on the structure and tunneling
pathways in N2O5 can be obtained by isotopic substitution.
For instance, mono17O or 18O substitution on one of the NO2
groups removes the antigeared nonplanar tunneling pathway.
The geared pathway is also affected since now all four
minima are no longer isoenergetic. Mono15N substitution
does not affect the qualitative features of any of the tunnel-
ing motions shown in Fig. 8. We note that in most cases
isotopic substitution will significantly change the simplicity
of the spectrum arising from the Boson statistics of the four
equivalent spin-zero oxygens of the NO2 groups.

The structure inferred from the electron-diffraction
experiment7 is somewhat more planar than that inferred from
the present work. The diffraction experiment led to a value
of a'30°, whereas the present experiments indicatea'41°
and the ab initio calculations yielda537°. The spread
among these values reflects the flatness of the torsional po-
tential, as described above. For bond lengths and angles, the
MP2 and QCISD values generally agree better with experi-
ment than do the density-functional values from the present
work and from Ref. 9. Density-functional theory appears to
have some trouble describing the bonding at the central oxy-
gen atom; the bond lengthR and bond angleg are too large
compared with experiment.

The vibrational frequencies of Table V compare reason-
ably well with those from density-functional calculations and
from experiment.9,41 However, the density-functional results
agree better with experiment and therefore appear more reli-
able. All the theoretical vibrational frequencies indicate that
the experimental assumption of multiple degeneracies41 is
incorrect. Failure to resolve peaks is probably due to inten-
sity differences instead of accidental degeneracies.

The largest discrepancy between theory and experiment
is for the dipole moment. The computed QCISD value is
m50.24 D, and values from 0.14 to 0.31 D were obtained in
a density-functional study.9 Consistent with theory, the inten-
sities in the present experiment suggestm;0.5 D. A value of
1.39 D, however, was inferred from measurements in CCl4
solution.10 There are two simple alternative explanations for

the discrepancy with the solution measurement. The sample
may have been contaminated with HNO3, the product of the
facile hydrolysis of N2O5. Sincem~HNO3!52.1760.02 D,42

such contamination would lead to a high measured value.
Alternatively, N2O5 may adopt a different conformation in
solution than in the gas phase. Only a small differential sol-
vation energy~&2 kJ/mol! is required to favor structure2
over 1. Since conformation2 is predicted to have a larger
dipole moment than structure1 ~Table III!, solvation effects
may explain the high solution value form .
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