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The weakly bound dinitrogen tetroxide molecule: High level single
reference wavefunctions are good enough

Steve S. Wesolowski, Justin T. Fermann,® T. Daniel Crawford, and Henry F. Schaefer Il
Center for Computational Quantum Chemistry, University of Georgia, Athens, Georgia 30602

(Received 18 November 1996; accepted 23 January)1997

Ab initio studies of dinitrogen tetroxidéN,O,) have been performed to predict the equilibrium
geometry, harmonic vibrational frequencies, and fragmentation enéMg®,—2 NO,). The
structure was optimized at the self-consistent field, configuration interaction, and coupled-cluster
levels of theory with large basis sets. At the highest level of theory, the N—N bond distance was
1.752 A, in excellent agreement with the experimental value of 175601 A. In addition, the
harmonic vibrational frequencies were predicted with an average absolute error of Sietative

to experimental fundamental values with differences largely attributed to anharmonic effects. The
fragmentation energy corrected for zero point vibrational energy and basis set superposition error
was 7.2 kcal/mol, in fair agreement with the experimental value of 12.7 kcal/mol. Despite the
suggestion that a multireference wavefunction may be necessary to accurately describe the biradical
nature of NO,, single reference treatments with large basis sets and high levels of electron
correlation yield molecular parameters remarkably close to experimental valué99®American
Institute of Physicg.S0021-960807)01517-1

I. INTRODUCTION Hedberg's proposdl of a “m-only” bond, Pauling’s

h ies of nit » d thei i argument¥' for o-contribution, and Bent's reasonitfgusing

ith € pr%per |(;s ° r]:' rogez OX|b|e§ fm t.elrtreac Iﬁnsso-called “splayed”o-bonds. However, the difficulty in de-

with 0zone have been of considerable Interest in atmosp erlgcribing the N—N bond in pD, has not been limited to con-
and environmental chemistry. Many N@pecies, including . . o . -

. L : ; : flicts in qualitative arguments. Previousab initio
nitrogen dioxide radicals, are believed to play important i0&13-15 |\ci : .
roles in ozone depletion cycles in the stratosphere and also |StUdle using the Hartree—Fock self-consistent field

(%CF) method have correctly described the planar nature of

the formation of acid rain and smog in the troposphere. Be;[he molecule but have underestimated the N—N bond dis-

cause of the tendency of nitrogen dioxide radicals to form . )
weakly bound dimers, the resulting species, dinitroger{ance by as much as 0.2 A and dictate the need for theoretical

tetroxide(N,0,), has been the subject of a number of experi-Meth0ds including electron correlation. _
mental and theoretical investigatiol. In 1983, Bauschlicher, Komornicki, and Rddstudied
Dinitrogen tetroxide has no permanent dipole moment® N=N bond in NO, in detail. Their calculations using

and, consequently, has no pure rotational spectrum froronfiguration interaction with single and double excitations
which the molecular structure might be deduced. However{C!SD) within a double zeta basis set plus polarization func-

experimental  studies including gas phase electrortions (DZP) still resulted in a short N—N bond distan¢k 62
diffraction? rotationally resolved infrared spectroscdpand A). Those authors also reported that the SCF reference ac-
solid state neutron diffractidnhave revealed that the most counted for only 84% of the CI wavefunction, implying that
stable conformation is planabg;,) with a nitrogen-nitrogen & single reference wavefunction may be insufficient to cor-
linkage between the NOnonomers as shown in Fig. 1. The rectly describe the weakly bound dimer. The principal effort
N—N bond distance is exceptionally lond.75-1.78 A  of the study, however, was a series of complete active space
while the N—O bond distances and angles remain virtually8CF (CASSCH calculations within a DZP basis set. Noting
unchanged from free NQ The long N—N bond is also rather that the N—O bond distances and angles remained essentially
weak, as evidenced by the experimentally determined fragdentical to NQ, they fixed nearly all degrees of freedom
mentation enthalpy. Hisatsune’s estinfder the AH at ab-  and focused only on the N-N bond. Although the authors
solute zero is a modest 12.7 kcal/mol for theQy—2 NO,  state their primary goal was only to provide a betjanlita-
reaction. tive assessment of the N—N bond, their value of 1.8Qué-

It is interesting to note the difference between theing their most extensive CAS including 18 electrons corre-
nitrogen-nitrogen bond in )0, and that of the conventional lated in 12 valence orbitglss in much better agreement with
single bonded hydrazinéN,H,), which has a substantially the experimental values than single reference DZP-CISD,
shorter bond length of 1.47 ASeveral qualitative arguments and they concluded that a multiconfiguration reference wave-
for the seemingly anomalous N—N bond length in the planafunction may be needed for a proper description gD On
N,O, molecule have been introduced including Smith andthe other hand, they also point out one example where the
CASSCF approach overemphasizes the effect of antibonding
dCurrent address: Department of Chemistry, Box 34510, University of Mas—Conﬁgura'tions in the wavefunction and produces bond

sachusetts, Amherst, Massachusetts 01003-4510. lengths which are too long relative to the experimint.
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for the fragmentation energy fail, yielding “completely un-
reasonable” results’?° Although the similarity in single-
and multireference geometrical parameters may very well be
fortuitous, these findings initially suggest that inclusion of
nondynamical correlation by using a multireference wave-
function may not be required to accurately predict molecular
properties of NO,.

Dinitrogen tetroxide is the only molecule among the
dinitrogen oxidegother than NO) for which the experimen-
tal vibrational assignments are well establishe®yer and
Hendr&? recently produced the first gas phase Raman spec-
trum of NO,/N,O, and have made assignments for the
N,O, symmetric modes with slight shifts of frequencies rela-
tive to previous studiésin the solid phase. In 1993 Liu and
Zhou?* predicted harmonic vibrational frequencies for dini-
trogen tetroxide using second order IMo—Plesset perturba-
tion theory (MP2) within a 6-311G basis set. A year later
Stirling, Paai, Mink, and Salahu conducted a density
FIG. 1. Sketch of thé,y, structure of NO,. functional (DFT) study of various nitrogen oxides including
N,O,, and in 1996 Jurst® also performed both DFT and
MP2 studies. The MP2 studies adequately describe the ge-

; on is that of & wh q d ord ometry and spectral features of dinitrogen tetroxide and es-
wavefunction is that of Koput, who used second order per- tablish theD,,, conformer as a true minimum on the poten-

turbation tf;?g”y_ st_arting from a CASS.CF referen(_:e fLmCtiFmtial energy surface. Within the DFT studies, the experimental
(CASPT2**within a correlation-consistent polarized basis eometry was well reproduced using the local spin density
set with as many as 230 contracted Gaussian functions. Liki S . 25 .
the CASSCF wavefunction of Bauchlicher al.*® the active pprOX|mat|on(LSDA) of Vosko, Wilk, and Nusa!?. \(an

ous nonlocal functionals formed from combinations of

space included 18 electrons_ n ;2 orbitals. W'.th no mOIECwaEecke’s exchange functional and the correlation functionals
orbitals held doubly occupied in the dynamical correlation 627
: of Lee, Yang and Parr, and Perdéwa.g., Becke3LYP®
treatment, the N—N bond distance was found to be 1.7940 P86252° Becke3P8& 2 generally increase the N—N bond
he f i 2N .6 kcal ’ . .
and the fragmentation energil,0,—2 NO,) was 9.6 kall -length to values slightly longer than that determined by ex-

mol. This fragmentation energy value includes an experi-~" = - h local functional d f
mentally derived estimate of zero point vibrational energype”me_n - rlowever, the nonlocal functionals produce trag-
mentation energies and vibrational frequencies which are

difference and is in good agreement with the experimental , )
value of 12.7 kcalimol relative to the single referenceMUCh closer to those obtained experimentally. For example,
6-311+ G(2d,2p)-MP2 value of 23.9 kcal/mol obtained by the widely used Becke3LYP functhnal yields an N—N bond
Jursic?® However, the value for the N—N bond length is not 1€ngth of 1.795 A and a fragmentation energy of 13.65 kcall
substantially improved by the additional perturbative treatM0lWithina 6-311+ G(2d,2p) basis set. Despite the some-
ment of the CASSCF wavefunction. times promising results of these types of studies, a system-
Koput also calculated CASPT2 parameters within the?liC approach toward a more accurate description 83,Ns
frozen core approximatiofthe six Is-like core orbitals of still r!eeded and may also help_ assess the reliability of the
the two nitrogen and four oxygen atoms were held doublyfunctionals chosen in DFT studies. '
occupied in the dynamical correlation treatmefhese fro- Although experimental data concerning the molecular
zen core CASPT2 values were compared to single referenc@&ometry of NO, vary by as much as 0.026 A for the N-N
MP2 molecular parameters obtained within the same basond length and 1.6 degrees for tfie-N—-O bond angle,
set and frozen core approximation. Interestingly, the valuegheoretical reproduction of values which fall within this ex-
for the bond lengths and angles as well as the total energy fdterimental range has proven to be a difficult task-**Fur-
the single- and multireference calculations are virtually identhermore, until recently, many of the experimental studies
tical. For example, the two methods predict N—N bondhave been performed in the solid or liquid ph&3&*'mak-
lengths which differ by only 0.001 A—the structural param- ing direct comparisons to both theoretical studies and actual
eter for which a multireference description was thought to beatmospheric conditions more difficult. In light of the new
necessary. The similarity in the single- and multireferenceexperimental study using gas phase Raman spectro€capy
values is somewhat surprising in light of the previous studywell as the striking similarities in molecular property predic-
by Bauschlicheret al,'® in which the Cl-expansion coeffi- tions of single- and multireference wavefunction calculations
cient of the SCF reference configuration in the CASSCFby Koput, we present here a theoretical reinvestigation of the
wavefunction is 0.906 and there are 14 excited configuraequilibrium geometry, vibrational frequencies, and fragmen-
tions with coefficients greater than 0.05. Koput further re-tation energy of dinitrogen tetroxide using high level single
ports that, like Jursic, his single reference MP2 calculationseference wavefunctions.

Another theoretical study employing a multireference
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7180 Wesolowski et al.: Dinitrogen tetroxide molecule

TABLE |. Theoretical and experimental equilibrium bond lengtAs and bond anglegdegreesfor N,O,.

Basis set SCF CISD CCsD CC8D
DzP r(N=N) 1.578 1.624 1.681 1.755
r(N-0) 1.170 1.187 1.208 1.215
£0-N-0 132.8 1335 133.8 134.3
TZ2P r(N—=N) 1.588 1.629 1.687 1.759
r(N-0O) 1.157 1.169 1.188 1.199
/£ 0-N-0 133.2 133.7 134.0 134.3
TZ2P+f/TZ2P  r(N-N) 1.588 N/A 1.681 1.752
r(N-0) 1.156 N/A 1.185 1.195
/£ 0-N-0 133.3 N/A 134.3 134.7
Expt. data EDB NDP Infraredt
r(N—=N) 1.782+0.008 1.7562+0.0004 1.756:0.010
r(N-0) 1.190+0.002 1.197¢ 1.196+0.005
£ 0-N-0 135.4-0.6 134.46:0.06 133.80.6

8 lectron diffraction at 252 KRef. 5.

Neutron diffraction at 20 KRef. 7.

‘Analysis of rotationally resolved infrared spectra at approximately S&Réf. 6).
dLinearly extrapolated zero point value. Value at 20 K was 1.1893.0005 A.

Il. THEORETICAL METHODS tesian coordinate gradients were less than®1@.u. The SCF

Three basis sets were employed in this study. The firsforce constants for all basis sets were determined via analytic
was a DZP basis consisting of the standargsecond derivatives, while the CISD, CCSD, and CCBD
Huzinaga—Dunnin* set of contracted Gaussian functions force constants were determined by finite differences of ana-
with one additional set of five-type polarization functions Ytic gradients. For the fragmentation energy analysis, the
on each ator? The contraction scheme for the double zeta®Pen Shell N@ structures for the coupled-cluster methods
portion of this basis set was N§Sp/4s2p) were optimized by energy points, and the force constants
O(9s5p/4s2p). A triple zeta plus double polarization Were determined by finite differences of the energy gradi-
(TZ2P) basis set formed by augmenting the €NtS- All computations were carried out using #&® pro-

Huzinaga—Dunnind* triple zeta basis for both N and O 9ram package.

with two sets of fived-type functiond® on each atom was

also implemented. With the further addition of sevenj||. RESULTS

f-type functiond’ on the nitrogen atoms the TZ2P i ) o

+ f/TZ2P basis set was formed. The contraction scheme for "€ geometrical parameters o050} at their optimized

the triple zeta porton of this basis set was D,,, geometries for all basis sets and theoretical methods

N(10s6p/5s3p), O(10s6p/5s3p). The DZP basis set con- used are presented in Table I. The N-N bond length obtained
tained 90 basis functions while the Tz2P and Tz2PUSing the TZ2P+ f/TZ2P basis set at the CCED) level is

+ f/TZ2P contained 144 and 158 functions, respectively. 1792 A while the N—O bond length ar@-N-Oangle are

Energies were obtained using Hartree—Fock SCF wavel-195 A and 134.7°, respectively. As is clear from Table I,

functions as well as CISD, single and double excitation€XPansion of the basis set size from DZP to TZ2P results in
coupled-clustefCCSD), and CCSD including perturbatively ©ONlY small changes in the N-N bond distance, whﬂeﬁ:che

applied connected triple excitatioRfECSD(T)]. At the cor- N—O bond length is shortened by approximately 0.02 A at

related levels of theory the six lowest lying molecular orbit- €aCh 1evel of theory. The addition éftype functions to the

als corresponding to the N and G brbitals were held dou- nitrogen atoms refines the geometries by only thousandths of
bly occupied, and the corresponding six highest virtua@n Angstrom for both the N-N and N-O bond distances and

orbitals were deleted. The closed shell singlet ground statinths of a degree for the bond angle, suggesting that further
molecular orbital occupations iB,, symmetry (with the additions to the largest basis set would not improve the mo-

molecule lying in thex—y plane were designated as lecular parameters significantly. It should be noted, however,
that for a given basis set, there is a lengthening(07 A)

[core]3a33b3,2b3, 2b7 4a54b3 5aZ1b], of the N—N bond between the CCSD and CG$Devels of
2 AL2 AL 1D 1D D A D . 2. D theory, suggesting that connected triple excitations are im-
3b2,3b141b245b3,403,4b1,105,12,6; portant for an accurate prediction of this geometrical param-
though it should be noted that the TZ2P-CISD wavefunctioreter. It is expected that the inclusion of all triple excitations
was constructed in th€,, subgroup oD, . via a full CCSDT®*? optimization might slightly elongate
The stationary point structures were completely opti-the N—N bond, perhaps placing it even closer to the 1.756 A
mized at all levels of theory within thB,, symmetry con- rotationally resolved infrared experimental vafuen addi-
straints using analytic gradient techniques, until residual Cartion, the value of thd'; diagnostict* which has been shown

J. Chem. Phys., Vol. 106, No. 17, 1 May 1997
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to be a useful measure of the importance of nondynamicalABLE Il. Comparison of previous and present theoretical predictions for
correlation, is slightly larger than 0.02 for all basis sets. Thig\20: Pond lengths(A), bond anglesdegreel and fragmentation energies

) o kcal/mo)).
is at the upper limit of the value suggested by Lee ann( callmo)
Taylor*! indicating that perhaps a multireference wavefunc- Method rN-N)  r(N-O)  £0O-N-O
tlr?l’l rlnlght be bett_er sun_e: tho this pr_oblem."Hc()jwever,_ dude tue-sle*-scpa 583 168 1328
the close comparison with the experimentally determined g€5_31 1, g(2q.2p)-Mp2 1831 1203 135.2
ometry given in Table I, as well as the apparent nearcc-pvQzice-pVTze-MpX 1.8032 1.1954 135.16
convergence of these parameters with respect to basis set abgP-CASSCE 1.80 1.188 133.9
level of correlation, it is unlikely that such a treatment will gggﬁgﬁs 1-38‘313 1-1838 igi-gg
significantly alter the TZ2R- f/TZ2P—CCSDO(T) geometries TZP-LSDADFT)® 1774 1194 1348
reported here. _ . © 6-311+G(2d,2p)-LSDA® 1.766 1.186 135.2
The complete set of rotationally resolved infrared data iss-311+ G(2d,2p)-BP8& 1.864 1.202 134.6
provided in Table | along with two additional sets of experi- TZ2P+f/TZ2P-CCSD(T)’ 1.752 1.195 134.7
mental data for the geometric parameters gONfor com- Expt(rotationally resolved 1.756 1196 133.8

parison. The predicted bond lengths and angles are in excel-
lent agreementavg. error< 0.5%) with those determined al;:e;erence ;g

via neutron diffractioh and rotationally resolved infrared Ccce-r?{/e(ggeon Hitrogenco-pYTZ on oxygen(Qim. See Ref, 17.
spectroscopy, and are also in good agreenfamy. €rror  dgeference 17.

< 1%) with electron diffraction datd The experimental val- “Reference 21.

ues are different as each technique determines the averadéis study.

bond lengths and angles in different ways; however, theFiifée;°$§'4_31G SCE values.

variations are rather large especially for the N—N bond. The

neutron diffraction and rotationally resolved ir data each give

an N-N bond of 1.756 A, whereas the electron diffractionby Thomaset al*?) is reproduced with remarkable accuracy
value is 1.782 A. As Kopdf and Bauschlicheet al’® pre-  with respect to the rotationally resolved ir experimental pa-
viously suggested, the discrepancy between the electron difameters.

fraction and ir values most likely arises from a large vibra-  In addition to geometrical parameters, a limited analysis
tional averaging effect of the N—N stretching motion. Thisof the energetics associated with the fragmentation of dini-
view is in accord with a large vibrational amplitude evi- trogen tetroxide was performed using single reference wave-
denced by both the small fragmentation energy and weakunctions. The classical fragmentation energies of the
vibrational frequency of the N-N stretching mode N,O,—2NO, reaction at the SCF, CCSD, and CCSD

( =~ 250 cn%). For this reason the gas phase rotationally redevels are presented in Table III. This table also shows that
solved ir data were chosen to be the most directly compainclusion of zero point vibrational energy differences sub-
rable to theoretical values, despite the fact that the experistantially reduces these values. At the CCBDlevel with
mental uncertainty of the difficult N-N bond is substantial the largest basis set, the ZPVE-corrected fragmentation en-

(0.01 A. ergy is 10.9 kcal/mol, in good agreement with the experi-
A compilation of previous theoretical efforts to describe mental value of 12.7 kcal/mol. The CASSCF and CASPT2
the geometrical parameters of®}, is provided in Table Il fragmentation energies predicted previously by Kbpuere

along with the TZ2P+ f/TZ2P-CCSIO(T) values of this 7.1 and 9.6 kcal/mol, respectively.

study for comparison. The SCF method predicts an N-N  However, the calculation of fragmentation energies of
linkage which is 0.17 A too short, as correlation effects areweakly bound dimers and van der Waals complexes is well
not taken into account. On the other hand, MP2 consistentlknown to be subject to basis set superposition errors

overestimates the correlation effects and predicts an N-NBSSB.**~*°To address the question of BSSE, the full coun-
bond which is too long by 0.05 to 0.08 A. Multireference terpoise correction of Boys and Bernéfdivas performed at

wavefunctions provide a better overall description of thethe TZ2P+ f/TZ2P-CCSI¥T) level. The energy of the NO
bonding. However, the CASSCF method tends to overem-

phasize the effect of antibonding configurations and, there- ) ) )

fore, overestimates the length of the N—N bdhaVithin the TABLE Ill. Classical and ZP\/_E-correctédragmentat|on energiegkcal/
. mol) for the N,O,—2 NO, reaction.

single reference realm, Thomas, DelLeeuw, Vacek, Craw-

ford, Yamaguchi, and Schaeféhave illustrated for a series Basis set SCF CccsD CC$D

of small molecules that a proper “balance” between bas'smassicamE(Nzoﬁz NOy

set and level of theory can lead to bond lengths accurate tg,,p _46 113 15.0
within  0.15% of experimental values. The TZ2P T1z2p+t/TZ2P —46 12.2 16.0
+ f-CCSOT) is one such combination, and it is quite clear ZPVE-correctedA E(N,0,—2 NO,)

that our TZ2P+ f/TZ2P-CCSIYT) set of predictions for the T22P -93 7.5 9.9

N—O bonds as well as th®@—N-O angle is in agreement 22T 1/T22P —9.3 8.4 10.9

with thiS. balanc'e- Furth?rmorea the length F)f the N-N bo_nd“SCF values corrected for zero point vibrational energy using TZ2P/SCF
(a weakinteraction outside the set of bonding types studiedvalues. All coupled-cluster values corrected using TZ2P/CCSD values.

J. Chem. Phys., Vol. 106, No. 17, 1 May 1997



7182 Wesolowski et al.: Dinitrogen tetroxide molecule

TABLE IV. Theoretical harmonic vibrational frequencies (ch and SCF ir intensitiegkm/mol) for N,O, (DZP basis. Experimental frequencies are
fundamentals.

Symmetry Description SCF CISD CCsD ccap Expt. freq. Remarks
ay NO,s-str 1608 (0) 1535 1428 1385 1380 (Ra, G
NO,s-bend 965 (0) 904 834 798 806 (Ra, G

N-N str 461 (0) 408 349 278 254 (Ra, G

a, torsion 61 (0) 76 80 86 [79]° (ir, G)'
b1g NO,a-str 1993 (0) 1951 1817 1760 1754 (Ra, S
NO,a-rock 639 (0) 599 545 495 498 (Ra, 9

b, NO,s-wag 918 (0) 838 748 677 677 (ir, S)
b2g NO,a-wag 599 (44) 542 484 434 436 (Ra, 9
b,y NO,a-str 20151335 1979 1844 1786 17%9 (ir, G)
NO,s-rock 368 (0) 326 285 240 265 (ir, S)

bay, NO,s-str 1541(437) 1455 1346 1286 1264 (ir, G)
NO,a-bend 878(220 825 770 738 751 (ir, G)

8Ra denotes Raman spectroscopy and ir denotes infrared absorption. G and S denote gas and solid phase, respectively.
bReference 22.

‘Reference 49.

dReference 23.

°Reference 30.

'Reference 6.

9Reference 50.

"Reference 31.

iNeither ir nor Raman active. Experimental frequency inferred from combination band frequencies.

monomer was compared to that of M®ith additional basis ~tent with the general observation that, once reasonable basis
functions located in the space where the othep, N@nomer ~ set sizes are reached.g., DZB, BSSE-corrected dissocia-
would have been in the equilibrium,®, structure. The dif- tion energies are in poorer agreement with experiment than
ference of 1.85 kcal/mol results in a 3.70 kcal/mol counterthe noncorrected results. Unfortunately, our BSSE-corrected
poise correctioriclose to one-third of the total fragmentation fragmentation energy cannot be compared directly to those
energy producing a corrected fragmentation energy of 7.2obtained previously by CASSCF and CASPT2 studies since
kcal/mol. Certainly a larger basis set is required to very accounterpoise corrections for the multireference studies were
curately describe the relatively small energetic differences ofiot performed. Despite the modest agreement with experi-
the free NQ monomers and the weak dimer at the coupled-ment, a comparison of the CC8D fragmentation energy
cluster levels without a sizable BSSE. Our finding is consisneglecting BSSE and the CASSCF and CASPT2 values re-

TABLE V. Theoretical harmonic vibrational frequencies (chh and SCF ir intensitiegkm/mol) for N,O,
(TZ2P basig Experimental frequencies are fundamentals.

Symmetry Description SCF CISD CCSD Expt. frequency Renfarks
ay NO,s-str 1588 (0) 1527 1419 1380 (Ra, G
NO,s-bend 977 (0) 927 864 808 (Ra, G
N—N str 458 (0) 413 358 258 (Ra, G
a, torsion 66 (0) 78 82 [79]° (ir, G)'
by NO,a-str 1932 (0) 1901 1765 1724 (Ra, 9
NO,a-rock 644 (0) 607 552 498 (Ra, 9
bqy NO,s-wag 940 (0) 862 769 677 (ir, S)
bag NO,a-wag 610 (41) 554 494 438 (Ra, S
b, NO,a-str 19681324 1937 1799 1757 (ir, G)
NO,-s-rock 365 (0) 327 285 268 (ir, S)
ba, NO,s-str 1499(449 1427 1315 126% (ir, G)
NO,a-bend 892(229 848 792 751 (ir, G)

¥Ra denotes Raman spectroscopy and ir denotes infrared absorption. G and S denote gas and solid phase,
respectively.

PReference 22.

‘Reference 49.

‘Reference 23.

°Reference 30.

Reference 6.

9Reference 50.

"Reference 31.

iNeither ir nor Raman active. Experimental frequency inferred from combination band frequencies.

J. Chem. Phys., Vol. 106, No. 17, 1 May 1997
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veals a better agreement with experiment by 3.8 and 1.8f theory, the N—N bond length, N-O bond length, and
kcal/mol, respectively. O—-N—-Obond angle were calculated to be 1.752 A, 1.195 A,
The predicted harmonic vibrational frequencies and SCFand 134.7° compared to experimental values of 1.756 A,
ir intensities for NO, within the DZP and TZ2P basis sets 1.196 A, and 133.8°, respectively.
are presented in Tables IV and Tables V, respectively. The N,O,—2 NGO, fragmentation energy including cor-
The determination of frequencies at the TZ2Prections for zero point vibrational energy and basis set super-
+ f/TZ2P-CCSOT) level was deemed prohibitively expen- position error was 7.2 kcal/mol compared to the experimen-
sive, however, Besler, Scuseria, Scheiner, and ScHéefertal value of 12.7 kcal/mol. The full counterpoise correction
have shown that a good balance of basis set size and level amounted to nearly one-third of the fragmentation energy
theory is also achieved at the TZ2P-CCSD level applied tand indicates that a larger basis set is required for very ac-
harmonic vibrational frequencies. It should be noted, how-curately predicting the reaction energetics using coupled-
ever, that their balance lies within the context of comparingcluster methods. Harmonic vibrational frequencies were pre-
theoreticalharmonic frequencies to experimentalarmonic  dicted with an average absolute error of 51 ¢melative to
frequencies. Although only experimenthlndamentalfre-  experiment with differences in part attributed to anharmonic
guencies are available for the vibrational modes of dinitro-effects.
gen tetroxide, valid comparisons between TZ2P-CCSD har-
monic  frequencies and experimental fundamentalA\CKNOWLEDGMENTS
frequencies can still be made by attributing the differences ) ) )
primarily to anharmonic effects. For example, Galbraith and__ 11iS research was supported by the Air Force Office of

Schaefel® have successfully described the vibrational specSCientific Research, Grant AFOSR-95-1-0057. S.S.W. ex-

tra of structures along the nitrosyl azide ) potential en- tends abundant thanks to Timothy Van Huis for his critical
ergy surface using the TZ2P-CCSD method, noting the lowreview of the manuscript and also for his consistent technical
ering of experimental fundamental frequencies due tgnd moral support.
anharmonicity.
As seen from Table V, the TZ2P-CCSD frequencies for ;T. Kato, J. Chem. Phys105, 4511(1996.
N,O, are indeed slightly higher than the corresponding ex- giés(lilgegé& P. McMurray, and S. Hag, J. Chem. Soc. Faraday Teans.
perimental fundamental frequencies, and _th_ese differencesy 5 Harcourt and E. L. Skrezenek, J. Chem. Pleys.7007 (1990).
can be used as a measure of the anharmonicity of each modér. D. Harcourt, Croat. Chem. Aced, 399 (1992.
Of particular interest is the,4 vibrational mode associated °B. W. McClelland, G. Gundersen, and K. Hedberg, J. Chem. P5gs.
: . ; - 4541(1972).
;Nlth the dsymmemcf N=N stretgh. This .thde Cohntal?s :]he 6J. L. Comenech, A. M. Andrews, S. P. Belov, G. T. Fraser, and W. J.
argest A eviation from experiment with much of the | afery, 3. Chem. Physi00 6993(1994.
104 cm - difference attributed to anharmonicity. However, 7A. Kvick, R. K. McMullan, and M. D. Newton, J. Chem. Phy6, 3754
such a large anharmonicity is still quite reasonable as mode§(1982)-,
with large vibratonal ampliudes such as the weak N-N. G Hsteune 3 s, chese 22iasey,
stretch.are_hkely to deviate S|gn|f|(_:antly from the harmoniciop . smith and K. Hedberg, J. Chem. Phgs, 1282(1956.
approximation. Since the geometries of the N@onomers L. Pauling, The Nature of the Chemical Bori@ornell University Press,
remain essentially intact upon formation of theQy dimer, Ithaca, NY, 1960, p. 349.
- . . . .. XH_A. Bent, Inorg. Chem2, 747 (1963.
the remaining vibrational modes are likely to be assomatecﬂsJ M. Howell and J. Vanwazer. J. Am. Chern. S66 7902(1974
with more conventional bonding. This is evident quantita-14r_ahirichs and F. Keil, J. Am. Chem. Sog6, 7615(’1974).
tively as the NQ stretching and bending harmonic frequen- **C. W. Bauschlicher, A. Komornicki, and B. Roos, J. Am. Chem. 366,
cies are in much better agreement with the experimental fuq%L45A(1§’83- 4 B. Roos, Int. J. Quantum Che.591 (1993
. . . Andersson an . ROOS, Int. J. Quantum . .
damentals. For all twelve V|prat|onal mc_)des of thg(])l_ 173, Koput, Chem. Phys. Let40, 553 (1995.
system, TZ2P-CCSD harmonic frequencies were predicte@k. Andersson, P. Malmqvist, B. Roos, A. Sadlej, and K. Wolinski, J.

with an average absolute error of 51 chrelative to the Phys. Chem94, 5483(1990.

experimental fundamental frequencies 19K. Andersson, P. Malmgqvist, and B. Roos, J. Chem. Pl9g;.1218
’ (1992.
20B, Jursic, Int. J. Quantum CherB8, 41 (1996.

21 -~ S ;
IV. CONCLUSIONS '(Aigsgtg?mg' I. Pgai, J. Mink, and D. R. Salabub, J. Chem. PH\@0, 2910

. . L . . 22C. Dyer and P. J. Hendra, Chem. Phys. L2&3 461(1995.
Previous single referencab initio studies of dinitrogen ¢’ goiquan, H. Jodl, and A. Loewenschuss, J. Chem. Pags1739

tetroxide (NO,) have consistently underestimated the (1934
nitrogen-nitrogen bond length for variational methods andz:R. Liu and X. Zhou, J. Phys. Cher@7, 4413(1983.
overestimated the N—N bond length using perturbative treaty, > 1 Vosko, L. Wilk, and M. Nusair, Can. J. Phys8, 1200(1980.
| studies suggest that a multireference wav A D. Becke, J. Chem. PhySB, 5648(1993,
ments. Several studi ggest n : ®T. Lee, W. Yang, and R. G. Parr, Phys. Rev3B 785 (1988.
function is required in the description of this weakly bound?8a. D. Becke, Phys. Rev. 87, 785(1988.
NO, dimer. However, we have shown that the experimentagzl Fé Perdevg, Phys. Rev. B;] 7046(1(;9:6- 198866 (1690

A. Givan and A. Loewenschuss, J. em. PI83. 1 .
structural' para}meters of 8, can be successfully rePro- a15" Andrews and A, Anderson, J. Chem. Phys, 1534(1981).
duced using single reference coupled-cluster wavefunctionsg Huzinaga, J. Chem. Phy&2, 1293(1965.

with large basis sets. At the TZ2P f/TZ2P-CCSDT) level  *T. H. Dunning, J. Chem. Phy53, 2823(1970.

J. Chem. Phys., Vol. 106, No. 17, 1 May 1997



7184 Wesolowski et al.: Dinitrogen tetroxide molecule

34 ay(N) = 0.8;a4(0)=0.85. 40G. E. Scuseria and H. F. Schaefer, Chem. Phys. 1168, 382 (1988.

35T, H. Dunning, J. Chem. Phy§5, 716 (1971). 4T, J. Lee and P. R. Taylor, Int. J. Quantum Chem. Sy28199(1989.

3 ay(N)=1.6, 0.4;04(0)=1.7, 0.425. 423, R. Thomas, B. J. DeLeeuw, G. Vacek, and H. F. Schaefer, J. Chem.
37 a;(N)=1.0. Phys.98, 1336(1993.

38C. L. Janssen, E. T. Seidl, G. E. Scuseria, T. P. Hamilton, Y. Yamaguchi. P- Hobza and R. ZahradgiChem. Rev88, 871(1988.
R. B. Remington, Y. Xie, G. Vacek, C. D. Sherrill, T. D. Crawford, J. T. **N. R. Kestner, J. Chem. Phy48, 252 (1968.
Fermann, W. D. Allen, B. R. Brooks, G. B. Fitzgerald, D. J. Fox, J. F. *°J. Yang and N. R. Kestner, J. Phys. Che8, 9221(1991).
Gaw, N. C. Handy, W. D. Laidig, T. J. Lee, R. M. Pitzer, J. E. Rice, P. *°S. F. Boys and F. Bernardi, Mol. Phys9, 553 (1970.
Saxe, A. C. Scheiner, and H. F. Schaefen,2.0.8, PSITECH, Inc., Wat- “’B. H. Besler, G. E. Scuseria, A. C. Scheiner, and H. F. Schaefer, J. Chem.

kinsville, GA 30677, USA, 1995. This program is generally available for Phys.89, 360(1988.

a handling fee of $100. 483, Galbraith and H. F. Schaefer, J. Am. Chem. d& 4860(1996.
39J. Noga and R. J. Bartlett, J. Chem. Ph§8, 7041(1987; erratum:89, 49C. H. Bibart and G. E. Ewing, J. Chem. Phyd, 1284(1974.
3401(1988. S0F, Méen, F. Pokorni, and M. Herman, Chem. Phys. L&84, 181(1992.

J. Chem. Phys., Vol. 106, No. 17, 1 May 1997



