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The geometry and harmonic vibrational frequencies of theQHe\, electronic state of nitrogen
dioxide have been determined using coupled clugfaT) theory in conjunction with large basis

sets. The minimum energ®,,-constrained N—O bond distance predicted by the highest level of
theory is significantly shorter than the experimentally inferred value, and it is unlikely that further
refinement in the theoretical treatment would reduce the discrepancy. However, this work suggests
that a prevailing assumption @f,, symmetry may be incorrect; the equilibrium structure of ¢he

state may instead ha¥g, symmetry. In addition, and contrary to expectation, CC calculations based
on variationally optimal spin-unrestricted or spin-restricted reference determinants give qualitatively
different results for this system, unless very high levels of electron correlation are included in the
calculation. ©1997 American Institute of Physids$$0021-960607)00631-4

I. INTRODUCTION reinvestigation. Nevertheless, in order to resolve the open
question of whether the earlier theoretical treatment provided
The low-lying doublet states of NChave been studied an adequate description of this system, we have carried out a
both theoretically ! and experimentally?~*8 The pioneer- systematic study of the effects of basis set expansion and
ing theoretical work of Gillispie,et al' and Jackels and electron correlation treatments on the N—O bond length. A
Davidsort* elucidated some of the qualitative features of thecurious and unprecedented inadequacy of CC calculations
ground and lower excited state potential surfaces, while morbased on variationally optimal spin-restricted reference func-
contemporary high-level theoretical studi€8'! have fo- tions has been noted in the course of this work and is dis-
cused on the quantitative determination of the properties ofussed as well.
individual electronic states. The ground electronic state of
NO, is of 2A; symmetry, with an equilibriun©—N-Obond
angle of approximately 133 The first excited staté’B, Il. THEORETICAL METHODS
symmetry lies approximately 1 eV above the ground state  The minimum energ{,, geometry and harmonic vibra-
with an equilibrium bond angle of 106°The B®B, state lies  tional frequencies of th€ state of NQ have been deter-
approximately 1.6 eV above the ground state, with which itmined using a number of different basis sets, coupled cluster
is degenerate in its linear, minimum-energy configurafion. approaches and reference determinants. The basis sets used
Recently, Aoki, Hoshina, and Shibuya reported in this research were a double-Z% plus polarizatiof?
optical-optical double resonance spectroscopic analyses @fzp) set, and the cc-pVTZ and cc-pVQZ correlation con-
theC %A, electronic state of N@ based on the fluorescence sistent basis sets of DunniR§At the CCSD(Refs. 25, 26
spectrum of the B, state. They determined@,, geom- and CCSDT) (Refs. 27—29 levels of theory, calculations
etry with (N-0)=1.339-0.010 A, #=108.4-1.0°. The were performed with all basis sets using spin-unrestricted
bond length determined in that work differs significantly and -restricted Hartree-FockJHF and ROHF reference
from a value of 1.280 A obtained at the CCAD level states, as well as the quasi-restricted Hartree-RQIRHP)
(coupled cluster singles and doubles including a non-iterativeleterminant’ based on molecular orbitals optimized for the
treatment of connected triplessing a large basis setSuch  anion. In addition, calculations at the full CCSDT
high-level quantum mechanical methods are expected to prdevef'~33—which is expected to provide a nearly complete
vide much greater accuracy than this comparisortreatment of electron correlation—have been carried out us-
suggests??° a finding that seemingly warrants experimentaling all three reference functions with the DZP basis. Pure
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TABLE I. Absolute energies (|, geometrical paramete(d and degrees

and harmonic vibrational frequenciésn™?, infrared intensities are given in
parentheses in km/mplor the C 2A, state of NQ at the CCSD, CCS0),

and CCSDT levels of theory with UHF, ROHF and QRHF reference func-
tions in a DZP basis.

UHF-CCSD ROHF-CCSD QRHF-CCSD

Energy —204.573223  —204.569662  —204.569647

ro (N-O) 1.284 1.281 1.281

6. (O-N-0O 109.6 109.6 109.6

w1 133817) 136217) 1360(16)

w5 771(7) 7798) 7778)

w3 550 (8) 54921) 785(2)
UHF-CCSOT) ROHF-CCSOT) QRHF-CCSDT)

Energy 204589748  —204.589835  —204.589627

ro (N=0) 1.290 1.291 1.291

8e (O-N—O 109.6 109.5 109.5

wy 130917) 130417) 1301

w5 756(7) 755(7) 754

w3 563 (10) 34121) 465

UHF-CCSDT  ROHF-CCSDT  QRHF-CCSDT

Energy —204.591514  —204.590605  —204.590662

ro (N-0) 1.292 1.291 1.291

0, (O-N-O 109.5 109.5 109.5

w1 1294 1304 1303

Wy 751 754 754

w3 544 466 628
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imaginary asymmetric stretching frequency in the UHF- and
QRHF-based calculations; it is most unlikely that the exact
(full configuration interactionresult for this basis set would
give a significantly different answer. This contention is sup-
ported by large-scale multireference averaged quadratic
coupled-cluster(MR-AQCC) (Refs. 38, 39 and multi-
reference Davidson-corrected configuration interaction
(MRCI) calculations at both the DZP/UHF-CCED
C,,-constrained structure reported in Table | an@gamini-
mum energy structure found at the same level of theory
[r((N-O,)=1.513 A, (N-0Og)=1.183 A, 6=109.5°. MR-
AQCC and MRCI calculations were based on three different
reference spaces: ax38 CAS including onea, and twob;
orbitals, a 3x5 CAS including thred, and twoa, orbitals,
and a 7X 7 CAS including twoa;, onea,, two b; and two
b, orbitals. With the MR-AQCGMRCI) methods within the
DZP basis, theCg structure was found to lie 2.20, 1.96, and
4.04(1.25, 0.79, and 3.0&cal/mol below theC,, structure
with the 3x 3, 3X5, and 7X7 active spaces, respectively.
While the UHF- and QRHF-based CC results are consis-
tent with one another, the ROHF-based CC calculations ex-
hibit an entirely different behavior. At the CCSD and
CCSOT) levels of theory, the€,, structures are predicted to
be minima, in qualitative disagreement with the UHF- and
QRHF-CC results. This behavior is ultimately derived from a
b,-symmetry instability in the ROHF orbital Hessi&h°
which is not present for the UHF determinant. This strongly

angular momentum functions were used in the calculationdand artificially biases the reference wavefunction towards a

all of which were performed with the\CES 1 program
system?* Harmonic vibrational frequencies were calculated
using finite differences of analytic gradieft$> for the
UHF- and ROHF-based CCSD and CGSID methods and

C,, minimum-energy structure. While such features may of-
ten have no appreciable effect on correlated wavefunctions,
it is clear that this is not the case for t@estate of NQ.*
When the theoretical treatment is extended to the full ROHF-

the QRHF-based CCSD method for the DZP and cc-pVTZCCSDT level, an imaginary frequency is finally obtained,
basis sets, and using finite differences of energies for alind its magnitude is similar to that of the UHF-CCSDT and
other methods and basis sets. In the determination of asyn@RHF-CCSDT predictions. These results suggest that the
metric stretching vibrational frequencies, variational collapseROHF-based CCSD and CC8D methods are inadequate
to lower-energy states did not occur in the UHF and ROHFor even a qualitative description of the asymmetric region of

calculations aC-distorted structures.

Ill. RESULTS AND DISCUSSION

Properties predicted with the CCSD, CCSI and
CCSDT methods and the DZP basis set are given in Table

the potential energy surface. This is a surprising finding, as it
is generally believed that UHF- and ROHF-based CC calcu-
lations will give essentially the same results. Indeed, the
ROHF-based approach is sometimes thought to be preferable
pecause of the spin-adapted property of the reference deter-

For a given CC approach, the three reference wavefunctiof@inant. It is clear that neither of these presumptions is sup-

produce consistent results for all totally symmetric propertie
(the N-O bond lengthr the bond angled., and the har-
monic vibrational frequencies); andw,). The insensitivity

Jorted by the present resufts.

Despite the curious variation in the asymmetric stretch-
ing frequencies discussed above, the other properties under

of results with respect to the choice of reference function ignvestigation exhibit rather typical behavior. The non-

excitations, and is a manifestation of the powerful treatmengentially identical to those obtained at the considerably more

of orbital relaxation effects included in these approaclies.

expensive CCSDT level, and the structure and totally sym-

Nevertheless, the DZP results display a strikingly largemetric harmonic vibrational frequencies exhibit a decided
variation in the predicted asymmetric stretching frequencyinsensitivity with respect to the choice of reference function.

(w3). All UHF- and QRHF-based CC methods predict that

Therefore, it would appear that the CCSD and CCBD

the C,, structure is a transition state for interconversion ofmethods used in conjunction with the larger basis sets are

two equivalentCg structures. Improvement of the electron
correlation treatment from CCSD, through CQS to full

sufficient to establish an improved prediction of the N-O
distance forC,,-symmetricC A, NO,, which is the princi-

CCSDT has only a modest effect on the magnitude of thepal objective of this work. Results obtained with the larger
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TABLE II. Absolute energies (f, geometrical parametefé and degrees and harmonic vibrational frequenciésm 2, infrared intensities are given in
parentheses in km/mplor the C 2A, state of NQ at the CCSD and CCSD) levels of theory with UHF, ROHF and QRHF reference functions in cc-pVTZ

and cc-pVQZ basis sets.
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cc-pVTZ basis set

cc-pVQZ basis set

UHF-CCSD ROHF-CCSD QRHF-CCSD UHF-CCSD ROHF-CCSD QRHF-CCSD

Energy —204.732043 —204.728629 —204.729184 —204.842232 —204.838851 —204.839374
ro (N=0) 1.267 1.263 1.264 1.263 1.260 1.260
8s (O-N-O 110.0 110.0 110.1 1101 110.1 110.1
o, 136013 138213 138213 1369 1391 1390
w5 790(6) 797(6) 797(6) 796 803 802
w3 557 (3) 70719 801 (0) 553 745 801

UHF-CCSOT) ROHF-CCSDIT) QRHF-CCSQOT) UHF-CCSOT) ROHF-CCSIT) QRHF-CCSOT)
Energy —204.759768 —204.760695 —204.760246 —204.873605 —204.874570 —204.874097
ro (N-O) 1.274 1.275 1.276 1.271 1.272 1.273
6, (O-N-0 109.9 109.9 109.9 110.0 109.9 109.9
w1 132813 131713 1314 1335 1323 1321
w5 7735) 770(5) 770 778 775 774
w3 583 (5) 40315) 473 579 399 465

cc-pVTZ and cc-pVQZ basis sets are collected in Table Il.sets exhibit behavior similar to that found with the DZP set
The expected shortening of internuclear distance with respe¢a C,, structure is predicted at both CCSD and CGED
to basis set expansion is observed. The CA3predictions  levels|, differences between CCSD and CQOSDare very
decrease systematically from about 1.29GD¥P) to about  large, and we suspect that the frequency would become
1.272 A(cc-pVQ2). Given that the cc-pVTZ and cc-pVQZ imaginary at the full CCSDT level.
predictions of the bond length differ by _only a few thqu—_lv. CONCLUSIONS
sandths of an Angstrom, further expansion of the basis is ] ) ]
unlikely to have an appreciable effect qifM—0). In fact, The results of this study consist of two observations
crease this value, placing it further away from the experi-NOz. First, the minimum energy N—O bond length of this
exceedingly unlikely that the exact minimum-energy N—Ofrom experiment, and the magnitude of this discrepancy is
distance for theC,, symmetric structure lies outside the large enough that it cannot be attributed to inadequacies in
range 1.267 1.277 A. While the experimental value corre- the theoretical methods used here. Second, it seems that the
sponds to a vibrationally averaged N-O distance, anhafrue equilibrium structure of this state may actually h&e
relatively rigid C,, structure. this possibility should be considered in a revised analysis of
While the results presented here demonstrate that th&® experimental data. _ _ _
experimentally inferred N—O distance in thg, structure of ~_ While one purpose of this work is to suggest the possi-
the C 2A, state of NQ is not consistent with theory, they bility of a _CS equilibrium geomet_ry ra_lther than a precise
also raise the following question: Does the equilibrium struc-détérmination of the corresponding internuclear distances
ture of this state have equivalent N—O bonds after all? witfind bond angle, it is interesting to note that for Gemini-

the notable exception of a study by Kalllesvhich also ~Mum energy structure noted in section lll, the average of the
indicated theC,, form might be unstable with respect to N—O bond distances is 1.348 A. This is greater than the

symmetry lowering—all previous experimerifa® 8 and corresponding N-O distance in th@,, structure, and in
theoretical®1*1studies have assumegh,, symmetry. Our relatively good agreement with the experimentally inferred

results indicate that this may not be the case, and thaCthe value. Given that we find an energy difference of ool

: . 00 cm ! between theC,, and C; structures at this level of
state may suffer from a pseudo-Jahn-Teller distortion due tg 2v S .
interaction with the higher-lying BB, state via the asym- theory [DZP/UHF-CCSDRT)], it is plausible that the zero-

metric stretching vibration. For all of the basis sets useaDomt vibrational level lies above the barrier and dymami-

here, UHF- and QRHF-based CCSD and CCBDconcur cal symmetry of theC state therefore i€,, . If this is so,

with the small(DZP) basis results of Kaldor, predicting@y then the N—O bond length inferred from expe_riment wguld
geometry. Moreover, the magnitude of the imaginary fre_correspond roughly to an average of the two distances in the

quency does not seem to be particularly sensitive to th&s structure. While this scenario is clearly consistent with
choice of basis set: results obtained with the DB func- the present set of calculations, a more detailed study of the

tions and cc-pVQZ(165 functions basis sets are essentially potential energy surface including determination of anhar-

identical. While the ROHF-based results with the larger basi%nn?tri]\'/(é3 \(I:Ict))rrztlIl?sr;gL\sNi;ﬁﬂlj)re]CS?;vxslnls required before any de-
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We also note that the state of NQ is an example of a

molecular system for which UHF and ROHF referenceii

wavefunctions providejualitatively different predictions of

Crawford et al.: The C 2A, excited state of NO,

24T, H. Dunning, J. Chem. Phy80, 1007 (1989.
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ROHF-based CCSO) approach is apparently a poor ap-
proximation to the full CCSDT here, as the two give very
different results for the asymmetric stretching frequency.
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