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This paper reports the theoretical results of a thorough, state-of-the-art, coupled-cluster, renormalized coupled-
cluster, and vibrational study on the molecule imine peroxide, HNOO, in its trans conformation. This molecule
is isoelectronic with ozone and presents many of the same difficulties for theory as ozone. We report both the
theoretical geometry and the vibrational frequencies, including anharmonic corrections to the computed
harmonic vibrational frequencies obtained by calculating the quartic force field at the high levels of coupled
cluster theory, including CCSD(T) and its renormalized and completely renormalized extensions and methods
including the combined effect of triply and quadruply excited clusters [CCSP (@@ CCSDT-3(Q]. The
motivation behind our study was the disagreement between two previous reports that appeared in the literature
on HNOO, both reporting theoretical (harmonic) and experimental (matrix isolation) vibrational spectra of
HNOO. Our new theoretical results and our analysis of the previous two papers strongly suggest that the
correct assignment of vibrational spectra is that of Laursen, Grace, DeKock, and Sprémk. (Chem. Soc.

1998 120 12583-12594). We also compare the electronic structure of HNOO with the isoelectronic molecules
HONO and Q. The NO and OO bond lengths are practically identical in HNOO, in agreement with the
identical OO bond lengths (by symmetry) in ozone. Correspondingly, the NO and OO stretching frequencies
of transHNOO are in close proximity to each other, as are the symmetric and antisymmetric OO stretching
frequencies in @ This is in contrast to the electronic structure of HONO, which has a large difference
between the two NO bond lengths, and a correspondingly large difference between the two NO vibrational
frequencies. These results are readily understood in terms of simple Lewis electron dot structures.

Introduction similar electronic structure methods (ab initio and density
functional theory). Examination of the reported infrared spectra
shows that the two papers obviously are reporting on different
molecules. The differences in the infrared spectra assigned to
HNOO are large, see Table 1. The assignment of the frequencies
according to the type of motion was done only by LGDS. These
assignments of vibrational motion are obviously only ap-
proximate, except for the torsional motion which is separated
" by symmetry from the remainder of the motions. This ap-

(X) with Oxygen in a Solid Xenon Matrix: Formation and proximate assignment of motions will be useful in our discussion

Infrared Spectrum of Imine Peroxide, HNOO”. Both of these throughout this paper. ) )
papers relied on the same general experimental techniques Ih€ Work of LBSW was done in argon matrices and that of
(photolysis, matrix isolation, and infrared spectroscopy) and LGDS in xenon matrices, but this difference is not sufficient to

account for the wide frequency dispariteSome work using
Ar matrices is reported by LGDS, and the differences between

The new molecule imine peroxide, HNOO, appeared in the
title of two papers in back-to-back issues of thmurnal of the
American Chemical Socieip December, 1998. The first, by
Ling, Boldyrev, Simons, and Wight (LBSW)was entitled
“Laser Photolysis of Matrix-Isolated Methyl Nitrate: Experi-
mental and Theoretical Characterization of the Infrared Spectrum
of Imine Peroxide (HNOOQO)". The second, by Laursen, Grace
DeKock, and Spronk (LGDS)was entitled “Reaction of NH

T Part of the special issue “Fritz Schaefer Festschrift”.

* Corresponding authors. Xe and Ar matrices are small. Furthermore, the reported relative
ECaIvi_n College intensities do not agree for the different bands. A crucial factor

; B”A??é?;?ysjftéegfgivaers”y' in comparing these two sets of results is the assignment made
O University of Silesia. to vz and v4, corresponding to the NO and OO stretching
;Universgty of Michigan-Dearborn. motions. LBSW assign these at 1381.6 and 843.2'cmhereas
B ke ed LGDS assign them at 1092.3 and 1054.5 énfror the former,
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TABLE 1: Experimental Results for HNOO Reported by description of the harmonic vibrational frequencies of 0Z8n&,
LBSW and LGDS* successfully competing with multireference methods. It is,
frequency LBSW (ref 1) LGDS (ref 2) therefore, very likely that these and related coupled cluster

v2(NH str) 3287.7 (3.12) 3165.5 (0.07) methods will providg us.with a definitive, high-.quality descrip-
v2 (HNO bend) not obs. 1485.5 (0.12) tion of the HNOO vibrational spectrum. We might add that the
v3(NO str) 1381.6 (0.74) 1092.3 (1.00) multireference character of HNOO is a consequence of its
v4(0O str) 843.2 (0.35) 1054.5 (0.25) expected diradical nature, commented upon beforEor
v5(NOO bend) 670.1 (0.19) not obs.

systems having multireference and/or diradical character, the
T o e renormalized and completely renormalized CCSD(T) me#Rotis

a Frequencies in cm, relative intensities in parentheses. See refs 1 perform remarkably well, improving the results of the standard
and 2 for details regarding the relative intensities. CCSD(T) calculatior® (cf., also, refs 1215, 19-21, and
23—25). ltis, therefore, very interesting to examine how reliable

turn, imply that there is a large difference between the NO and the renormalized and completely renormalized CCSD(T) ap-
OO bond lengths for the molecule assigned by LBSW, Whereasproaches are in the case of HNOO.

there is a small difference between these two bond lengths for
the molecule reported by LGDS. If HNOO has a large difference
in the NO and OO bond lengths it will behave like HONO,
whereas if there is a small difference between these two bond
lengths it will behave similarly to ozone.

ve (torsion) 790.7 (0.32) 764.0 (0.57)

Two close-lying geometric isomers are possible for HNOO,
cis and trans. Both LBSW and LGDS present evidence for only
one isomer in the matrix. Although it is not certain in either
work which of the two forms was experimentally observed, both

. ._papers state that the agreement between theory and experiment
There are at least three reasons why the above discrepancie P g y P

. better for the trans isomer. Hence, this paper focuses only on
between the resylts of the LB.SW gnd LGDS.SIUd'eS Qeserve Atheoretical work for the trans isomer. We have completed some
thorough theoretical examination. First, there is an obvious need

. . : . : reliminary theoretical work on the cis isomer, but this
to determine which (if any) of the two interpretations of the . . o
observed vibrationaf spe%:)tra is correct. TPhe discrepanciesmformat'on does not alter our analysis of the trans species. The

detailed ab initio study of the cis species will be discussed in a
of these 1o groups Can have Spectroscopic evidence for theSCP2Ite paper. Further detas related to a comparison of the
existence of HNOO. In such a situation, a thorough theoretical cis a_nd trans isomers arg presented in the Appendix.
study employing state-of-the-art computational methods based !t iS the purpose of this paper to report thorough coupled
on first principles of quantum mechanics is essential. The Cluster studies ofransHNOO: geometry, harmonic vibrational
purported HNOO molecule contains only four atoms. For such freauencies, and, above all, anharmonic corrections to the
a “small” molecule, a thorough ab initio computational work freque_nues_. We then compare the calculated vibrational fre-
should be able to predict the vibrational frequencies with very duencies with the experimental results of LBSW and LGDS,
high accuracy, allowing one to distinguish between the disparate@nd conclude that only the LGDS report is the correct assign-
assignments in the reported infrared spectra. In particular, theMent of the spectral lines for HNOO. The calculation of
HNOO molecule is small enough to allow for a large number ar_1harmon|c corrections to V|b_rat|onal frequenme_s is accom-
of high-level ab initio calculations based on the coupled cluster Plished by generating several highly accurate quartic force fields
theory 8 (cf. refs 9-12 for selected reviews) and its renormal- for transHNOO that correspond to different coupled cluster
ized and completely renormalized extensiéhd5 The ability approaches employed in this work, using the theoretical
of the standard coupled-cluster method with singles, doubles, Methodology developed in refs 388. The reliable information
and noniterative triples [CCSD(Tf] and its higher-order a_bout_ the quartic force field and frequenmes_o_f_fundamental
extensions accounting for the effects of singly, doubly, triply, ylbre_ulonal transitions cor_rected for anharmor_ucmes_, obte_uned
and quadruply excited clusters, such as CCSDJQto in this work, is of primary importance for our discussion, since
accurately describe geometries, vibrational frequencies, andone of the main goals of the present study is to answer a basic
other properties of molecular systems is well kndwH.1415 guestion, which of the two assignments of vibrational spectra
The renormalized and completely renormalized coupled cluster Feported by LBSW and LGDS is correct. By having access to
approaches of Kowalski and Piecd&H® provide further “true” frequencies of fundamental vibrational transitions of the
improvements in the results of the CCSD(T), CCSDm@nd transHNOO isomer, resulting from a careful anharmonic
similar calculations when the nondynamical correlation effects analysis of the highly accurate ab initio electronic structure data,
become importariz-1518-26 we eliminate the risk of misinterpreting the spectrum by

Second, HNOO s isoelectronic with both HONO ang. O comparing the frequencies of the fundamental vibrational
Both of these molecules are implicated in atmospheric chem- transitions observed in experiment with the approximate vibra-
istry2” and are therefore of interest to the chemistry community. tional frequencies resulting from harmonic analysis. As part of
Since the electronic structures of HONO and &e quite our discussion, we critique both the theoretical and experimental
different, we want to determine whether HNOO mimics one of results of both LBSW and LGDS. Furthermore, we compare
these or the other, or if it is unique. our results for HNOO to those of the isoelectronic molecules

Third, the isoelectronic molecules®as been the subject of HONO and Q. We conclude that the electronic structure of
numerous theoretical studies for two reasons: (1) its multiref- HNOO is similar to that of @ and unlike that of HONO.
erence charact&2°and significance of higher-order correlation This paper is organized as follows. (1) We introduce the
effetcts3®3and (2) its importance in environmental chemistry. computational methods that have been employed, including the
Although CCSD(T), CCSD(T¢), and similar coupled cluster  treatment of the electronic structure problem and methods used
methods are formally single-reference methods, they can veryto generate the quartic force field ofansHNOO. (2) We
accurately describe high-order correlation effects, even in present our results for several ab initio methods, focusing on
situations characterized by significant multireference character the aforementioned high-level coupled-cluster methods and their
of the many-electron wave function. In particular, the CCSD- renormalized and completely renormalized variants. (3) We
(T) and CCSD(T® methods are known to provide a very good compare these new theoretical results with the experimental
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results of LBSW and LGDS.( 4) We critique the experimental to connected quadruply excited clusters neglected in the CCSD-
and theoretical work of both LBSW and LGDS. (5) We compare (T) calculations, and with the renormalized and completely
our work on HNOO to other experimental and theoretical work renormalized CCSD(T) approaches{RCSD(T) and CR-

on HONO and @, to place the HNOO molecule in context. (6) CCSD(T), respectivelyf15 that may provide further improve-

We summarize our findings. ments in the description of diradical molecular systems, such
as HNOO.
Computational Methods The need for the additional CCSD(T)@nd CCSDT-3(Q

calculations is justified by the fact that the HNOO molecule is
isoelectronic with ozone. It has been established that a highly
accurate description of the harmonic frequencies of ozone (errors
on the order of 10 cmt) requires the explicit inclusion of the
connected quadruply excited clusters in the calculattéfg3!

The CCSD(T® and CCSDT-3(§Q methods allow us to
examine the effect of quadruply excited clusters without having

the harmonic and anharmonic force constants, from which we t©© déal with the prohibitive costs of the full CCSDTQ (coupled
determined the final vibrational frequencies. We begin our Ccluster singles, doubles, triples, and quadruptes) calcula-
description of the computational procedures employed in this tions. Recall that the CCSD(Tlmethod represents an extension
study with the discussion of the electronic structure calculations. ©f the standard CCSD(T) approach in which, in addition to the
The electronic structure calculations were initiated by opti- NOniterative energy corrections to the CCSD energy due fo triply
mizing the geometry ofranssHNOO using the coupled cluster excited cIu_sters that are ?'feady presentin the CC.SD(T) theory,
CCSD(T) approach and the cc-pvTZ basis sétBecause of ~ ON€ considers the noniterative energy corrections due to

the need for high precision in the calculations of quartic force quadruply excited_ CIL_’Ste_'lg' The main advantage of the
fields, we used very tight convergence criteria for the restricted CCSP(TQ) approximation is the relatively low cost of calculat-

Hartree-Fock (RHF) and CCSD (coupled cluster singles and ?ng the correcyions due to qgadrqples. The most expensive steps
doubles) calculations that preceded the determination of thei" the calculation of the noniterative quadruples)€@rrections
CCSD(T) energies and gradients. Thus, we converged the RHFSCale agn.°, wheren, andn, are the numbers of occupied
equations to 102 for the maximum change in the SCF density ar.1d unoccupied orbitals, respectlvely. Th|_s should be compared
matrix and the CCSD equations to 18 for the maximum with the usual and manageable noniterativn,* steps of the
change in cluster amplitudes defining the CCSD wave function. CCSD(T) theory, and the prohibitively expensingn,® steps
In addition, we kept all transformed integrals in the calculations ©f the CCSDTQ approach, which accounts for the quadruply
by setting the relevant cutoff thresholds at Ahartree or less.  €xcited clusters in the fully iterative fashid#.*® As one can
The CCSD(T) geometry optimization was carried out until the S€€, the cost of calculating the noniterative)(Qprrection is.
calculated RMS energy gradient was smaller thari46artree/ not much greater than the cost of caIcn_JIatl_ng the stan_dard _tnples
bohr. To facilitate the geometry optimization and maintain high (T) correction of CCSD(T). To verify if the noniterative
numerical precision throughout the calculations, we used the treatment of triples in the CCSD(T) and CCSD(J @proaches
analytic gradient capability offered for the CCSD(T) approach IS sufficient to obtain the dgswed accuracies, we also performed
by ACES 112° As in the case of the CCSD amplitude equations, the CCSDT-3(Q calculations. The CCSDT-3{Rapproach
the CCSD so-called\ equationg142which have to be solved represents an extension of the CCSD{)T@ethod, in which
to calculate the CCSD(T) energy gradient, were converged to ©n€ adds the same type of the noniterative energy correction
1012 for the maximum change in the coefficients defining the due to quadruply excited clusters as used in the CCSB(TQ
relevant CCSDA vector. approach to the CCSDT-3 enertfyUnlike CCSD(T), the
Once the equilibrium geometry afansHNOO was deter- ~ CCSDT-3 approach, on which the CCSDT-g(@ethod is
mined with the analytic CCSD(T) gradients, we generated a based, is an iterative triples method. For all practical purposes,
common grid of 263 nuclear geometries, centered on the CCSD-the CCSDT-3 approach provides results of full CCSDT (coupled
(T) optimum geometry as the reference structure, required for cluster singles, doubles, and triples) quatity? but computer
the subsequent anharmonic vibrational analysis. We used thiscosts of the CCSDT-3 calculations are smaller than costs of
grid to perform additional electronic structure calculations, using the full CCSDT calculation$! Thus, the CCSDT-3(@method
a variety of coupled cluster methods, to obtain a few different ¢an be viewed as an approach which provides results of very
force fields for therans HNOO molecule. Further details related  high CCSDT(Q quality*” (highly accurate results in which
to the gr|d generation procedure and Subsequent anharmoni(ﬂoniteraﬁve corrections due to quadruples are added to the full
vibrational analysis are described in a later part of this section. CCSDT energies) at a fraction of the computer cost associated
The coupled cluster methods used to perform the electronic With the CCSDT(@ calculations.
structure calculations are discussed first. The CCSD(TQ calculations were performed on the same
The basic force field for the present study of the vibrational grid of 263 nuclear geometries as used in the CCSD(T)
spectrum oftransHNOO was obtained by performing the calculations. Unfortunately, we were unable to do the same for
CCSD(T) calculations, using the grid of 263 nuclear geometries the CCSDT-3(@ method. Although the CCSDT-3¢Qmethod
mentioned above. We used the same cc-pVTZ basis set ands less expensive than the CCSDTY@nd CCSDTQ approaches,
the same, very tight, convergence criteria for solving the coupled the computer costs of the CCSDT-3)@alculations for the cc-
cluster equations at each nuclear geometry from the grid as usedpVTZ HNOO molecule make it very difficult to obtain all 263
during the CCSD(T) geometry optimization. To test the reli- energy values in a reasonable time (despite excellent computer
ability of the resulting CCSD(T) vibrational frequencies, we resources available to us). Because of the relatively large
performed several additional calculations with state-of-the-art computer costs, the CCSDT-3j@alculations were performed
coupled-cluster methods [CCSD(fJ@nd CCSDT-3(Q] that only on a subset of 32 geometries required to generate the
account for the high-order many-electron correlation effects due quadratic force field (harmonic frequencies). The CCSDTB(Q

Our calculations were performed in two steps. First, we
carried out the electronic structure calculations of the optimum
geometry and ground-state potential energy surfaceaois
HNOO required to generate the quartic force field for the
subsequent vibrational analysis, using a variety of coupled
cluster methods. Next, the information about the ground-state
potential energy surface afansHNOO was used to determine
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TABLE 2: Summary of Anharmonic Vibrational Analyses of transsHNOO?

RHF MP2 CCSD CCSD(T)  R-CCSD(T) CR-CCSD(T) CCSD(JQ CCSDT-3(QpP
EQ
r(0—0) 1.2876 1.2558 1.2781 1.2951 1.2789 1.2808 1.2901 1.2859
r(N—0) 1.1897 1.3656 1.2677 1.2993 1.2926 1.2880 1.3025 1.3060
r(N—H) 1.0121 1.0299 1.0253 1.0291 1.0272 1.0269 1.0284 1.0286
ONOO 118.59 116.39 116.97 115.93 116.53 116.54 115.97 115.99
OHNO 104.69 96.87 100.86 99.76 99.95 100.12 99.63 99.50
w1 3609 3378 3417 3367 3393 3396 3375 3374
w2 1726 2021 1590 1536 1571 1570 1541 1547
w3 1698 1461 1295 1193 1228 1219 1167 1184
ws 979 959 1143 1065 1152 1152 1085 1093
ws 855 762 696 663 680 681 665 666
we 722 663 842 786 807 811 781 780
A -178 ~175 ~174 ~178 -178
Az —44 -1 —42 —45 —45
As —46 -37 -38 —47 -35
As —24 —26 —26 —28 -39
As -13 ~12 ~12 -13 -13
As —22 —20 —20 —23 —22
" 3189 3218 3221 3197 3196
V2 1492 1529 1528 1496 1502
Vs 1147 1191 1181 1120 1149
Va 1042 1126 1126 1057 1054
Vs 650 668 669 652 652
Ve 764 788 792 758 757
NON-STAT
w1 3442 3375 3379 3367 3372 3373 3367 3367
w2 1635 1633 1559 1536 1553 1551 1539 1544
w3 1147 1393 1145 1193 1168 1156 1170 1169
ws 881 1002 1073 1065 1116 1106 1075 1100
ws 587 686 667 663 667 666 664 663
we 671 781 811 786 796 797 780 780
A ~172 -178 ~176 ~175 ~179 -178
Az -1 —44 —42 —42 —45 —45
As -37 —46 -41 —40 —47 —43
As -35 —24 —25 —28 —27 —29
As -13 -13 ~12 -13 -13 -13
As —20 —22 —20 —20 -23 —22
" 3206 3189 3196 3198 3188 3188
V2 1517 1492 1512 1509 1494 1499
Vs 1108 1147 1126 1116 1123 1126
Va 1038 1042 1091 1078 1047 1071
Vs 653 650 655 653 650 650
Ve 791 764 776 777 757 757

aBond distances in A, angles in deg, harmonig) @and fundamentah) frequencies, and total anharmonicities)(in cm2. ® Quadratic force
field combined with CCSD(T€) cubic and quartic force constants.

harmonic frequencies were subsequently corrected with anhar-in this work, we used very tight convergence criteria in the

monicities resulting from the CCSD(FQcalculations. R—CCSD(T) and CR-CCSD(T) calculations (102 for the
As mentioned earlier, we also used the renormalized and maximum change in the SCF density matrix and*dor the

completely renormalized CCSD(T) methdds!® These new  Mmaximum change in cluster amplitudes).

methods, which are based on the recently developed formalism All R—CCSD(T) and CR-CCSD(T) calculations were per-

of the method of moments of coupled-cluster equatiéri§ 82223 formed with the highly efficient system of coupled cluster

provide improvements in the standard CCSD(T) results when computer progranidwhich forms part of the electronic structure

chemical bonds are stretched or brokei19-21.23-25 and for
systems having diradical charactéiThe completely renormal-
ized CCSD(T) approach, [CRCCSD(T)], is particularly prom-
ising in this regard. As mentioned in the Introduction, the
diradical character of HNOO has already been acknowleéed.
We can, thus, expect that the ERCSD(T) method provides

package GAMESS?We also used GAMESS, along with ACES
I, to perform the CCSD(T) calculations on the grid of 263
geometries. The CCSD(TRand CCSDT-3(§ calculations
were performed with the University of Silesia/Michigan State
University package of coupled cluster programs which is
interfaced with the ACES Il HartregFock and integral

some improvements in the description of the vibrational transformation routines.

spectrum oftransHNOO. Computationally, the RCCSD(T)

The results of anharmonic vibrational analyses of various

and CR-CCSD(T) methods have essentially the same costs ascoupled cluster data available to us are summarized in Table 2.
the CCSD(T) approach. They are characterized by the ease ofin addition to the aforementioned CCSD(T);RCSD(T), CR-
application of the standard CCSD(T) method. Thus, we had no CCSD(T), CCSD(T®, and CCSDT-3() results, we report the

problem performing the RCCSD(T) and CRCCSD(T)

results of the RHF, second-order many-body perturbation theory

calculations on the entire grid of 263 geometries, required to (MBPT(2) or MP2), and CCSD calculations, which were
generate the quartic force field of HNOO, using the cc-pVTZ obtained during the CCSD(T) and post-CCSD(T) calculations.
basis set. As in all other coupled cluster calculations discussedOur discussion focuses on the best results available to us,
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obtained with the higher-level CCSD(T),CSD(T), CR- energy surface in order to cancel out spurious nonzero gradients
CCSD(T), CCSD(T®, and CCSDT-3(§ methods. The RHF,  while leaving the more accurate higher-order force constants
MP2, and CCSD data are only provided for the completenessunchanged. In this sense, the NONSTAT method can be
of our presentation. It has been well established that the RHF, employed to approximate agquilibrium vibrational analysis
MP2, and CCSD methods do not provide highly accurate at a higher (or exact) level of theory that is devoid of errors in
analyses of vibrational spectra. This is particularly true for its re structure. The internal coordinates for the NONSTAT
HNOO, whose electronic structure is similar to that of the vibrational analyses were the OO, NO, and NH bond distances,
complicated ozone molecule, where the effects due to higher-the valenceINOO anddHNO bond angles, and tHeHNOO
than-doubly excited clusters neglected in the RHF, MP2, and torsion angle.
CCSD methods are significant. We report neither NONSTAT nor EQ anharmonicities in
We now describe the computational procedures used to Table 2 for the RHF and MP2 levels of theory because these
determine the quartic force fields snsHNOO and the corre- ~ Methods are grossly deficient in their description of the
sponding anharmonic vibrational frequencies. As mentioned eléctronic structure of HNOO. In addition, anharmonic correc-
earlier, all electronic structure results reported in Table 2 were tions via the EQ scheme are omitted for the CCSD vibrational
obtained on a common grid of points centered on the CCSD(T) frequencies, because the corresponding optimum geometry is
optimum geometry as the reference structure. The high-orderSufficiently removed from the true equilibrium region and the
numerical differentiations for the HNOO force constants were CCSD(T) reference structure as to require an unreliable
performed with a new computer code, INTDIF2003yhich extrapolation outside our grid points.

is capable of computing any force field through sextic order After the determination of quartic force fields in the internal
for any molecule and any number of coordinates, via inpu,t coordinate representation, analytic nonlinear transformations to

information from any order of analytic derivative method, the Cgrggsia_n space were performed with the program INTDER-
including energy points alone. The code also uses the symmetry?20007"**which implements tensor formula' through fourth

of Abelian point groups to minimize the number of displace- order for aII_common internal var_|ables. Upon subsequent linear
ments. INTDIF2003 contains explicitly programmed central- transgprmatlons of _Lhe _forcle f'ﬁlds to the reduced_bnormal
difference formulas through order 6, does not resort to poly- co0rdinate space, vibrational anharmonic constagis \ibra-
nomial fitting schemes, and implements rigorous error control ion—rotation interaction constantey), and quartic and sextic

and monitoring. Regardless of the order of the input information, centrifugal distortion constants were determined using the
the complete set of force constants in a computed field of formulas of vibrational second-order perturbation theory (VPT2)

maximum ordem will be accurate to orden + 2. With tight as applied to the standard vibratierotation Hamiltonian for
L . . iridi i 58 Thi

convergence of ab initio wave functions described above, the SeMirigid asymmetric top moleculés.>® This procedure has

numerical errors in resulting anharmonic vibrational frequencies PE€N investigated extensively in systematic ab initio studies of

can be reduced well below 0.5 cfn In our case, the quartic  ViPrational anharmonicity by Allen and co-workefs 26265259

force field of HNOO is determined directly from energy points, 'NO resonances were excluded from the VPT2 treatment.

and the first numerical contamination in the constants does notAlthough the 2‘_’6 anng levels are close-lying in sgveral cases,
appear until order 6. In total, 262 displacements (€072 the anharmonic matrix element between them is too small to

C1) were required in addition to the CCSD(T) reference anomalously affect the perturbation treatment. Underlying data

geometry. The step sizes employed for the central-differencefrom the vibrational analysis are presented in the Supporting

computations were 0.01 A and 0.02 rad for distances and angleslnformat'on’ Wh'_Ch mc_ludes the q”"i?dfa“cy cubic, and quartic
respectively. force constants in the internal coordinate space, along with the

. . . vibrational anharmonic constants.
In the first set of analyses, labeled EQ in Table 2, the quartic
force field at the reference structure was used to interpolate theDiscussion of the Theoretical Results on HNOO

equilibrium geometry and complete cubic force fieldratin Bond Lengths. All coupled cluster methods predict the OO
these computations, geometric perturbations in the dominant,and NO bond lengths to be within about 0.01 A. The RHF
diagonal stretching, quartic force constants were accounted formethod predicts the OO bond length to be about 0.1 A longer
by means of approximate quintic const&htgiven by frm = than the NO bond length, whereas the MP2 method predicts
(freee )4(frr) %, while the remaining quartic constants were not just the opposite. This illustrates the very well-known inability
modulated. In the second set of analyses, labeled NONSTAT, of the low-order methods to accurately model the electronic
the accurate CCSD(T) reference structure was invoked as astructure of many molecular systems, including the isoelectronic
common equilibrium geometry, and the quadratic, cubic, and ozone molecule.

quartic force constants at this position were used directly in  Harmonic Vibrational Frequencies. Our main interest is
the vibrational analyses for each level of electronic structure in w3 andws, the vibrational frequencies corresponding mainly
theory. The theoretical basis for such a vibrational treatment at to the NO and OO stretching motions. Just as the bond lengths
a nonstationary geometry is extensively developed by Allen and differ widely for RHF and MP2, so also there is a large
Csaza.3" The key principle is that at a fixed geometry the error  difference between these two associated vibrational frequencies,
in electronic structure computations usually diminishes greatly ~500-700 cntl. The differences betweens andw,4 from the

as the order of the force constant increases, yet the higher-ordeCCSD(T), R-CCSD(T), CR-CCSD(T), CCSD(TQ, and
force constants are very sensitive to geometric perturbations.CCSDT-3(Q) methods are 128, 76, 67, 82, and 91 ém
Accordingly, in the usual vibrational analysis scheme, substantial respectively, from the EQ results, and 128, 52, 50, 95, and 69
errors in the gradients at a given level of theory will cause cm™2, respectively, from the NONSTAT results. In brief, our
unnecessary loss of accuracy in corresponding predictions ofbest theoretical methods predict close proximity in NO and OO
higher-order force constants merely by giving an insufficiently bond lengths and in the harmonic vibrational frequencies
accurate equilibrium structure. In adopting a better reference associated with these two bonds.

geometry, which may be nonstationary at a given level of theory, Fundamental Vibrational Frequencies. Again, our main

a first-order shift term is added to the corresponding potential interest is invs andv,. The difference betweers andv, from
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TABLE 3: Comparison of Experimental and Theoretical Vibrational Frequencies, cntt

frequency LBSW LGDS CCSD(T) CRCCSD(T) CCSD(TQ CCSDT-3(Q)
v1 (NH str) 3287.7 3165.5 3189 3198 3188 3188
v2 (HNO bend) not obs. 1485.5 1492 1509 1494 1499
v3 (NO str) 1381.6 1092.3 1147 1116 1123 1126
v4 (OO str) 843.2 1054.5 1042 1078 1047 1071
vs (NOO bend) 670.1 not obs. 650 653 650 650
v (torsion) 790.7 764.0 764 e 757 757
TABLE 4: Isotopic Vibrational Frequency Shifts (cm 1) for transsHNOO
Avy (Awq) Av, (Awy) Avs (Aws) Avs (Aws) Avs (Aws) Ave (Awe)
DNOO
CcCSsD(T) —794.5(-905.8) —261.1 (-273.5) —5.8(—11.9) -77.0(81.8) —21.1(-22.7) -182.9(191.5)
CCSD(TQ) NONSTAT  —809.5 (-905.8) —263.1 (-275.0) —9.5(~7.6) —79.5(-85.4) —20.9(22.6) —181.2(190.1)
LBSW, expt. —844 —301 —20 —11 (or—82) —203 (or—132)
H®™NOO
CcCcsD(T) —6.8 (~7.4) —4.2 (-4.2) —-12.7(-14.6)  —5.5(-5.0) -7.6(=7.8) —-0.9 (-0.9)
CCSD(TQ) NONSTAT —6.8(-7.4) —4.2 (-4.3) -12.6 (-14.3)  —5.3(-5.1) -7.6(7.8) —0.8 (-0.9)
HN*0O0
cCcsD(T) —0.2 (-0.02) —~10.6 (-11.3) —33.8(-35.9) —19.6(-205) —9.3(-9.8) —2.6 (-2.9)
CCSD(TQ) NONSTAT —-0.2 (-0.01) —-10.5 (-11.3) —-33.0(-35.2) —19.7(20.6) —9.3(-9.8) —2.6(=2.9)
LGDS, expt. 0 —-10.9 —31.9 —-19.7 -- —2.7
HNO? 0
CcCcsD(T) 0.02 £0.01) -1.2(-1.2) —5.0 (-4.5) —25.1(-26.8) —12.7(13.1) -1.6 (-1.8)
CCSD(TQ) NONSTAT 0.02 £0.01) -1.3(-1.3) —4.1(-4.0) —25.8(27.3) —12.8(13.2) -1.6(-1.8)
LGDS, expt. 0 -15 —4.3 —254 -- =17
HN*0%0
CCSD(T) -0.13(-0.02) —11.5(12.2) —38.8(-40.4) —46.3(-48.8) —21.7(-22.5) —4.2 (-4.7)
CCSD(TQ) NONSTAT —0.13(-0.02) —11.6 (-12.3) —36.9(-39.0) —47.1(-49.6) —21.7(22.6) —4.2 (-4.7)
LGDS, expt. 0 —-12.1 —36.0 —46.6 -- —4.4

aExcludingws — 2ws resonance.

the CCSD(T), RCCSD(T), CR-CCSD(T), CCSD(T®, and this band at 1381.6 cm, in very poor agreement with theory.
CCSDT-3(Q) methods are 105, 65, 55, 63, and 95 ¢ém The fourth band, OO stretch, is assigned by LGDS at 1054.5
respectively, from the EQ results, and 105, 35, 38, 76, and 55 cm™, in excellent agreement with the theoretical prediction of
cm 1, respectively, from the NONSTAT results. As expected ~1060 cnt. However, LBSW assign the fourth band at 843.2
from the harmonic vibrational frequencies, these fundamentalscm~1, again in very poor agreement with theory. LGDS claim
are predicted to be close together. The anharmonic correctionsnot to have observed the fifth band. LBSW assign this
bring them into even closer proximity than they were predicted fundamental at 670.1 cm, and the computed value 650

at the harmonic level. The agreement between the theoreticalem~1. Finally, the sixth band is reported by LGDS at 764.0
vz — vy differences (particularly those that result from the cm2, in excellent agreement with the theoretical value-@65
R—CCSD(T), CR-CCSD(T), and CCSD(TfRcalculations) and ~ cm2. The sixth band reported by LBSW is at 790.7 ¢m

: i o ; .
the experimental value of; — v4 (38 cm™) is impressive. In summary, there is very good to excellent agreement

) ) ) between the theoretical results and the experimental assignment
Comparison of Theoretical and Experimental Results of LGDS to the HNOO molecule, but very poor agreement with

the assignment of LBSW. Further conclusive evidence for the

combine some essential results from Table 2 with the experi- 25Signment of LGDS is provided by a comparison with the

mental results of Table 1 into a new Table 3. Our focus above [SOtOPIC shift data reported for HNOO by LBSW using
was on the third and fourth bands only. In Table 3, we present deuterium substitution and by LGDS using O-18 substitution.

To compare the theoretical and experimental results, we

all six bands predicted forransHNOO from our best four The theoretical and experimental isotopic shifts are sum-
theoretical methods and compare them to the experimentalmarized in Table 4. We examine first the deuterium substitution
results of LBSW and of LGDS. work of LBSW. There was an observed shift of 844 ¢nn

The results presented in Table 3 strongly favor the assignmentthe first band and 301 cm in the “third” band. (Thev; band
of LGDS and disfavor the assignment of LBSW. Consider first Was assumed undetected.) These shifts are in very poor
the highest frequency band, which is assigned to the NH stretch.2greement with the computed shifts of approximately 800 and
The theoretical results, in vacuo, predict this band to occur at 10 cnT?, respectively. If we assume that the second observed
~3190 cnTlin close proximity to that observed in the Xe matrix ~ band is in fact the, band, then the agreement between theory
by LGDS, 3165.5 cmt, but far removed from the frequency —and experiment is better;260 vs 301 cm?, although still not
of 3287 cnv! reported in an Ar matrix by LBSW. Turning to  acceptable. In any case, there is very poor agreement between
the second band, HNO bend, it was not observed in the theory and LBSW's experiment for both band shifts. The last
assignment of LBSW. LGDS report this band at 1485.5tm three bands assigned by LBSW to HNOO also show extremely
to be compared with-1500 cnt? from the theoretical results.  poor agreement with the computed isotopic shifts, as seen in
This is excellent agreement indeed. The third band, NO stretch, Table 4. The fourth theoretical band is predicted to exhibit a
is assigned by LGDS at 1092.3 cfnin good agreement with  shift of ~80 cn1!, whereas the LBSW'’s experimental assign-
the theoretical value of1125 cntl. However, LBSW assign  ment places the shift at 20 crh The fifth theoretical band is



Electronic Structure and Vibrational SpectrumtanssHNOO J. Phys. Chem. A, Vol. 108, No. 15, 2002899

predicted to exhibit a shift of20 cnT?!, whereas the LBSW's  LGDS of the NO and OO stretching motions is to bands at
experimental assignment places the shift at 1T crRinally, 1092.3 cm?! and 1054.5 cml. These “...frequencies are
the sixth theoretical band is predicted to exhibit a shift-aB0 remarkably close to the ozone stretching frequencies at 1103
cm 1, whereas the LBSW'’s experimental assignment places thecm™! and 1042 cm! (gas phase).” These two bands are
shift at ~200 cntl. All in all, there is very poor agreement separated by 37.8 cthfor HNOO and 61 cm? for Os. LBSW
between the results of our high-level coupled-cluster calculations assigns these two stretching modes at 1382'and 843 cm?
including anharmonicities and LBSW’s experiment for all of for HNOO, separated by 539 crh and far removed from the

the bands. corresponding bands in ozone. In this respect the assignment
We turn now to the O-18 isotopic shift work of LGDS. The of LBSW shows substantial similarity to HONO.
experimental work reported isotopic shifts for R0, HNG<O, Comparison to HONO. Given that HNOO also is isoelec-

and HNSB0O!80. Since five bands were observed for each tronic with HONO, it is worthwhile to compare the NO and

molecule and we have three isotopic variants, there are fifteen OO stretching frequencies of HNOO with the two NO stretching
bands for which we can compare theory and experiment, Tablefrequencies of HONO. For purposes of comparison, we will
4. These fifteen numbers show an astonishing agreementquote our results from LGDS corresponding to the Xe matrix.

between theory and experiment, usually within 17énThis The results quoted by LBSW in an Ar matrix are very similar.
very close agreement between theory and experiment provides FortransHONO in a Xe matrix, the NO stretching frequen-
further evidence for the assignment of LGDS. cies occur at 1680 and 794 ch the equivalent modes icis-
HONO absorb at 1626 and 842 cinThese bands are separated
Critique of Previous Experimental Results on HNOO, G, by 886 cnt! and 784 cm?; this splitting is in reasonable
and HONO agreement with the 539 crh splitting as assigned by LBSW

to HNOO. This is completely different from the splitting of the
two stretching modes in ozone~60 cnTl). The NO-OO

' splitting results of LGDS suggest a molecule with an electronic
structure similar to ozone, whereas the results of LBSW suggest
an electronic structure closer to HONO than ozone.

Comparison of Photolytic Precursor.Both the LBSW and
LGDS papers utilized the experimental techniques of photolysis
matrix isolation, and infrared spectroscopy. The starting mol-
ecule for LBSW was methyl nitrate, GBNO,, whereas that
for LGDS was hydrazoic acid, HiNfollowed by reaction with On the basis of the coupled cluster results reported above,
Oz . o the electronic structure of HNOO is much more like that of

In the work of LGDS, hydrazoic acid is photolyzed o HN - 570ne than of HONO. Hence, we expect the vibrational
and No. Generation of the HN precursor from HMNas been — frequencies to be similar to those of ozone and not of HONO,
reported in two other publicatior®85!So the purported reaction ¢ argued by LGDS and as summarized above. But this bald

HN + O, — HNOO is very simple and “clean”. Nonetheless, giatement can be further justified by presenting theoretical results
there are numerous bands reported in the matrix isolation 5n HNOO, HONO, and @

experiment that are assigned to “impurity” molecules by LGDS.

These includecissHONO, transHONO, NHOH, NoH;, H:0, Theoretical Results on Isoelectronic Molecules

and CQ. These impurity molecules could be identified on the . .

basis of other matrix isolation experiments, and upon the HONO. We write three Lewis electron dot structures for
behavior of the bands to further annealing and photolysis. Hence, HONO below.

although there were six impurity molecules, the behavior of the

various bands due to these molecules was fairly well understood. H K.
: N X,
The assignment of the new bands to HNOO was based upon e \.,:
the simple chemistry of the system and the photolytic behavior . _
of these bands to form bothisHONO and transHONO NP LN , H\O(_'_Nj'_xg.
molecules in the matrix. e Q- o :

In contrast to the relatively simple system described above,
the photolysis of methyl nitrate results in a plethora of bands.  We expect the first structure to dominate; it shows a single
LBSW propose that methyl nitrate decomposes via two channels.bond between the central N and O atoms and a double bond on
One channel forms formaldehyde AB0O) and hydrogen nitryl the terminal pair. The second structure, in which the single and
(HNOy), and another forms formaldehyde and HNOO. We count double bonds are interchanged is less important, as there are
23 bands in Table 1 of LBSW, due to photoproducts of methyl nonzero formal charges on the two oxygen atoms. The third
nitrate after 20 min of photolysis, and 41 bands after 520 min structure, meant to depict diradical character, also is unimportant
of photolysis. Out of the first 23 bands, five bands were labeled for reasons of formal charge. Both the experimental and
as C, which were eventually assigned to HNOO. A strong factor theoretical work reported in the next paragraph support the
in the assignment of these bands to HNOO was the excellentassertion that the first resonance structure is dominant.
agreement between the QCISD(quadratic configuration Table 5 presents experimental and theoretical data related to
interaction with singles and doubles) harmonic frequencies for the NO bond lengths and their associated vibrational frequencies
HNOO and the bands labeled as C. The inability of the QCISD for transHONO. The experimental difference in the two bond
theoretical method to accurately model the electronic structure lengths is approximately 0.25 A; the corresponding computed
of HNOO will be discussed below. difference is approximately 0.20 A at the Hartrefeock level

Comparison to Os. Given that HNOO is isoelectronic tosD and 0.24 A at levels that include correlation [MP4, QCISD,
it is worthwhile to compare the symmetric and antisymmetric CCSD(T)]. The difference in the frequencies assigned to the
stretching frequencies of ozone to the corresponding bands ofN=0 and N-O stretching motions is near 900 ckwhether
HNOO. LGDS stated that “It may be reasonable to think of by experiment, HartreeFock, or one of the more advanced
HNOO as an ‘isotopically substituted’ ozone molecule, since theoretical methods. In particular, the QCISD approach, used
the NH group is of similar mass to an oxygen atom and is poorly by LBSW in their study of HNOO, works reasonably well for
coupled to the lower-frequency modes.” The assignment of HONO. The problem is that the electronic structuretrahs-
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TABLE 5: Experimental and Theoretical Data Associated with the N=O and N—O Stretching Motions of transsHONO?2

bond length, expt. 5364 HF % HF, 6-31H-G*, MP4 56 QCISD, 6-311#G*, CCSD(T), 6-31#G*,
frequency gas 4-31G* this work 6-311G** LBSW this work

r(N=0) (A) 1.170 1.153 1.144 1.175 1.172 1.177

r(N—0) (A) 1.432 1.345 1.342 1.405 1.415 1.425

v (N=0) 1700 1820 2032 1767 1781 1736

v4 (N—0) 790 970 1079 896 858 827

0 (v2— va) 910 850 953 871 923 909

aThe theoretical frequencies are unscaled and harmonict. cthe results from this work were obtained with Gaussiari’98.

TABLE 6: Experimental and Computed Harmonic
Stretching Frequencies (cm?) for O 32

reasonably close to the harmonic frequency derived from
experiment, 1135 cni. The bending frequency results all occur
in the range 707762 cn1?, except for those of HF and CISD,

w3
w1 w2  (antisym. which are much higher. This also is in close agreement with

method (sym. stretch) (bend) stretch) wi— ws (harmonic) experiment, 716 cth The results for the antisym-
HF 1537 867 1418 119 metric stretch are much worse. The experimental (harmonic)
MP2 1166 743 2241 —-1075 value is 1089 cml, and the computed values range from a high
ccesp 1278 762 1267 11 of 2241 (MP2) to a low of 968 cmt [QCISD(T); for a
gggggj ﬁgg ;i? 1(1)?71 Zg description of the QCISD(T) approach, which is a QCI analogue
CCSD(TQ 31 1144 714 1094 50 of CCSD(T), see ref 16] The range is so Iarge that the MP2
CCSDT(Q)* 1133 709 1112 21 and CISD methods predict the antisymmetric stretching fre-
CISD 1407 816 1535  —-128 qguency to benhigherthan the symmetric stretching frequency.
QCISD 1254 750 996 258 Of the results presented in Table 6, the metfidtshat show
eQXCp't_S'(Dhg)momc) 111{1345 770176 33889 1726 _the c_Iosest agreement with experim_ent are_CCSD)(‘(@ed
expt. (fundamentay 1103 701 1042 61 in this work) and CCSDT(Q [approximated in this work by

CCSDT-3(Q)]. In these two cases, the splitting between the
stretching harmonic frequencies is 50 and 2T §mespectively.
The CCSD(T) and CCSDT results also are in good agreement
with experiment, with splittings of 99 and 46 cirespectively.
HNOO has little in common with HONO and a lot in common The QCISD and QCISD(T) results show a splitting between
with ozone, for which QCISD fails (see below). A reasonable the symmetric and antisymmetric stretching frequencies of 258
performance of QCISD for HONO does not guarantee that the and 176 cm?, respectively, compared to an experimental
same is true for ozone and HNOO. splitting of 46 cnm™. It is our contention that, just as the QCISD
Os. By contrast to the above description of HONO, the method overestimates the splitting between the symmetric and
electronic structure of ozone is murky indeed. For oztmee antisymmetric stretches in ozone, it does the same for the
Lewis electron dot structures are needed. splitting between the NO and OO stretches in imine peroxide.
We will substantiate this point with new theoretical results
reported in the next subsection.

HNOO. In Table 7 we gather the bond lengths and frequen-
cies primarily associated with the NO and OO stretching motions
The first two structures show a positive charge on the central for transsHNOO. Included are the QCISD results from LBSW,
atom and are analogous to those for HONO. The last structureand new results that we have obtained using the QCISD(T)
has diradical character; it exhibits weakly pairecelectrons theoretical method. The QCISD and QCISD(T) data are
on the terminal heavy atoms, and zero formal charge on all the compared to a selection of our best coupled-cluster results,

atoms. No single resonance structure is predicted to be dominantobtained with the CRCCSD(T), CCSD(T®, and CCSDT-
From the point of view of theory, the diradical character means 3(Q;) methods.
that we expect multireference character in the ground state of The results in Table 7 show that Hartreleock theory is
ozone or the significant role of the connected triply and incapable of describing the competition between the NO and
quadruply excited clusters if we want to retain a single reference OO bonds for electron density, as we have discussed previously.
description. The second column shows the QCISD result from LBSW.
It has been known for at least thirty years that a minimum of Compared to the Hartred-ock result, the QCISD method
two electronic configurations is needed to describe the ground predicts a lengthening of both the NO bond (0.07 A) and the

a All of the results are with the cc-pVTZ basis set. The QCISD results
are from this work, using Gaussian 98The others are taken from the
monograph by Jenséhgexcept as noted.

5Bl B < O

state of 0zoné® In one configuration, two of the four electrons
are in the bondingr molecular orbital, depictiof + +, and
two in the nonbondingr molecular orbital, depictiont - —.

(The symbols represent the signs of tihdobes from above,

OO0 bond (0.04 A); the NO distance is still 0.07shorterthan

the OO bond. This has substantial implications for the corre-
sponding frequencies. The NO stretch is predicted at 1391 cm
and the OO stretch at 841 ci) for a separation of 550 cr,

and the dot represents a node at that atom.) In another, the twovhen the QCISD method is employed. This is not as large as
occupiedsr molecular orbitals are depicted as + + and the 719 cm! separation predicted by the Hartreeock method,
+ — +.2° This multireference character has made it difficult to but it is substantially greater than the values predicted by our
compute vibrational frequencies that are close to the observedbest coupled cluster results, as shown in Tables 2, 3, and 7.
frequencies for ozone, see Table 6. A total of 10 theoretical The QCI formalism is unable to produce the very small, ca. 50
results are presented, and compared to experiment. cm ! difference betweens andv, observed in our calculations
The results for the symmetric stretching frequency lie in the and experiment, since even the better QCISD(T) approach
range 1133-1278 cn1l, except for those of the HF and CISD  produces a difference of~200 cnt! between these two
methods, which are much higher. All of these results are frequencies.
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TABLE 7: Pertinent Theoretical Data Associated with the NO and OO Stretching Motions oftranssHNOO®?

bond length, HF, LBSW, QCISD(T) CR-CCSD(T) CCSD(TQ) CCSDT-3(Q)
frequency this work QCISD this work this work? this work? this work?
r(NO) (A) 1.190 1.263 1.298 1.288 1.303 1.306

r(00) (A) 1.288 1.329 1.305 1.281 1.290 1.286

ws (NO str) 1698 1391 1152 1219 (1156) 1167 (1170) 1184 (1169)
w4 (00 str) 979 841 948 1152 (1106) 1085 (1075) 1093 (1100)
6 (ws — wa) 719 550 204 67 (50) 82 (95) 91 (69)

2The QCISD and QCISD(T) results employ the 6-313* basis set. The QCISD(T) values were obtained with Gaussig¥ 9&or purposes
of comparing frequenciesy; and w4 EQ values are given with corresponding NONSTAT results in parentheses.

Our best theoretical calculations, including the calculations in this work are trustworthy on the basis of their ability to
performed with the state-of-the-art ERCSD(T), CCSD(TQ, provide very goodresults for ozone. The CCSD(T) method
and CCSDT-3(®Q methods, predict the NO and OO bond utilizing a basis set such as cc-pVTZ has been shown to provide
lengths to be practically identical. In consequence, the corre- high-quality results for a wide range of molecul@Nonethe-
sponding vibrational frequencies are predicted to be much closerless, we do recognize thaxcellenttheoretical vibrational
together. Clearly, our best theoretical methods reproduce thefrequencies for molecules such as ozone may require a higher

observed ca. 38 cm difference betweems andv, extremely level of theory than CCSD(T). Hence, we have included in our
well. The QCISD and QCISD(T) methods cannot do it. study the results of some of these more advanced methods
The three Lewis electron dot structures for HNOO are accounting, in particular, for the combined effect of triply and
analogous to those for ozone. quadruply excited clusters. Kucharski and Bartlétve shown
that connected quadruple excitations are needed for quantitative
H 'o'+ structure and frequency predictions of ozone.
>.N./ X . - In the work reported here we must decide whether the NO
e ° and OO stretching frequencies occur at 1382 and 843 @
H. Ot H ok reported by LBSW, or at 1092 and 1055 chas reported by
SN0 T SNTS-O LGDS. For such a large difference, the CCSD(T) method with
° o ° o the cc-pVTZ basis set seems more than adequate, although we

. . decided to be very critical and tested the reliability of the

Our theoretical structure and frequency results for HNOO predict CCSD(T) approach in the calculations for HNOO by performing
it to be similar to that of ozone, and not similar to HONO. This large number of additional calculations with the @SD(T)
fits with simple predictions based upon Lewis electron dot CR—CCSD(T), CCSD(TQ, and CCSDT-3(Q approaches. O;Jr
structures. studies indicate that the CCSD(T) results are improved upon

In summary, these results on HONO3;,@nd HNOO show by the R-CCSD(T), CR-CCSD(T), CCSD(TQ, and CCSDT-
that the RHF and QCISD methods cannot adequately descrlbeg(Qf) methods, although CCSD(T) is capable of providing a
the electronic structure of the latter two molecules. This forces reasonable description of the HNOO geometry and spectrum
us to question the assignment reporte_d _by_LBSW, who used Our excellent agreement between the experimental and theoreti-
the QCISD methodology to support their findings. By contrast, CCSD(TQ) and CCSDT-3(Q vibrational frequencies of
the more advanced of th.e cqupled cluster results on 0zone,,Noo s in accord with the similar agreement observed by
employing methods used in this work, are excellent, and so We ¢\, oharski and Bartlett for ozorf. It is very interesting to
expect that they also describe the essential features of HNOO. pserve that the recently proposed -©BCSD(T) method of

Kowalski and PiecucP?-13which is not much more expensive
than CCSD(T), provides an excellent description of the vibra-
The transHNOO molecule has OO and NO bond lengths tional spectrum ofransHNOO. The CR-CCSD(T) results are
and vibrational stretching frequencies close together from theory better than those obtained with the standard CCSD(T) ap-
and experiment. According to the results of LGDS, the stretching proximation when the NO and OO stretches are considered. This
frequencies appear at 1092 and 1055 &rm a Xe matrix. is probably related to a partially multireference or diradical

Computed stretching frequencies using advanced coupled clustecharacter of HNOO, which should be well described by the-CR
methodologies, particularly CRCCSD(T), CCSD(T®, and CCSD(T) approach.
CCSDT-3(Q), corrected for anharmonicities, are in excellent
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