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Coupled-cluster calculations of structure and vibrational frequencies
of ozone: Are triple excitations enough?
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Coupled-cluster calculations with full inclusion of singles, doubles, and trig@€3SDT) with a
double-zeta plus polarization and correlation-consistent polarized valence triple-zeta basis sets have
been used to calculate the structure and harmonic vibrational frequencies of the ozone molecule.
These results have been compared with those of more approximate CC methods, and the effects of
the different terms in the triple excitation equation are analyzed. The effect of basis set extension on
the CCSDT results has been estimated. In the limit of a large basis set, it appears that the complete
CCSDT method will give smaller bond lengths than experiment and an asymmetric stretching
frequency about 50 cit above the experimental value. That is, it would appear that connected
quadruple excitations are needed for quantitative calculations of the structure and frequencies of
ozone. ©1998 American Institute of Physid$$0021-96068)03806-9

I. INTRODUCTION correlation-consistent polarized valence triple-zefec-
pVTZ) sefl, with the intention of approaching more closely
The ozone molecule (§p has long been considered to be the jimit of the CCSDT method. Along with the CCSDT
a demanding test case for quantum chemical methods. As #y|cylation, we have also performed calculations with several
is a textbook multireference example, several single refererative approximations to CCSDT, and larger basis set cal-

ence coupled-clustdCC) methods which include triple ex- yjations with the ccsO) method, which provides a non-
citation effects have had mixed results in describing 0zone'gerative treatment of triple excitations.

harmonic force field° Lee and Scusertgerformed a series
of CC singles-and-doubld€CSD and CCSD with a pertur-

. . . . Il. COMPUTATIONAL METHODS
bative treatment of triplefCCSIOT)] calculations with

atomic natural orbital ANO) basis sets. With agBp2d1f All of the calculations were performed with teEs 1
basis set, the CCSD) frequencies agreed well with experi- program sl%/ﬂerﬁ'.g Along with the DZP basis set used

ment. The largest error was 32 ¢t which was for the previously,”"three types of correlation-consistet) sets
asymmetric stretching modeog). Of the three modes, this were used. The DZP set comprises Dunning&g@ contrac-
one is the most sensitive to the correlation treatmient.  tion, augmented with é function with an exponent of 1.211.
previous worlC we reported the structure and frequenciesThe first type of cc sets comprised the basic polarized va-
with a double-zeta plus polarizatiéBZP) basis set with the lence sets? namely cc-pVDZ, cc-pVTZ, cc-pVQZ, and cc-
complete CC singles, doubles, and tripl@€SDT) method. PV5Z. The latter was used with and withobt functions
The frequencies were within 12 crh of experiment, but (cc-pV5Z denotes ndh functions. The second type of cc
basis-set extension will reduce the calculated bond lengthsets comprised those augmented with diffuse functidns,
and increase the stretching frequencies significantly, yielding@amely aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ. The
poorer agreement with experiment. This implies that with &final cc set used was the cc-pCVTZ sétyhich is triple-zeta
large basis set, it appears the CCSDT method cannot givei the valence space and contains additional functions for
quantitative description of ozone, suggesting the critical im-describing core correlation effects. The DZP set was used
portance of connected quadruple excitations. Naively onavith Cartesiand functions, while spherical harmonic polar-
would expect this, as double excitations from the second

important configuration in @are quadruple excitations from TABLE I. Summary of T, equations for iterative CC methodsl,— F

. . . . 2 .
the.f”’St- However, we have .tO distinguish ?nde. Conm' +W, is the normal-ordered Hamiltonian, tfig are cluster operator)) is
butions. In a study with multireference configuration interac-the reference determinant, aff® is a triply excited determinant. Al

tion (MRCI) and complete active spad€AS) methods, methods except CCSDT-1a inclutyT,T; in the T, equation.
Borowski et al® obtain good frequencies when their MRCI
data are corrected for size inextensivity, and they agree with

Method T3 equation

our suggestion that quadruple excitations may be importantCCSDT-1a, b (GR(FNTa+HT2)([0)=0
Good results have also been obtained from a multireferenceeCSDbT-1c <?}'E°\(B\';§T3+HNT2+¥VNT1T2)C\0>=0
averaged quadratic COMRAQCC) study, using a two- SSZDTz <<i{akb|c|((FFNTT3tr"|'_|NeT;/TZZ))c||c§3>>_:0°
configuration referencé. B A
! CCSDT-3 (FRI(FNTa+Hye™ " 2) |0)=0

In thls wor_k, we ha_ve_performed a compl_ete CCSDT ccspr (300 (H €™+ 27 T3) |0) =0
calculation using a significantly larger basis sghe
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TABLE Il. Geometry and frequencies of *A; O; (DZP and cc-pVTZ basis séts

Method re/A 01° wq(ag)/cm?t wy(a)/em™t w3(by)/emt
DzP
CCSD 1.263 117.4 1256 748 1240
CCSDT-1a 1.295 116.6 1076 674 680
CCSDT-1b 1.292 116.6 1098 694 1093
CCSDT-1c 1.294 116.8 1092 687 994
cc3 1.293 116.8 1096 688 1041
CCSDT-2 1.283 116.8 1158 712 1182
CCSDT-3 1.285 116.9 1150 707 1117
CCSDT 1.286 116.7 1141 705 1077
cc-pvTzZ
CCSD 1.250 117.6 1278 763 1266
CCSDT-1a 1.284 116.7 1098 700 845
CCSDT-1b 1.282 116.7 1119 705 1135
CCSDT-1c 1.283 116.9 1110 697 1031
cc3 1.283 116.9 1114 698 1068
CCSDT-2 1.273 116.9 1174 723 1216
CCSDT-3 1.274 117.0 1165 717 1142
CCSDT 1.274 116.8 1163 717 1117
Expt. 1.272 116.8 1135 716 1089

ization functions were used for all other sets. In all calcula+results with the various cc basis sets. The three vibrational
tions except those with the cc-pCVTZ set, the core electronsodes are symmetric stretching{), bending ), and
were not correlated. In the DZP calculations the highest threasymmetric stretchingfs).

virtual orbitals were discarded. We consider the DZP basis set results in Table Il first.

Several6 iterative Clg methods weresused, CC%;SD, The DZP basis set results for the CCSD, CCSDT-1a,
CCSDT-1&° CCSDT-1b,’ CCSDT-1¢, CC37 CCSDT-2,°  cCSDT-2, CCSDT-3, and CCSDT methods were reported

CCSDT-3;°and CCSDT’ The CCSD method is a complete previously (see Ref. 5 and references thejeirThe
treatment of single and double excitation clusters and is exccsDT-1a method contains the lowest-order contribution to

act for two electron systems. The CCSDT method is a COMihe T, equation and its value fap is much lower than those

plete treatment of single, double, and triple excitation Clus'given by the other methods. THa equations for CCSDT-1a

ters and is exact for three electron systems. The Othel,y ccsDT-1b are the same, but the latter method includes
methods are iterative approximations to CCSDT, in whlch,[he T,T term in theT, equation. This term is normally of

varying numbers of terms in ttié; equation are neglected. minor significance, but in this case it leads to smaller bond

They are surnmar_ized in Table I. . lengths than CCSDT-1a and a significantly improved value
vari;)rLTsecr::oE;:ifts“Ss.ccsg) method was used with the w3. The CCSDT-1c method extends CCSDT-1b by in-
cluding the lowest-orderT,; contribution to the T4
equatior?! This term increases the bond length marginally,
but lowersw; by 99 cm't. The CC3 method includes all
Table 1l contains structures and harmonic vibrationalterms containingT, and linearT,. The CC3 structure is
frequencies obtained from the iterative CC methods with thelmost the same as that of CCSDT-1c, and the values, of
DZP and cc-pVTZ basis sets. Table Ill contains CECED andw, given by the two methods are virtually identical, but

Ill. RESULTS

TABLE lIl. Geometry and frequencies of A; O, with the CCSIIT) method and several basis sets.

Method re/A 01° wy(a)/em™? wy(ag)/cmt w3(by)/em™t
cc-pvDZ 1.284 116.6 1118 704 977
cc-pvTZ 1.275 116.9 1153 716 1054
cc-pvQZz 1.269 1171 1169 725 1081
cc-pV5Z 1.268 1171 1169 725 1079
cc-pv5sZ 1.267 1171
aug-cc-pvDZ 1.285 116.6 1115 703 970
aug-cc-pvTZ 1.276 1171 1147 714 1038
aug-cc-pvQz 1.269 117.2 1168 724 1077
cc-pCVTZ 1.273 117.0 1158 720 1062
Expt. 1.272 116.8 1135 716 1089
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the CC3 value ofvg is 47 cm ! closer to the CCSDT result. and w;=1140cml, which are close to our estimated

The CCSDT-2 method adds thelyT3/2 term to the CCSDT/cc-pVQZ results.

CCSDT-1b method and one can see that this significantly ~The second source of error is the neglect of core corre-
reduces the bond length and increases the frequencies, pé@tion. Effects of core correlation should be qualitatively the
ticularly w3. For a system like 0zone, with a large contribu- Same as the basis set error, again decreasing bond lengths
tion to the wave function from a doubly excited configura- 2nd increasing stretching frequencies. To investigate, we per-
tion, one might expect th&2 term to be important, as first formed CCSDT) calculations with the cc-pCVTZ basis set,
demonstrated by Mageet al! Compared with CCSDT, the and the results are shown in Table Ill. Comparing the cc-

CCSDT-2 method overcorrects the bond length, but it is apPVTZ and cc-pCVTZ results, we see a small reduction in
parent that the2 term is the single term most responsible 20nd 1ength(0.002 A and small increases in frequencies.

for reducing the bond length. Without this term, it is not i I(;.fs%eem_s g;{idenlt tr;at complet.e baSiSi set CCSDL results
possible to approach the CCSDT structure. Going fromW!II bl er j'gn' Itganttyd rgm Epr%r%%%t'At appears t B‘(Ij
CCSDT-2 to CCSDT-3, the bond length is increased slightlyWI € underestimated by about U. , g, w;, an

all methods considered, the CCSDT-3 structuse, andw, P Y. Neg 9

. Born—Oppenheimer approximation, the remaining errors are
are closest to those of CCSDT, and the improvements rel PP P : g

%he correlation treatment Apparently, quadruple and higher
tive to CCSDT-1a, CCSDT-1c, CC3, and CCSDT-2 are sig-__ ... : : '
nificant. However. the CCSDT-3 value @, is 40 cn't excitations must increase the bond lengths and decrease the

f i iably.
greater than the CCSDT value, while the CC3 result is requencies appreciably

36 cmi ! below the CCSDT result. As noted previouslthe

CCSDT/DZP frequencies are in excellent agreement with ex-
periment, but the bond length is not, which illustrates thelV. CONCLUSIONS
basis set inadequacy.

N ider th VTZ basi ¢ its in Tabl A series of iterative approximations to the CCSDT
ow we consicer the cc-p aslIs Setresults In 1abl€,ihod have been used to calculate the structure and har-

Il. Many of the general trends shown by the DZP basis S€honic vibrational frequencies of OThe calculations have

results are repeated for the cc-pVTZ basis set. The CCSDs, o, performed with DZP and cc-pVTZ basis sets. The DZP
la, CCSDT-1b, CCSDT-1c, and CC3 structures are all simi-

. ) i calculations extend previous studies of this typehile the
lar, with the CC3 and CCSDT-1b frequencies, especially cc-pVTZ calculations provide a set of complete CCSDT re-

closer to the CCSDT results. Once again, the CCSDT-3,ts with a reasonably large valence basis set, developed for
structure,»,, andw, agree very well with CCSDT results. ., related methods.

In contrast with the .results for the DZP basis set, Fhe The effects of different types of terms in tfig equation
CCSDT-3 value forws is closer to the CCSDT result thanis 4re ejucidated. It is seen that as one progresses from the

the CC3 value. simplest approximations to CCSDT, different terms have op-
The CCSDT/cc-pVTZ structure is much closer to experi-posing effects. TheT2 term reduces the bond length and
ment than is the CCSDT/DZP structure, as expected. In aGncreases frequencies; the lowest-order term contaifiing
cord with the decrease in bond lengths, the CCSDT/cc-pVTZamelyWy T, T,, increases the bond length and reduces fre-
stretching frequenciesy; andwg, are higher than the DZP  quencies; further terms containinf, and T, reduce the
values, and the agreement with experiment is not as good, &pnd length and increase the frequencies; and the terms in
previously anticipated This points to the importance of con- the T; equation which are not in the CCSDT-3 method
nected quadruple excitation3 ). slightly increase the bond length and reduce the frequencies.
There are several sources of error in the CCSDT/ccOf the different approximate methods employed, the
pVTZ results. The first of these is the one-particle basis setcCSDT-3 method achieves closest agreement with CCSDT.
An estimate of this can be made by comparing results of  An analysis of basis set effects gives an improved esti-
CCSOT) calculations with a series of cc basis s€fgble  mate of CCSDT results with a complete basis set. This indi-
[11). Going from cc-pVTZ to cc-pVQZ leads to an appre- cates that it will be necessary to include connected quadruple
ciable bond length reductic®.006 A), so thatthe CCSO)/  excitations to describe the structure and frequencies quanti-
cc-pVQZ bond length is below experiment, and increases inatively.
w1, w,, andwy by 16, 9, and 27 cmt, respectively. Going
beyond cc-pvVQZ(to cc-pV5Z or aug-cc-pVQY leads to
much smaller changes in geometry and frequencies. Assum-
ing the same basis set effects for CGE¥Ppand CCSDT, we ACKNOWLEDGMENTS
estimate the CCSDT/cc-pVQZ structure to he=1.268 A, This work has been supported in part by the United
0.=117.0° and the frequencies to be=1179, w,=726, States Air Force Office of Scientific Research. The Ohio Su-
andw;=1144 cm. These should be very close to the com-percomputer Center is thanked for provision of facilities for
plete valence basis set results for CCSDT. Based on ouhe development of thaces 11 program system. We thank
CCSDT/DZP resulfsand basis set effects for other methods,the High Performance Computing Center at the USAE Wa-
Borowski et al® estimated large basis set CCSDT results ofterways Experiment Station, Vicksburg, MS for facilities to
re=1.268 A, ,=117.0°, w;=1177 cm?, w,=731cm?,  perform the larger basis set CC8D calculations.
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