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Coupled-cluster calculations of structure and vibrational frequencies
of ozone: Are triple excitations enough?

John D. Watts and Rodney J. Bartlett
Quantum Theory Project, P.O. Box 118435, University of Florida, Gainesville, Florida 32611

~Received 17 July 1997; accepted 6 November 1997!

Coupled-cluster calculations with full inclusion of singles, doubles, and triples~CCSDT! 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 cm21 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 Physics.@S0021-9606~98!03806-9#
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I. INTRODUCTION

The ozone molecule (O3) has long been considered to b
a demanding test case for quantum chemical methods. A
is a textbook multireference example, several single re
ence coupled-cluster~CC! methods which include triple ex
citation effects have had mixed results in describing ozon
harmonic force field.1–5 Lee and Scuseria4 performed a series
of CC singles-and-doubles~CCSD! and CCSD with a pertur-
bative treatment of triples@CCSD~T!# calculations with
atomic natural orbital~ANO! basis sets. With a 4s3p2d1 f
basis set, the CCSD~T! frequencies agreed well with exper
ment. The largest error was 32 cm21, which was for the
asymmetric stretching mode (v3). Of the three modes, thi
one is the most sensitive to the correlation treatment.1 In
previous work,5 we reported the structure and frequenc
with a double-zeta plus polarization~DZP! basis set with the
complete CC singles, doubles, and triples~CCSDT! method.
The frequencies were within 12 cm21 of experiment, but
basis-set extension will reduce the calculated bond len
and increase the stretching frequencies significantly, yield
poorer agreement with experiment. This implies that with
large basis set, it appears the CCSDT method cannot gi
quantitative description of ozone, suggesting the critical
portance of connected quadruple excitations. Naively
would expect this, as double excitations from the seco
important configuration in O3 are quadruple excitations from
the first. However, we have to distinguishT4 andT2

2 contri-
butions. In a study with multireference configuration intera
tion ~MRCI! and complete active space~CAS! methods,
Borowski et al.6 obtain good frequencies when their MRC
data are corrected for size inextensivity, and they agree w
our suggestion that quadruple excitations may be import
Good results have also been obtained from a multirefere
averaged quadratic CC~MRAQCC! study, using a two-
configuration reference.7

In this work, we have performed a complete CCSD
calculation using a significantly larger basis set@the
2510021-9606/98/108(6)/2511/4/$15.00
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correlation-consistent polarized valence triple-zeta~cc-
pVTZ! set#, with the intention of approaching more close
the limit of the CCSDT method. Along with the CCSD
calculation, we have also performed calculations with seve
iterative approximations to CCSDT, and larger basis set
culations with the CCSD~T! method, which provides a non
iterative treatment of triple excitations.

II. COMPUTATIONAL METHODS

All of the calculations were performed with theACES II

program system.8,9 Along with the DZP basis set use
previously,10,11 three types of correlation-consistent~cc! sets
were used. The DZP set comprises Dunning’s 4s2p contrac-
tion, augmented with ad function with an exponent of 1.211
The first type of cc sets comprised the basic polarized
lence sets,12 namely cc-pVDZ, cc-pVTZ, cc-pVQZ, and cc
pV5Z. The latter was used with and withouth functions
~cc-pV5Z8 denotes noh functions!. The second type of cc
sets comprised those augmented with diffuse function13

namely aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ. T
final cc set used was the cc-pCVTZ set,14 which is triple-zeta
in the valence space and contains additional functions
describing core correlation effects. The DZP set was u
with Cartesiand functions, while spherical harmonic pola

TABLE I. Summary ofT3 equations for iterative CC methods.HN5FN

1WN is the normal-ordered Hamiltonian, theTn are cluster operators,u0& is
the reference determinant, andu i jk

abc& is a triply excited determinant. All
methods except CCSDT-1a includeWNT1T3 in the T2 equation.

Method T3 equation

CCSDT-1a, b ^ i jk
abcu(FNT31HNT2)cu0&50

CCSDT-1c ^ i jk
abcu(FNT31HNT21WNT1T2)cu0&50

CC3 ^ i jk
abcu(FNT31HNeT1T2)cu0&50

CCSDT-2 ^ i jk
abcu(FNT31HNT2

2/2)cu0&50
CCSDT-3 ^ i jk

abcu(FNT31HNeT11T2)cu0&50
CCSDT ^ i jk

abcu(HNeT11T21T3)cu0&50
1 © 1998 American Institute of Physics
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TABLE II. Geometry and frequencies ofX 1A1 O3 ~DZP and cc-pVTZ basis sets!.

Method r e /Å ue /° v1(a1)/cm21 v2(a1)/cm21 v3(b2)/cm21

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-pVTZ
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
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ization functions were used for all other sets. In all calcu
tions except those with the cc-pCVTZ set, the core electr
were not correlated. In the DZP calculations the highest th
virtual orbitals were discarded.

Several iterative CC methods were used, CCSD15

CCSDT-1a,16 CCSDT-1b,17 CCSDT-1c, CC3,18 CCSDT-2,19

CCSDT-3,19 and CCSDT.20 The CCSD method is a complet
treatment of single and double excitation clusters and is
act for two electron systems. The CCSDT method is a co
plete treatment of single, double, and triple excitation cl
ters and is exact for three electron systems. The o
methods are iterative approximations to CCSDT, in wh
varying numbers of terms in theT3 equation are neglected
They are summarized in Table I.

The noniterative CCSD~T! method2 was used with the
various cc basis sets.

III. RESULTS

Table II contains structures and harmonic vibration
frequencies obtained from the iterative CC methods with
DZP and cc-pVTZ basis sets. Table III contains CCSD~T!
 2005 to 128.227.192.244. Redistribution subject to A
-
s
e

x-
-
-
er
h

l
e

results with the various cc basis sets. The three vibratio
modes are symmetric stretching (v1), bending (v2), and
asymmetric stretching (v3).

We consider the DZP basis set results in Table II fir
The DZP basis set results for the CCSD, CCSDT-
CCSDT-2, CCSDT-3, and CCSDT methods were repor
previously ~see Ref. 5 and references therein!. The
CCSDT-1a method contains the lowest-order contribution
theT3 equation and its value forv3 is much lower than those
given by the other methods. TheT3 equations for CCSDT-1a
and CCSDT-1b are the same, but the latter method inclu
the T1T3 term in theT2 equation. This term is normally o
minor significance, but in this case it leads to smaller bo
lengths than CCSDT-1a and a significantly improved va
of v3 . The CCSDT-1c method extends CCSDT-1b by
cluding the lowest-orderT1 contribution to the T3

equation.21 This term increases the bond length marginal
but lowersv3 by 99 cm21. The CC3 method includes a
terms containingT1 and linearT2 . The CC3 structure is
almost the same as that of CCSDT-1c, and the values ov1

andv2 given by the two methods are virtually identical, b
TABLE III. Geometry and frequencies ofX 1A1 O3 with the CCSD~T! method and several basis sets.

Method r e /Å ue /° v1(a1)/cm21 v2(a1)/cm21 v3(b2)/cm21

cc-pVDZ 1.284 116.6 1118 704 977
cc-pVTZ 1.275 116.9 1153 716 1054
cc-pVQZ 1.269 117.1 1169 725 1081
cc-pV5Z8 1.268 117.1 1169 725 1079
cc-pV5Z 1.267 117.1

aug-cc-pVDZ 1.285 116.6 1115 703 970
aug-cc-pVTZ 1.276 117.1 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
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



.

nt
p

u-
a-
t

ap
le
ot
om
tl
.

el
ig

i

e
th

bl
se
D
m

T-
.
th
is

ri
a
T

d,
-

cc
se

o

e-

s

u

o
s
o

d

rre-
he
gths

per-
t,
cc-
in

ults

he
are
her
e the

T
har-

ZP

re-
d for

the
op-
d

re-

s in
d
ies.
he
DT.
sti-
di-

uple
nti-

ed
u-

or
k
a-

to

2513J. Chem. Phys., Vol. 108, No. 6, 8 February 1998 J. D. Watts and R. J. Bartlett
the CC3 value ofv3 is 47 cm21 closer to the CCSDT result
The CCSDT-2 method adds theHNT2

2/2 term to the
CCSDT-1b method and one can see that this significa
reduces the bond length and increases the frequencies,
ticularly v3 . For a system like ozone, with a large contrib
tion to the wave function from a doubly excited configur
tion, one might expect theT2

2 term to be important, as firs
demonstrated by Magerset al.1 Compared with CCSDT, the
CCSDT-2 method overcorrects the bond length, but it is
parent that theT2

2 term is the single term most responsib
for reducing the bond length. Without this term, it is n
possible to approach the CCSDT structure. Going fr
CCSDT-2 to CCSDT-3, the bond length is increased sligh
and the frequencies are reduced and are closer to CCSDT
all methods considered, the CCSDT-3 structure,v1 , andv2

are closest to those of CCSDT, and the improvements r
tive to CCSDT-1a, CCSDT-1c, CC3, and CCSDT-2 are s
nificant. However, the CCSDT-3 value ofv3 is 40 cm21

greater than the CCSDT value, while the CC3 result
36 cm21 below the CCSDT result. As noted previously,5 the
CCSDT/DZP frequencies are in excellent agreement with
periment, but the bond length is not, which illustrates
basis set inadequacy.

Now we consider the cc-pVTZ basis set results in Ta
II. Many of the general trends shown by the DZP basis
results are repeated for the cc-pVTZ basis set. The CCS
1a, CCSDT-1b, CCSDT-1c, and CC3 structures are all si
lar, with the CC3 and CCSDT-1b frequencies, especiallyv3 ,
closer to the CCSDT results. Once again, the CCSD
structure,v1 , andv2 agree very well with CCSDT results
In contrast with the results for the DZP basis set,
CCSDT-3 value forv3 is closer to the CCSDT result than
the CC3 value.

The CCSDT/cc-pVTZ structure is much closer to expe
ment than is the CCSDT/DZP structure, as expected. In
cord with the decrease in bond lengths, the CCSDT/cc-pV
stretching frequencies,v1 andv3 , are higher than the DZP
values, and the agreement with experiment is not as goo
previously anticipated.5 This points to the importance of con
nected quadruple excitations (T4).

There are several sources of error in the CCSDT/
pVTZ results. The first of these is the one-particle basis
An estimate of this can be made by comparing results
CCSD~T! calculations with a series of cc basis sets~Table
III !. Going from cc-pVTZ to cc-pVQZ leads to an appr
ciable bond length reduction~0.006 Å!, so that the CCSD~T!/
cc-pVQZ bond length is below experiment, and increase
v1 , v2 , andv3 by 16, 9, and 27 cm21, respectively. Going
beyond cc-pVQZ~to cc-pV5Z or aug-cc-pVQZ! leads to
much smaller changes in geometry and frequencies. Ass
ing the same basis set effects for CCSD~T! and CCSDT, we
estimate the CCSDT/cc-pVQZ structure to ber e51.268 Å,
ue5117.0° and the frequencies to bev151179, v25726,
andv351144 cm21. These should be very close to the com
plete valence basis set results for CCSDT. Based on
CCSDT/DZP results5 and basis set effects for other method
Borowski et al.6 estimated large basis set CCSDT results
r e51.268 Å, ue5117.0°, v151177 cm21, v25731 cm21,
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and v351140 cm21, which are close to our estimate
CCSDT/cc-pVQZ results.

The second source of error is the neglect of core co
lation. Effects of core correlation should be qualitatively t
same as the basis set error, again decreasing bond len
and increasing stretching frequencies. To investigate, we
formed CCSD~T! calculations with the cc-pCVTZ basis se
and the results are shown in Table III. Comparing the
pVTZ and cc-pCVTZ results, we see a small reduction
bond length~0.002 Å! and small increases in frequencies.

It seems evident that complete basis set CCSDT res
will differ significantly from experiment. It appears thatr e

will be underestimated by about 0.006 Å, andv1 , v2 , and
v3 will be overestimated by about 40, 15, and 50 cm21,
respectively. Neglecting relativistic effects and errors in t
Born–Oppenheimer approximation, the remaining errors
the correlation treatment. Apparently, quadruple and hig
excitations must increase the bond lengths and decreas
frequencies appreciably.

IV. CONCLUSIONS

A series of iterative approximations to the CCSD
method have been used to calculate the structure and
monic vibrational frequencies of O3. The calculations have
been performed with DZP and cc-pVTZ basis sets. The D
calculations extend previous studies of this type,5 while the
cc-pVTZ calculations provide a set of complete CCSDT
sults with a reasonably large valence basis set, develope
correlated methods.

The effects of different types of terms in theT3 equation
are elucidated. It is seen that as one progresses from
simplest approximations to CCSDT, different terms have
posing effects. TheT2

2 term reduces the bond length an
increases frequencies; the lowest-order term containingT1 ,
namelyWNT1T2 , increases the bond length and reduces f
quencies; further terms containingT1 and T2 reduce the
bond length and increase the frequencies; and the term
the T3 equation which are not in the CCSDT-3 metho
slightly increase the bond length and reduce the frequenc
Of the different approximate methods employed, t
CCSDT-3 method achieves closest agreement with CCS

An analysis of basis set effects gives an improved e
mate of CCSDT results with a complete basis set. This in
cates that it will be necessary to include connected quadr
excitations to describe the structure and frequencies qua
tatively.
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