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Connected quadruples for the frequencies of O  ;
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Coupled cluster methods with full inclusion of quadruplés,)( are not yet applicable to O
frequencies, but a recently proposed noniterative quadruples meB@8DT(Q)] offers an~n’
evaluation. We report large basis set results fgs Gtructure and harmonic vibrational frequencies,
improving agreement with experiment over CCSDT. 1099 American Institute of Physics.
[S0021-960609)31717-1

INTRODUCTION suggest taking at least double excitations from each determi-
nant, which partly corresponds to introduciiig in a single
The electronic structure of the ozone molecule, and parreference theory.
ticularly its vibrational frequencies have been a focus of in-  The aim of this paper is to report the initial assessment
tense research for sometirtid? The multiconfigurational of the T, effect in the coupled-cluster theory on the structure
nature of the ground state makes it a demanding test fasind vibrational frequencies of the ozone molecule. Since the
widely applicable, single reference based, correlated quareomplete inclusion of thd, cluster in CCSDTQRef. 13
tum chemical methods. In addition the size of the systenfan~n'® method, or even in the more approximate iterative
precludes having benchmark full CI results even for smallCCSDTQ-1 methotf (an ~n® method, is very demanding
basis sets. Consequently, we are forced to refer the computedmputationally, we apply a computationally efficient
quantities to experiment, and this raises the specter of basisethod® that can be applied to larger basis sets. The
set inadequacies. This situation is especially true for fremethod, termed CCSDT(Q) is a T, analogue of the well
quency calculation’: 2 Assuming the experimentally deter- known CCSIT) scheme. The main advantage of the method
mined “harmonic” frequencies are reliable, several of theis that it offers practically the same quality of results as the
earlier works, based mostly on the CI approach, failed tdaterative CCSDTQ-1 approach while the basis set scaling of
give a correct ordering of the stretching modésn subse- the T, part of the calculation is no worse thann’. In this
quent papers it was foufd!? that coupled cluster ap- way we can assess the role Bf on the Q vibrational fre-
proaches offered much better solutions and provided corregjuencies.
ordering even at the CCS[Refs. 3, 4 level, for some(but

not all) approximations to the CCSDT modef and for the
full CCSDT approacil!?In Ref. 9 Wattset al. reported ex- >YNOPSIS OF THE THEORETICAL APPROACH

cellent agreement with experiment for the frequencies com-  As presented elsewhetea T, correction can be devel-
puted with the CCSDT method for a DZP basis set. Lee an@ped by using the Converged CCSDT amp]itudes

Scu_serié used the CCSO) approximation and _expanded (7?1 T,.T3). We have
basis sets, and for the largest set the results differed by 3

cm ! for the asymmetric mode. Later, Borowsi al1° ob- E3=(0|TI W\T,]|0), (1)
tained good frequencies for larger basis sets when theiarmd the lowest ordeF. is expressed as
MRCI data were corrected for its size extensivity failifzge 4 P

also the CI results of Leininger and SchagférRecently T4=Ra[Wn(T5/2+T3)]c.- 2
Watts and Bartletf reported a thorough study of ozone’s ) .
structure and frequencies with full CCSDT in large basis setyV€ introduce here the resolvent operatd, ensuring
up to cc-pVTZ and up to a cc-pV5Z basis set with CGED the approprlate 9x0|tat_|0n subspace and the requwed
Their results suggest that the basis set limit for the cCSDFenominator, V‘fhz'Ch n. general can be defined
method will overestimate the two stretching mode frequen®S TR?[X_]_:(H!) SHPTIX[0) (et e+ —ep—e)]
cies by 40 to 50 cm® and by about 15 ciit for the bending <t P -jit. _ o
mode. They conclude that an essential factor in getting more 1 N€ main point in the evaluation of tEE* contrlbutlc;n
accurate values would be the inclusion of connected qua$ &forced factorizationi.e., we computé,, instead ofEg
druples(i.e., T,). This might be expected since the zeroth-which provides the simpler expression:

order description of @would appear to require at least two 5 1 1 P

determinants differing by a double excitation. Thus, the bal- EQf: 5<0|?F2T(2 )T[WN(T2/2+T3)]C|O>’ ®)
anced treatment of higher order correlation effects WOUquhereT(zl) is the first ordefT, operator defined as

a . . . - . . (1) 1 <ab||”> Flati:
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TABLE I. Geometry and harmonic frequencies for the ozone molecule withTABLE Il. Geometry and harmonic frequencies for the ozone molecule
a DZP basis set. Bond lengths in A, angles in degrees, and frequencies imith a ccpVTZ basis set. Bond lengths in A, angles in degrees, and fre-

cm L. quencies in cmt,

Method Re 0 o w5 w3 Method Re (€] wq Wy w3
ccsro 1.263 117.4 1256 748 1240 CccspD 1.250 117.6 1278 763 1266
CCSHT)b 1.287 116.8 1129 703 976 ccsom)? 1.275 116.9 1153 716 1054
CCSD(TQ) 1.290 116.6 1114 699 1019 CCSD(TQ) 1.277 116.8 1144 714 1094
AT, 0.003 -0.2 -15 -4 43 AT, 0.002 -0.1 -9 -2 40
CCSDT-3 1.285 116.9 1150 707 1117 CCSDT-3 1.274 117.0 1165 717 1142
CCSDT-3(Q) 1.290 116.6 1121 700 1111 CCSDT-3(Q) 1.278 116.7 1143 713 1150
AT, 0.005 -0.3 -29 -7 —6 AT, 0.004 -0.3 —-22 -4 8
CCSDTP 1.286 116.7 1141 705 1077 CCSDT 1.274 116.8 1163 717 1117
CCSDT(Q) 1.292 116.4 1101 695 1061 CCSDT(Q) 1.279 116.6 1133 709 1112
CCSDTQ) 1.292 116.4 1103 694 1062 AT, 0.005 -0.2 -30 -8 -5
AT, 0.004 -0.3 —-40 —-10 —-16 b

Exp. 1.272 116.8 1135 716 1089
Exp?® 1.272 116.8 1135 716 1089

“Reference 12.
®Reference 3. PReference 22.
PReference 9.

‘Reference 22.

proaches considered, whereas the angle is nearly the same as
Such a formulation of thd, correction allows us to avoid for the DZP basis set. We note that as far as bond length is
the explicit introduction of theT, operator and, conse- concerned the quadruple contribution increases the deviation

quently, consideration of th&, equation. The total correla- from experiment: the CCSDT/cc-pVTZ bond length is al-

tion energy of the system is then, ready 0.002. A_ too Iarge, O now the discrepanc;y amount; to
5 0.007 A. This inconsistency is due to basis set inadequacies.
E=E(CCSDT +Ey,. (5 It was estimated in Refs. 10, 12 that the basis set limit

CCSDT value would be close to 1.266 A. Assuming that the
Fﬂ effect would remain about the same for larger basis sets
we might expect excellent agreement with experiment. The
(i) the method igsizejextensive as it includes only con- same refers to the bond angle, whose estimated basis set

There are several important characteristics of the above a
proach:

nected diagrams; limit for the CCSDT method is 1172 while T, reduces it
(i) the expression is correct through fifth-order in theby 0.2° which would suggest the value of 116.8°.

MBPT energy; The modifications in the harmonic frequency values due
(i) theT, part scales only as-n’; to connected quadruple excitations collected in Tables | and

(iv) the correlation corrections to the energy and properdl are in accord with the changes in geometry, as an increase
ties are quite close to those obtained with the standaréh bond length lowers the values of the frequencies. The
(~n® CCSDTQ-1 method® symmetric stretching frequency is reduced by 40 tioy T,

at the CCSDT level in the DZP basis set and by 30 tior

the larger basis set, a remarkably large effect. For the other

two estimates of triples, CCSDT-3 and CCSI) respec-

All calculations are performed with theces 11 program tively, the changes are(®5) and 2229) cm? for the cc-
system:® To generate the set df, and T3 amplitudes re- PVTZ (DZP) basis set. In the case of CCSD(f)Qwhich
quired for the evaluation of thE%f contribution, Eq(3), we  contains theT) triples effect with Eq(3), the T; amplitudes

use three standard coupled cluster approaches which inclu@&€ ©obtained from the initial approximation[Ts
the T, operator: CCSIT),® CCSDT-3Y and full CCSDT!8  =R3(WyT;)].?* For CCSDT-3 and CCSDT, th&;, T,,
The first requires only a single-n’ step, the second an and Ty amplitudes reflect their coupled solution, but, of
iterative ~n’ step, and the full CCSDT an iterativen®  course, not coupled td,. The effect ofT, coupling toT;,
step. Table | contains the calculated geometry and harmonit,, andT5; amplitudes would first appear in the sixth-order
frequencies obtained with the standard DZP basis'%et. energy. The symmetric bending frequency is much less sen-
Table Il reports results for the cc-pVTZ basis €&t. sitive to the presence of thg, operator, with the maximum
We observe that the effect of the connected quadrupleshange observed for the CCSDT/cc-pVTZ calculations being
on the geometry is quite regular. At the DZP level the bond—10 cm 1. Since CCSDT/DZP frequencies are in nearly per-
length increases due to tfg operator by 0.003, 0.005, and fect agreement with experiment, the large reductiorwin
0.004 A for the CCSDT), CCSDT-3, and CCSDT methods, moves away from the experimental value as the error grows
respectively. The changes in angle are small.3° for the  from 6 to 34 cm™. On the other hand the; frequency for
iterative methods ane-0.2° for CCSOT). Very similar be- CCSDT/cc-pVTZ is too high by 28 cit and the reduction
havior occurs for the cc-pVTZ basis. The changes in bondy 30 cm ! provides a result quite close to the experimental
lengths are 0.002, 0.004, and 0.005 A for the three apvalue. We believe that for both basis sets theeffect is

RESULTS AND DISCUSSION
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consistent and works in the proper direction. The CCSDT/accurately obtain the experimental data. Further study in that
DZP frequency is too low due to basis set limitations. Thedirection is being pursued in our laboratory.

same applies to the, frequency. TheT, effect is negative
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