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A comparison of two approaches to perturbation triple excitation
corrections to the coupled-cluster singles and doubles method
for high-spin open-shell systems

T. Daniel Crawford® and Henry F. Schaefer Il
Center for Computational Quantum Chemistry, University of Georgia, Athens, Georgia 30602

(Received 14 November 1995; accepted 18 January)1996

An analysis of molecular properties is presented for several first-row diatomic molecules as
determined at the CCSD) level of theory. In particular, a comparison of spectroscopic constants
predicted by the ROHF-CCSD) methods of Scuseria vs Gauss al. is given. Accurate
determination of the values of equilibrium bond lengths, dissociation energies, harmonic vibrational
frequencies, anharmonic constants, vibration—rotation coupling constants, and centrifugal distortion
constants show only small differences between the two methods. In particular, we show that the
average absolute differences between the two methods for the equilibrium bond length, harmonic
vibrational frequency, and the dissociation energy are 0.000 09 A, 0:8 @nd 0.1 kcal/mol,
respectively. ©1996 American Institute of Physids50021-960806)01416-3

I. INTRODUCTION has been some discussion of the theoretical differences be-
tween these techniquéd?” no explicit quantitative examina-

In the past 15 years, coupled-cluster metfotidave  tion and comparison of the molecular properties predicted by
proven to be exceptionally valuable for the theoretical prethe two approaches has been demonstrated. It should also be
diction of molecular properties. While the coupled-clusternoted that another approach to the perturbational inclusion of
singles and doubles methd@CSD (Ref. 4 provides high triple excitations(known as CCSD-Y has been recently in-
levels of accuracy for many systems, it was shown in the lasfroduced in the literature, and has been shown to produce
decadé ! that effects of triple excitations must be included promising result$?
in order to properly reproduce the results of benchmark full  This research examines results obtained with the two
configuration interactiofCl) studiest?>*3In particular, it has methods by comparing predicted molecular properties for a
been demonstrated that the CCSD method including a peseries of diatomic systems. In particular, for ten diatomic
turbational estimate of triple excitations, first done by Urbanmolecules in ground and excited states, values of the equi-
et al}* and then improved by a single excitation addition, librium bond lengthy ., dissociation energyD., harmonic
known as CCSDT),2° is able to accurately determine prop- vibrational frequency,w,, anharmonic constantweXe,
erties for most chemical systertst%16-20 vibration-rotation coupling constand,, and the centrifugal

For low-lying states of high-spin open-shell moleculesdistortion constantD., are compared.
adequately described by a single restricted determinant, there
are currently two predominate extensions of the spin-
restricted open-shell Hartree—Fock reference CQSOHF-

CCSD method of Rittby and Bartleft both of which are

referred to as CCSO).Y"*®The first of these was introduced |l. THEORETICAL DISTINCTIONS BETWEEN THE

by Scuseri&’ as a spin-dependent implementation of the for-METHODS

mulation for closed-shell systems. The second was proposed

by Gauss, Lauderdale, Stanton, Watts, and Baftlets an Following the presentation of Watet al,?” the general
extension of their related techniqdso non-Hartree—Fock ROHF-MBPT-basedT) correction to the CCSD energy is
reference wave functions and to regain the invariance progdiven by

erties of CCSD? Both approaches are based on a ROHF

many-body perturbation theory analysiROHF-MBPT)

(Refs. 24, 25 [also known as restricted Mer—Plesset E(T):E(T4)+E(SS'I)'+ ELY

(RMP) theonyf®] of the spin—orbital CCSD equations, and

the two methods are therefore closely related. The differ- abcm abc.abe a abe
ences only occur in fourth- and higher-order perturbation 3@% ik Dtk 7 2 ti{bdl[jk)tie
theory, and, as partly shown numerically by Wagtsal 2’

are not expected to be large for most high-spin ROHF-based " } 2 tabf tabe (1)
CCSIOT) applications. For more general non-HF cases, 4abeijk ketijk

however, this will not necessarily be the case. While there

dDepartment of Defense Graduate Fellow; Fritz London Graduate Fellow.where theT; amplitudes are determined from
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Dabgabe— pabq(cyabey ¢(q)abe] many-body perturbation theory, as well as perturbation-
|]k ijk — |]k ijk ijk . .
based corrections, see Ref. #@ne consequence of this is
I/Jk)z (1— 5lm)f|mtjakbn?1+ P(a/bc) that the energy is dependent on the particular definition of

ROHF orbitals used. That is, since ROHF orbitals are de-
fined only to within rotations which mix the doubly-
« 1— 5.)f. thee 2 occupied, singly-occupied, and unoccupied spdeesl not

2 (17 Oae)Facliik @ within each,3~3(T)-A does not provide a unique definition
of the CCSIYT) energy alone. Additionally, a lack of such

The connected triples amplitudes are obtainet? by invariance properties can make construction of orbital re-

,cht(c f’]EC P(i/jk)P(a/bc) sponse contributions to analytic gradients more
complicated®* However, if a single definition of ROHF or-
2 t e(hel|ei)— 2 t C(ik||ma) 3) bitals is maintained at all molecular geometries, a continuous

potential energy surface can be constructed with this method.
The particular ROHF orbital definition used KY)-A is

based on an averaged Fock operator, defined within the

”kct(d)f’}E°= P(i/jk)P(a/bc) [ta<bc||1k>+f|at °]. (4  doubly-occupied, singly-occupied, and unoccupied orbital

) subspaces. This operator is defined in terms of spatial orbit-
In these equations, the usual conventions ihpk,l, ... als as!

(a,b,c,d, ...) represent spin—orbitals occupiedoccu-
pied in the reference wave function are preserved.
p.q.r,s, ... represent general spin—orbitalf,, is the
pgth element of the spin—orbital Fock matrix,

and the disconnected triples amplitudes by

1.
M=h+23°-K+3°- SK°, 7

whereh is the usual one-electron Hamiltonialf,andK® are

the Coulomb and exchange operators, respectively, including
Foa=hpgt % (pml[gm) (5) only the closed-shell orbitals, add andK°® are these opera-

tors including only the singly-occupied orbitals. This opera-

and theD;° " prefactors are the usual energy denominatorsor was used in configuration interaction and coupled pair

based on diagonal Fock matrix elements. The permutatiofnctional calculations in order to help simplify construction

operators are defined by their action on a functigfpar),  of analytic gradientd>®® In addition, this operator has re-

as cently found use in open-shell perturbation thed/ry*° .

— _ _ The CCSDT) correction presented by Gauss al.
P(plarg(pan=g(pan—g(apr—g(rap). © [hereafter referred to as(T)-B” ] implements the above
These equations are general in that they may be applied witsquations exactly. However, a noniterative procedure for the
any single determinant reference wave function. The pertursplution of Eq.(2) is obtained by the use of semicanonical
bational analysis by which these equations are constructegtbitals(i.e., those orbitals with which the spin—orbital Fock

depends specifically on the ROHF-MBPT partitioning of thematrix is diagonal in the occupied/occupied and virtual/
Hamiltonian*~**This analysis has been presented béfdte virtual subspaces As a result, the last two terms on the

and will be Omlttl_’:d here. . _ . right-hand side of Eq(2) are zero. One drawback to this
These equations may be implemented in a straightforapproach is that spin-restriction on the molecular orbitals is
ward manner by iterating E@2) to determine thd@'; ampli-  destroyed, and therefore some computational simplifications

tudes, and then simply inserting these into Bg. However,  are lost. An important advantage is that the energy is invari-

this approach is an iterative N’ procedurewhereN is the  ant to all rotations of molecular spin—orbitals which are al-
number of spin—orbitajsand would require storage of the |owed for the reference determinant.

intermediatel ; amplitudes, both of which are undesirable.

The CCSIT) correction presented by Scuséfighere-
after referred to as (T)-A” ] does not implement these equa- |||. COMPARISON OF THE METHODS
tions exactly. First, the fourth-order doubles-triples term,
E(4) is dropped.(With a Hartree—Fock reference, i.e., RHF In order to make quantitative comparisons between the
or UHF this term is zerd.Second, the last two terms on the tWo CCSOT) methods, we have examined selected proper-
right-hand side in Eq2) (which are also zero with a canoni- ties of the following diatomic systemsa °I1,, C;,
cal Hartree—Fock referencare dropped, thus providing a b >S4 C. X237 C;, X 2II CF, X 211 CH,
non-iterative equation for th&; amplitudes. This approach X 2E+ CN, 32 NH, X2 NO, 32 O,,
maintains spin-restriction on the reference molecular orbit-a 11,0, , and X 21 OH. The properties of mterest in-
als, and thus offers certain simplifications when these equaslude the equilibrium bond length,, dissociation energy,
tions are spin-factored and implemented on the computeB., harmonic vibrational frequencyy,, anharmonic con-
However, it has been pointed oit’ that this approach does stant, weXe, Vibration-rotation coupling constanty,, and
not provide an energy which is invariant to unitary transfor-the centrifugal distortion constarid, .
mations of occupied or virtual orbitals among themselves.  Two basis sets were used in this research. The smaller is
(For a discussion of energy invariance in single-reference double-zeta plus polarizatidBZP) basis, consisting of the
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standard Huzinaga—Dunniflf? set of contracted Gaussian TABLE I. Equilibrium bond lengths i) in A, as determined at the
functions with one additional set of higher-angular- CCsOT) level of theory with DZP and TZ2{Pf basis sets. Method A is

o . that of ScuserigRef. 17 while method B is that of Gaust al. (Ref. 18.
momentum polarization functions on each atom. The ConTExperimentaI results are taken from Huber and Herzl(Bef. 47).
traction scheme for this basis (8s5p/4s2pfor all first row

atoms and4s/23 for hydrogen. The exponents used for the DzP TZ2P+f
polarization functions in this basis arex,(H)=0.75, A (T)-B (1A (T)-B Expt
ag(C)=0.75, a4(N)=0.8, ay4(0)=0.85, anday(F)=1.0. —
Pure angular momentum functions are used fordatype gzgzgg iggg gi iggg g? ig%i gg ig%i gi i-géég
;erb{tals. The larger P?‘S'S is a trlplt_a—zeta plus double polar: 2 5 Zzgg 120368 129385 107007 127222 10682
athn plus one additional set of hlgher e}ngular'momentuani o1 129830 129832 127766 127770 12718
functions on each atorfTZ2P+f). This basis consists of the CHX 21 113334 113333 1.11767 1.11766 1.1199
standard Huzinaga—Dunniﬁlfs set of contracted Gaussian CNX 25+ 1.19684 1.19694 1.17539 1.17547 1.1718
functions with the contraction schen{&0s6p/5s3p for all NH X 33~ 1.05124 1.05121 1.03732 1.03730 1.0362
first-row atoms an@5s/33 on hydrogen. In addition two sets NO X 211 117952 117947 115555 1.15552 1.15077
of d-type functions are added to the first-row atoms and twad, X ° 4 123395 1.23428 121258 121286 1.20752
sets ofp-type functions to hydrogen, with the following po- ©z @ ‘Il 140509 140529 1.38369 1.38384 1.3813

OH X 211 0.98086 0.98085 0.97022 0.97020 0.969 66
Average absolute 0.02204 0.02213 0.00318 0.00326 ---
error

larization exponentse,(H)=1.5,0.375,a4(C)=1.5,0.375,
ag(N)=1.6,0.4,a4(0)=1.7,0.425, andy(F)=2.0,0.5. Fi-
nally, one additional set df-type functions is added to each
first-row atom and one set af-type functions to hydrogen,
with the following polarization exponentsay(H)= 1.0,

2 2
a:(C)=0.8, a;(N)=1.0, a;(0)=1.4, a;(F)=1.85. Pure ~ o[ @e|?[ 50
angular momentum functions are used fordiland f-type weXe=1.241 55¢10 .. |38, ferer | (10

orbitals.

CCSIOT) energies were computed using the! (Ref.
44) and Acesll (Ref. 45 program systems. Bond lengths
were optimized until the residual internal coordinate gradien
was less than 10 E,/a,. Molecular constants were ob- — (482)

whereweX, is given in cmi ! and the quartic force constant,
for» in mdyn/A3. Finally, centrifugal distortion constants
yere obtained using the equation

tained via higher-order central difference formulas based on De= o2 (1)
displacements of-0.005 A and=0.01 A from the equilib- _
rium geometries. SCF reference wave functions compute#hereD, is given in cmt
using thepsi program package were converged until the rms

of the density matrix elements of successive iterations wa¥/. RESULTS AND DISCUSSION
11 H H
less than 10°* while those computed with thecesii pro- The values for the equilibrium bond length, dissociation

gram package were converged until the largest change in ghergy, harmonic vibrational frequency, anharmonic con-
single element of the density was less than 10 Addition- stants, vibration-rotation coupling constants, and centrifugal
ally, CCSD wave functions computed withs were con-  istortion constants for each method and basis set as well as

verged until the rms of th&, andT, amplitude vectors of he experimental resuff6are given in Tables 1-VI, respec-
successive iterations was less than 0 while those com-

puted withACESII were converged until the largest change in
a single amplitude was less than 16 TABLE Il. Dissociation energiesl,) in kcal/mol, as determined at the

. . . . . . CCSOT) level of theory with DZP and TZ2Pf basis sets. Method A is
Harmonic vibrational frequencies were obtained usmg[hat of ScuserigRef. 17 while method B is that of Gaus al. (Ref. 18.

e

the equation Experimental results are taken from Huber and HerzifReg. 47.
f DZP TZ2P+f
_ -11 /"
w=5.308 837 X 10 o (8) MDA ™B MA (MB Expt
o _ _ C,a I, 129.1 129.1 1383 1384 1438
where w, is given in cm'!, the quadratic force constant, c,b 3 111.0 111.0 1217 121.8 1275
fr, in mdyn/A , and the reduced mags, in kg. Vibration- ¢, X 25} 179.6  179.6 189.0 189.0 1981
rotation coupling constants were obtained ff6m CF X 2T 1197 1197 1272 1272 1326
CH X 211 77.9 77.9 81.8 81.8 83.9
682 ¢ CNX2s* 157.8 157.8 1725 1725 1819
— 0B o Welyyy NH X 33~ 74.1 74.1 79.7 79.7 84.7
= 1+1.0505210°3 , 9 X
e ( We 1/Bef?r © NO X 2I1 127.6  127.6 1430 1429 1525
0,X % 1022 1024 1128 1129 1202
h d th ional . . 0; a*M, 45.9 46.0 55.3 55.4 62.1
w ﬂe a. and t e rotational constanE_ie, are glglen N Suxen 977 977 1039 1039  106.6
cm~! and the cubic force constartt,, , in mdyn/A2. An- Average absolute error 156  15.6 6.3 6.2 -

harmonic constants were obtained using the equ&tion

J. Chem. Phys., Vol. 104, No. 16, 22 April 1996
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TABLE Ill. Harmonic vibrational frequenciesa{) in cm™*, as determined

at the CCSD) level of theory with DZP and TZ2Pf basis sets. Method A
is that of ScuseriéRef. 17 while method B is that of Gaust al. (Ref. 18.
Experimental results are taken from Huber and HerzljReg. 47.

T. D. Crawford and H. F. Schaefer Ill: High-spin open-shell systems

TABLE V. Vibration-rotation coupling constantsa{) in cm !, as deter-

mined at the CCSOD) level of theory with DZP and TZ2Pf basis sets.
Method A is that of ScuseriéRef. 19 while method B is that of Gauss
et al. (Ref. 18. Experimental results are taken from Huber and Herzberg

DzP TZ2P+f
(M-A (MB (MA (MB  Expt

C, g 3Hu 1622.2 1620.6 1643.2 1641.6 16414
C, t’)v32g’ 1448.2 1448.2 14714 1471.2 14704
C l( ZEJ 1753.0 1751.8 1784.3 1783.1 1781.0
CF X 211 1287.0 1286.9 1297.0 1296.7 1308.1
CH X 211 2851.7 28519 2865.8 2866.0 2858.5
CNX 25+ 2032.3 2030.2 2066.4 2064.7 2068.6
NH X 33~ 3247.7 3248.1 3267.3 3267.5 3282.2
NO X 211 1870.1 1871.2 1893.2 18939 19(4.1
0, X 32; 1568.3 1566.0 15814 1579.4 1580.2
0O a 41'[LI 1018.6 1018.0 1052.0 1051.5 1035.7
OH X 211 3739.2 3739.4 3740.1 3740.3 3737.8
Average absolute error 211 21.7 6.6 6.4 -

@Average frequency of the two spin—orbit coupled states.

(Ref. 47.

DzP TZ2P+f
M-A MB (MA (T)-B Expt

C, § 811, 0.0156 0.0156 0.0164 0.0164 0.0166
C, bj’Eg’ 0.0155 0.0155 0.0163 0.0163 0.0163
G X 22;’ 0.0156 0.0156 0.0164 0.0164 0.0167
CF X 211 0.0175 0.0175 0.0183 0.0183 0.0184
CHX 211 0.5288 0.5287 0.5534 0.5504 0.534
CNX 25+ 0.0165 0.0165 0.0174 0.0174 0.0174
NH X 33~ 0.6561 0.6559 0.6658 0.6656 0.6490
NO X 211 0.0166 0.0165 0.0174 0.0174 0.0%77
0, X 32; 0.0149 0.0149 0.0150 0.0151 0.0159
(04 "é“Hu 0.0154 0.0154 0.0147 0.0147 0.0158
OH X 211 0.7272 0.7271 0.7294 0.7293 0.7242
Average absolute error  0.0021 0.0020 0.0040 0.0037 ---

@Average constant of the two spin—orbit coupled states.

tively. It is obvious from examination of these tables thatmgnic vibrational frequencie@able 1) is also smalonly
only minor differences exist between the two methods for ally g

of the properties considered in this work.

cm 1. For this second-order property, both methods repro-

_Inparticular, the average absolute difference in the equigyce the experimental results quite well. The largest differ-
librium bond length, as seen in Table |, is 0.000 09 A, with ence is just around 16 crd for O 3 *I1,,.

neither method consistently giving longer or shorter bonds kg, ‘anharmonic constants. shown in Table IV. the dif-
than the other. Both methods fare well relative to the experitarances between the two methods usually lie around 0.1

mental results; all bond lengths are reproduced to aroundy-1 However, certain cases show much larger differences.
0.01 A, with an average absolute error of about 0.003 A a5 211 i particular, has a difference of almost 4
the TZ2P+f level. Dissociation energiefrable Il) are also cm~L, with (T)-B lying closer to experiment. The reason for

nearly ider)tical between the two methods, with an average,is discrepancy seems to reside in Eg% term, which is
absolute difference of 0.1 kcal/mol. The methods reproducgnissing in(T)-A. In most cases, this term is at least an order

the experl_mental results v_wth reasonable accuracy with th f magnitude smaller than tH&L) componen®’ which itself
larger basis set, though differences of up to nearly 10 kcal .
Is usually at least an order of magnitude smaller tE&H.

=S _
moI. are founq (N.OX IT). These are most I|_kely due.to Table VII gives the values of each component of the triples
basis set deficiencies. The average absolute difference in halz . o for both(T)-A and (T)-B for each molecule with

TABLE IV. Anharmonic constantsdex) in cm %, as determined at the TABLE VI. Centrifugal distortion constantsD(e) in 107 cm™*, as deter-

CCSOT) level of theory with DZP and TZ2Pf basis sets. Method A is
that of ScuseridRef. 17 while method B is that of Gauss al. (Ref. 18.
Experimental results are taken from Huber and Herzl(Bef. 47).

mined at the CCSO) level of theory with DZP and TZ2Pf basis sets.
Method A is that of ScuseriéRef. 17 while method B is that of Gauss
et al. (Ref. 18. Experimental results are taken from Huber and Herzberg

DZP TZ2P+f

Mm-A  (M-B M-A (T)-B Expt
C,a M, 11.336 11.348 11.393 11.484 11.67
C, 5;32; 10.992 10.998 11.265 11.274 11.1
C; X M 11.395 11.411 11526 11.548 11.58
CFX 2II 10.669 10.656 10.800 10.970 11.10
CH X 211 66.235 66.273 72.379 68.453 63.0
CNX 23+ 12.976 13.090 13.461 13.145 13.087
NH X 35 82.665 82.617 79.460 79.468 78.3
NO X 211 13.751 13.868 13.751 13.597 14.088
0, X ¥y 11.359 11.372 10.909 10.923 11.98
05 a1, 10.735 10.708 9.719 9.873 10.39
OH X 211 90.265 90.244 85.177 85.168 84.881
Average absolute error 1.41 1.38 1.28 0.87 -

@Average constant of the two spin—orbit coupled states.

J. Chem. Phys., Vol. 104, No. 16, 22 April 1996

(Ref. 47.

DZP TZ2P+f
M-A (MB MA (T-B  Expt

C, 3 %M, 505 595 635 636  6.44
C,b %%, 58 580 615 616  6.22
C X2y 616 616 658 658 6.9
CFX 211 607 607 658 658 65
CH X 211 13835 13834 1489.3 1489.2 1450.0
CNX 23t 585 58 631 631  6.40
NH X 35~ 1619.9 1619.7 1733.8 1733.7 1709.7
NO X 211 489 488 539 539 N/A
0, X3, 431 432 471 472 4839
o 3%, 469 469 482 482  4.88
OH X 211 1806.0 18059 1927.2 1927.1 1938
Average absolute error 14.96 14.98 6.33 6.31---
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TABLE VII. E{®, EQ), andE&) componentsin E;) of the two CCSIT) corrections considered here with a
TZ2P+f basis. Method A is that of Scuseri®ef. 17 while method B is that of Gaus al. (Ref. 18.

(M-A (T)-B
e EQ) EfY Eg L)
C,a %, —0.018 996 1 0.0007790 —0.018989 6 0.0007770 —0.000 127 4
C, Ejz . —0.0107890 0.0001598 —0.010835 4 0.0001604 —0.000 0185
G X2 -0.0239251 0.0012285 —0.0238373 0.0012173 —0.0001303
CFX 2II —0.014 2854 0.0014349 —0.0142897 0.0014385 —0.000 015 1
CHX 211 —0.003504 5 0.0000184 —0.0035085 0.0000181 —0.000 015 1
CNX 23+ —0.0239229 0.0037050 —0.0239124 0.0037176 —0.000 031 1
NH X 33~ —0.004 029 1 0.0000163 —0.004 037 2 0.0000156 —0.000 009 2
NO X 211 —0.020 6279 0.0016168 —0.0205508 0.001 6038 —0.000 083 3
0, X %5 -0.0188230 —0.0000758 —0.0187387 —0.0000777  —0.000302 6
0; a*I, -0.0165776 0.0002171 —0.0165488 0.0002131 —0.0001439
OH X 211 —0.005 347 6 0.0001416 —0.0053516 0.0001420 —0.000 000 5

the TZ2P+f basis set. Clearly, both methods have very simi-tween the two methods seems to be in higher-order proper-
lar values forE{Y andE}, indicating that the most impor- ties such as anharmonic constants. Even for these, these dif-
tant difference lies in th&{?) component of the energy in ferences only seem to arise when the magnitude of the
(T)-B. For CHX 2I1, the E&) term is nearly equal in mag- fourth-order componen€$Y rivals that ofES}, and is of
nitude to ES), but of opposite sign(lt should be noted, ©Opposite sign. Such cases may arise when the ROHF and
however, that both methods fare less well relative to experiJHF solutions differ significantly—sometimes indicating
ment for this system as wellFor almost all other cases significant spin contamination of the latter. However, for the

E(S5T)~ and E(D4'I)' differ more drastically. An exception is lower-order properties, such as equilibrium geometries, dis-

0, X 32; , whereE(D“T) is actually larger tharE‘S5T), but has Sociation energies, and harmonic vibrational frequencies, the

the same sign. It seems that in those cases where tf{@o methods differ negligibly. The method of Scusétiaas

occupied/virtual block of the Fock matri,, , is large such SOmMe computational advantages over that of Gass.®

that EZ) is large relative taE$), and of opposite sign, the Since the former does not require transformation of the mo-

monic constants. Such cases may sometimes arise when thand, the latter is more theoretically justified, in that it pro-
Brillouin condition is strongly violated by the ROHF Vides energies which are invariant to orbital rotations in the

solution“8 occupied or virtual subspacdsimilar to ROHF-CCSD it-
Vibration-rotation coupling constantshown in Table Selfl, hence providing computational advantages in the con-
V) on the other hand, show very few differences between th&truction of analytic gradients. Our future work will focus on
two methods, with most cases agreeing to within 0.0001he construction of a newf) correction(based on a different
cm™L. Again, the largest difference for this third-order prop- form of single-reference open-shell perturbation thgory
erty is seen for CHX 21T (0.0030 cmY). This again seems which maintains spin-restriction of the reference molecular
to be due the relatively large magnitudel:EffT). It is inter- orbitals and which retains the same invariance properties as

esting to note that for vibration-rotation coupling constants,ROHF'CCSD'
both methods differ from experiment more with the IargerACKNOWLEDGMENTS
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