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Abstract

High-quality ab initio quantum chemical methods, including higher-order coupled cluster (CC) and many-body
perturbation (MP) theory, as well as full configuration interaction (FCI) benchmarks, with basis sets ranging from [S/H]
[4s3pld /2s1p] to [9s8p7d5f4g3h2i / 7s6p5daf3g2h] have been employed to obtain the best technically possible value for the
barrier to linearity of hydrogen sulphide. Following careful extrapolations of MP2, CCSD and CCSD(T) energies to the
complete basis set (CBS) limit and inclusion of small corrections due to scalar relativistic terms, core polarization and core
correlation effects, and the diagonal Born—Oppenheimer correction (DBOC), the final electronic (vibrationless) extrapolated
barrier height of this study is 24423 + 75 cm™~ 1. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The ground-state potential energy (hyper)surface
(PES) of water has traditionally been a testing ground
for the myriad theoretical approaches for computing
(ro)vibrational eigenstates, resulting in a large num-
ber of publications on loca (anharmonic force field)
and (semi)global surfaces [1-6]. The most recent
studies, based partially on state-of-the-art ab initio
approaches [1,3,4,6,7], resulted in PESs of unusually
high accuracy. The best surfaces interpolate and to
some extent extrapolate excellently. These studies
have also shown that even small physical effects,
readily neglected during most ab initio constructions
of PESs, such as relativistic phenomena [3,4] and
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non-Born—-Oppenheimer terms [1], may produce
changes on the order of afew cm™? for the rovibra-
tional eigenstates of water.

The ground electronic state PES of hydrogen
sulphide, H,S, the congener of H,O, has also re-
ceived considerable attention during the 1990's [8—
18]. This interest is due to drastically increased
spectroscopic capabilities for detecting higher-lying
stretching and bending states of H,S and of its
isotopomers [15], to subsequent questions of normal
mode vs. local mode character of vibrational over-
tones [16], to publicity over the four-fold clustering
effects of high-J rotational lines [10], and to the
important role the H,S molecule plays in the physics
and chemistry of the interstellar medium and the
atmospheres of planets and cool stars. Recently, two
of us have been engaged [17] in the determination of
a ground-state PES and dipole-moment surface
(DMS) for H,S comparable in accuracy to those of
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water. This Letter reports on the first results of this
concerted study, which are of specia relevance to
the precise determination of the barrier to linearity
on the ground-state PES of H,S.

The available semiglobal analytical representa-
tions of the ground-state PES of H,S contain some
extrapolation into regions of no or limited experi-
mental data, such as the region around linearity.
Table 1 summarizes geometric parameters of the
bent and linear forms of H,S and barriersto linearity
available from the literature, which can be contrasted
to our own high-level theoretical data generated dur-
ing the course of this study. As expected, and con-
firmed at all levels of theory applied, r(S-H) in the
linear form of H,S is shorter than the equilibrium
r(S-H) bond distance. Nevertheless, all published
PESs for H, S lack this feature; thus, they are inade-
quate for predicting higher-lying bending states. Siz-
able differences, ranging from 18792 cm™ [8] to
31326 cm™* [11], between values calculated from
empirica and (semi)theoretical PESs can be ob-
served for the barrier to linearity. Furthermore, as
Table 1 and Fig. 1 demonstrate, farther away from
equilibrium the different PES representations behave

rather differently, and the otherwise high-quality sur-
faces due to Polyansky, Jensen and Tennyson [8]
(henceforth PJT) and Senekowitsch, Carter, Zilch,
Werner, Handy and Rosmus [13] (henceforth
SCZWHR) show unphysical behavior as the HSH
bond angle approaches small values. These problems
and the fact that the barrier to linearity was shown to
have a significant effect [3,4] on the caculation of
even low-lying bending states of water, cals for a
careful, state-of-the-art ab initio quantum chemical
investigation of the barrier to linearity of H,S. Rela-
tive energy predictions based on electronic structure
calculations can have an accuracy [19] perhaps two
orders of magnitude better than the spread in the
aforementioned estimates for the barrier. Therefore,
one goal of this study is to approach this ab initio
limit as closely as technically possible. At the same
time these calculations provide excellent guidelines
concerning the level of theory needed for a con-
verged ab initio representation of the lower-energy
region of the ground-state PES of H,S[17].

In order to arrive at the ab initio quantum chemi-
cal limit for energy differences such as the barrier to
linearity of H,S, a systematic layout must be made

Table 1
Geometric parameters® of the bent and linear forms and barrier to linearity (in cm~1) on the ground electronic state PES of hydrogen
sulphide®
Level Bent form Linear form Barrier Reference
r«(S-H) 6 (H-S-H) r«(S-H)
cc-pVTZ CCSD(T)_all 1.3376 92.277 1.3138 24522 this work
aug-cc-pVTZ CCSD(T)_all 1.3375 92.012 1.3166 24268 this work
aug-cc-pVTZ CCSD(T)_FC 1.3419 92.300 1.3197 24333 this work
aug-CVTZ CCSD(T)_all 1.3350 92.236 this work
aug-cc-pVQZ CCSD(T)_all 1.3373 92.295 1.3159 24221 this work
aug-cc-pVQZ CCSD(T)_FC 1.3396 92.386 1.3184 24202 this work
PJT 1.3360 92.331 1.3636 18792 Ref. [8]
KJ 1.3366 92.226 1.3605 20867 Ref. [10]
HC 1.3356 92.12 1.3731 31326 Ref. [11]
KH 1.3356 92.12 1.3321 29498 Ref. [12]
SCZWHR 1.3376 92.335 1.3397 22588 Ref. [13]
BZWRR SCF 1.3271 94.162 1.4027 27656 Ref. [9]
BZWRR CEPA 1.3355 92.246 1.4486 23311 Ref. [9]
BZWRR Corr. CEPA 1.3356 92.12 1.4480 21980 Ref. [9]
Exp. 1.3356 9211 Ref. [14]

Distances (r,) in &ngstrom and angle (6,) in degrees.

®See text for description of basis sets and levels of theory. Under ‘ Level’ the empirical and (semi)theoretical PESs are referenced by the
initials of the authors of the corresponding paper. ‘_al’ stands for an all-electron calculation, while ‘_FC' stands for a frozen-core

calculation.
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Fig. 1. Behavior of different PESs (BZWRR, Ref. [9]; SCZWHR, Ref. [13]; PJT, Ref. [8]; KJ, Ref. [10]; TCPT, Ref. [17]) of H,S under
bending of the molecule while fixing the S—H bond lengths at their equilibrium value.

of the dua basis set and electron correlation conver-
gence, including physically motivated extrapolations
to the complete basis set (CBS) and full configura-
tion interaction (FCI) asymptotes [19]. The best ab
initio predictions include corrections for core correla
tion and specia relativity, as well as the diagonal
Born—Oppenheimer correction (DBOC). For the
problem of the H,S barrier, the present study pushes
the application of sophisticated ab initio methodolo-
gies to new heights. Obvioudly, the ab initio calcula
tions result directly in estimates of the electronic
(vibrationless) barrier height. These values can di-
rectly be compared to the best empirica and
semitheoretical (semi)global PESs, which are also
complete-dimensional, vibrationless surfaces.

2. Theoretical methods

The electronic structure computations reported in
this paper have been performed with the ACES II

[20], PSI [21,22], Gaussian-94 [23], DIRCCR12-95
[24] and DALTON [25] program systems.

Reference electronic wave functions have been
determined by the single-configuration restricted
Hartree—Fock (RHF) method [26]. Dynamical elec-
tron correlation was accounted for by standard meth-
ods [26] of electronic structure theory: Mdller—Ples-
set (MP) perturbation theory from second through
fifth order (MP2—MP5), the coupled cluster (CC)
method including all single and double (CCSD) and
triple excitations (CCSDT), and configuration inter-
action (CI) computations (CISD, CISDT, CISDTQ,
CISDTQP, CISDTQPH and FCI). The CCSD(T)
method, which estimates the effect of connected
triple excitations through a perturbative term, was
employed extensively. The Brueckner doubles (BD)
method with perturbational estimates for both con-
nected triple and quadruple excitations [BD(TQ)]
was also employed. Extrapolation of the MPn series,
resulting in MPx, was performed via shifted [2,1]
Padé approximants when fifth-order energies were
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Table 2

Valence focal-point analysis of the inversion barrier of hydrogen sulphide?

Series | A E(RHF) 3[MP2] 3[CCSD] S[CCSD(T)] 3[CCSDT] 3[BD(TQ)] AELCO)
cc-pvVDZ (28) 27988 —2734 +34 -85 +9 —53 25159
cc-pV(T/D)Z (44) 28121 —3798 +519 —437 +8 —-65 24347
aug-cc-pVDZ (45) 27483 —3433 +307 —219 +3 —53 24088
cc-pVTZ (62) 27918 — 3480 +470 —453 +12 —-62 24405
aug-CvDZ (82) 28518 — 3702 +291 —297 +9

aug-cc-pVTZ (96) 27809 — 3553 +588 —512 +11 —-54 24289
aug-cc-pVTZ + d (101) 28135 — 3648 + 556 —544

aug-cc-pVTZ + 2d1f (113) 28224 — 3664 +561 —560

cc-pvVQZ (119) 28059 — 3780 +533 —547 +20 —-59 24226
aug-CVvVTZ (149) 28237 —3630 +570 —564

aug-CVTZ + d (154) 28244 — 3633 +570 —564

aug-CVTZ + 2dif (166) 28245 —3634 +570 —564

aug-cc-pvVQZ (176) 28032 —3834 +565 —560 [+20] [—-59] [24 164]
aug-cc-pvVQZ + d (181) 28227 —3892 +538 —580

aug-cc-pVQZ + 2d1f (193) 28260 — 3906 +538 —585

CVQZ (193) 28285 —3850 +515 —573

CVQZ +d(198) 28287 —3851 +515 —574

cc-pV5Z (205) 28234 —3915 + 557 —-579

aug-CvQz (250) 28263 — 3906 +544 —586

aug-cc-pV5Z (291) 28215 —3977 + 594 —594

aug-cc-pV5Z + d (296) 28262 —3993 +590 —599

aug-cc-pV6Z (447) 28248 —4022

aug-cc-pV6Z + d (452) 28265 — 4029

CBS? 28265 —4078 + 645 —619 [+20] [—59] [24174]
Series|| AE(RHF) 3[MP2] 3[MP3] S[MP4] 3[MP5] S[MP=] AE(MP)
cc-pvVDZ (28) 27988 - 2734 +84 +11 —-73 —76 25201
cc-pV(T /D)Z (44) 28121 — 3798 + 249 —106 —41 —-13 24413
aug-cc-pVDZ (45) 27483 —3433 +143 +17 -37 -19 24153
cc-pVTZ (62) 27918 —3480 + 255 —169 -34 —-16 24474
cc-pVTZ +d (67) 28261 — 3587 +226 —195 -4 -20 24644
aug-cc-pVTZ (96) 27809 — 3553 + 304 —190 —-14 —-14 24342
cc-pvVQZ (119) 28059 —3780 +240 —227 -2 —14 24276
aug-cc-pVQZ (176) 28032 —3834 + 252 —234 [-2] [—14] [24200]
Series|11°€ AE(RHF) 3[CISD] 3[CISDT] 3[CISDTQ] 3[CISDTQP] 3[CISDTQPH] AELCI
cc-pvVDZ (28) 27988 — 2463 —-49 —399 -9 -10 25157
cc-pV(T /D)Z (44) 28121 — 2775 — 362 —-572 —47 -18 [24347]
aug-cc-pVDZ (45) 27483 — 2677 —172 —517 —-27 —-14 [24075]
cc-pVTZ (62) 27918 —2515 — 368 —569 [—27] [—14] [24 426]
cc-pVTZ +d (67) 28261 — 2622 —393 [—569] [—27] [—14] [24636]

8For each basis set the total number of contracted Gaussian functions is given in parentheses. For correlated-level calculations the
symbol & denotes the increment in the relative energy (AE,) with respect to the preceding level of theory as given by the hierarchy
RHF - MP2 - CCSD — CCSD(T) —» CCSDT — BD(TQ), RHF - MP2 - MP3 —» MP4 - MP5 — MPx and RHF — CISD — CISDT —
CISDTQ — CISDTQP — CISDTQPH — FullClI, for Series |, Series Il and Series IlI, respectively. Brackets signify assumed increments
from smaller basis set results. All values are given in cm™ 2,

®The complete basis set (CBS) RHF barrier is obtained by extrapolation of aug-cc-pV(Q,5,6)Z + d energies. The CBS correlation
increments are obtained by extrapolation of aug-cc-pV{5,6}Z + d results for MP2 and aug-cc-pV{Q,5}Z + d results for CCSD and CCSD(T).

For the bent structure, the largest computed ClI energies, for each basis set, have been determined employing 19604 169 (cc-pvVDZ),
320548825 [cc-pV(T /D)Z], 379564 739 (aug-cc-pVDZ) and 28085271 (cc-pVTZ) determinants appropriately. For the cc-pVDZ basis set
the difference between the FCI and CISDTQPH barriersis —0.1 cm™?. For al basis sets this increment has been used to arrive at the FCI
limit.
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available. In valence-only correlated-level calcula
tions (designated as 1s2s2p), the 1s, 2s and 2p core
orbitals of S were kept doubly occupied, while in the
so-called 1s calculations only the 1s core orbitals
were kept doubly occupied. No virtual molecular
orbitals were frozen in any of the correlation treat-
ments.

The basis sets chosen for the calculations include
the correlation-consistent (aug)-cc-pVXZ [X =
2(D), 3(T), 4Q), 5, 6] families of basis sets developed
by Dunning and co-workers [27,28]. Basis sets de-
signed to describe the core region adequately [7],
denoted as (aug)-cc-pCVXZ for first-row atoms
[27,28], are not available for sulphur from Ref. [28].
To construct such basis sets, we completely uncon-
tracted the aug-cc-pV XZ basis sets for H and S and
then augmented the sulphur sets with tight
{2d, 2d 2f, 2d 2f 2g} sets for X ={D, T, Q}, appropri-
ately, whose exponents were obtained by even-tem-
pered extension into the core with a geometric ratio
of 3. The resulting basis sets are denoted here smply
as aug-CVXZ (X ={D, T,Q}). Although core polar-
ization [7,29] plays no important role in determining
the barrier height of SiH3 [30], in this study the
correlation-consistent basis sets have been aug-
mented by tight d and f-functions, whose exponents
were obtained by an even-tempered extension into
the core with a geometric ratio of 3. The resulting
basis sets, aimed to account for the core polarization
effect, are denoted by their conventional name with
suffixes +d (one added d-function) and + 2d1f (two
added d and one added f-function).

Reference geometries, r (S—-H) = 1.33730
(1.31593) A and f(H-S—H) = 92.295(180.0)° in the
C,,(D,;) cases, for the single-point energy and en-
ergy correction calculations have been obtained at
the all-electron aug-cc-pVQZ CCSD(T) level. The
results of further geometry optimizations for the bent
and linear structures are summarized in Table 1. The
C,, geometric parameters compare favorably with
available empirical values [14], namely r(S-H) =
13356 A and 6(H-S-H)=92.11° (cf. Table 1).
The effects of relativistic and DBOC energy correc-
tions on the bond length of the linear structure have
been investigated. The all-electron cc-pvVTZ
CCSD(T), bond length, 1.31383 A, changes to
1.31310 A when the entire DPT energy correction of
about —1.11E, is added to the cc-pVTZ CCSD(T)
energies of about —398.86E,. The DBOC energy
correction, calculated at the TZ2Pf + diff RHF level
(see Section 6 below), changes the same non-relativ-
istic optimum bond length to 1.31350 A.

The entire valence ab initio analysis of the barrier
to linearity is laid out in Table 2. One can gauge the
effect of using fixed geometries in the valence
focal-point scheme by comparing the aug-cc-pVTZ
CCSD(T)_FC barriers given in Tables 1 and 2, since
in Table 1 the barrier (column 5) refers to optimized
reference structures, while in Table 2 &l barriers
have been obtained at fixed all-electron aug-cc-pVQZ
CCSD(T) geometries. The difference between the
two barriers is only 1.2 cm™%, providing clear sup-
port for fixing the reference structures during the
focal-point analysis.

Table 3
Contribution (in cm™?) of core correlation to the inversion barrier of hydrogen sulphide?
Basis MP2 CCsD CCSsD (T)

1s all 1s al 1s all
aug-CvDZ (82) —145 —154 +72 +65 +51 +43
aug-CVTZ (149) —144 —153 +56 +48 +28 +21
aug-CVTZ + d (154) —183 —199 +20 +6 -6 —-19
aug-CVTZ + 2d1f (166) —183 —203 +23 +6 -3 -20
CVQZ (193) —173 —187 +29 +18 +1 —10
CVQZ +d (198) —186 +17 -10
aug-CvQZz (250) —-172 —186 +31 +20 +3 -8

@For each basis set the total number of contracted Gaussian functions is given in parentheses. ‘all’ refers to the difference between a
frozen-core (1s, 2s and 2p on S) and an all-electron calculation, while ‘1s' refers to the difference between a frozen-core (1s, 2s and 2p on

S) and a frozen 1s (on S) calculation.



Table 4
Relativistic corrections to the inversion barrier of hydrogen sulphide®
Basis RHF MP2 CCSsD CCSD(T)

D1 D2 MV ADPT Sum D1 D2 MV ADPT Sum D1 D2 MV ADPT Sum D1 D2 MV ADPT Sum

S 2H S 2H
cc-pvDZ(28) {—608.9} 45 8088 10 2053 —611.2 49 819.7 28 2162 —628.0 5.1 8448 3.2 2251 {—626.1} 5.2 843.0 3.3 2254
aug-cc-pVDZ(45) {—588.6} 4.1 7756 —0.2 1909 —-567.9 45 761.3 23 200.2 —602.1 50 796.9 105 210.2 {—586.2} 4.8 789.2 2.2 210.0
cc-pVTZ(62) —6155 —27 45 7984 115 1964 —6024 4.7 7929 96 2043 —618.0 4.8 814.2 10.1 2111 -6111 -22 49 8103 9.6 211.8
CvDZ(65) —680.9 53 9082 —0.1 2325 —697.7 56 940.1 00 2480 —713958 9654 0.0 257.3 {—710.8} 5.8 962.5 0.0 257.6
aug-CvDZ(82) {—654.0} 518714 00 2225 —645.6 53 8725 00 2321 —668.8 55 906.6 0.0 243.3 {—662.3} 5.6 899.1 0.0 2424
aug-cc-pVTZ(96) {—604.2} 45 7856 11.8 197.7 —584.7 48 7733 9.9 2034 —602.1 50 796.9 105 210.2 {—595.3} 5.0 790.5 10.1 2104
CVTZ(115) —669.3 5.1 8884 —0.1 2242 —6625 5.2 890.6 00 2334 —677.154 9122 00 2404 {—671.2} 5.4 906.4 —0.1 240.7
cc-pvQZ(119) —585.6 —29 4.3 7453 227 1835 —5739 45 744.1 188 1935 —589.6 4.7 765.1 194 1995 -—-5815 —23 4.7 760.7 18.9 200.5
aug-CvVTZ(149) {-660.5) 518765 0.2 2212 —646.9 51 869.9 00 2282 —663.8 53 8941 00 2355 {—655.9} 5.3 885.9 0.1 2354
aug-CvVTZ {—660.5} 876.6 {—656.5} 886.3
+d(154)
aug-CvVTZ {—660.5} 876.6 {—656.4} 886.2
+ 2d1f(166)
CVQZ (193) {—666.4} 883.2 —654.1 52 8781 0.0 2292 —669.0 53 899.5 0.0 2357 {—661.5} 891.7
cc-pVv52(205) —626.2 —3.0 4.7 8169 —-628.1 —24 59 835.8
aug-CvQz(250) {—663.6} 879.5 —6484 5.1 870.7 0.0 2274 —664.8 53 8939 0.0 2343

#Obtained with all electrons correlated. All values are given in cm™!. D1 = one-electron Darwin term; D2 = two-electron Darwin term; MV = one-electron mass—velocity
term; ADPT = correction term arising in the lowest order of DPT; Sum = MV + D1+ D2+ ADPT (see text for details). The D1 values given in braces correspond to the sum of
the atomic terms.

Vet

82T—6TT (0002) Z2€ SBHa1S05AUd [eoUBYD /e 1 Aezofe] D
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Table 5

Absolute DBOC corrections at RHF level at the bent and linear
geometries and relative energy contributions to the barrier to
linearity of H,%s?

Basis Bent Linear Contrib.
cc-pvVDZ (28) 1345.6 1367.9 +22.3
DZP (33) 1348.9 1371.9 +230
DZP+ (39) 1349.2 1368.3 +19.1
aug-cc-pVDZ (45) 1342.8 1368.3 +255
TZ2P (49) 1345.5 1376.2 +30.7
TZ2P+ (55) 1345.7 1378.1 +324
cc-pVTZ (62) 1347.0 13731 +26.1
TZ2Pf (66) 1347.4 1372.8 +25.4
TZ2Pf+ (72) 1347.5 1374.9 +27.4

3See text for basis set details. All values arein cm™2.

Auxiliary corrections to the barrier height due to
core correlation, relativistic effects and the DBOC
term are collected in Tables 3-5.

3. Valence ab initio limits

Data for the valence focal-point analysis [19] of
the barrier to linearity of H,S are collected in Table
2. Three n-particle series have been investigated:
coupled-cluster theory (CC; Series 1), Mgller—Plesset
perturbation theory (MP; Series I1), and configura-
tion interaction theory (Cl; Series I11). The most
balanced treatments are afforded by CC wave func-
tions. The data obtained reveal the following about
the barrier to linearity of H,S and its ab initio
determination:

(1) As observed repeatedly for relative energy
changes on a single PES [19], upon enlargement of
the one-particle basis set the most dramatic changes
appear at the RHF and especialy the MP2 levels.
Augmentation of the basis with diffuse or core polar-
ization functions has no substantial effect past MP2
(double excitation). Nevertheless, as observed re-
peatedly (see, eg., Ref. [19]), inclusion of diffuse
functions in the basis accelerates the convergence of
the energetic results significantly.

(2) Augmentation of the aug-cc-pV XZ basis sets
with just a single tight d-function (core polarization
[29]) improves drastically the convergence character-
istics of the energy results obtained for H,S at the

RHF (and to a much lesser extent at the MP2) level.
For example, the RHF barrier changes more than 300
cm~! by inclusion of a single d-function into the
aug-cc-pVTZ basis. The improved result is less than
100 cm~! from the inferred RHF limit, a typical
result observed for first-row elements [19]. Inclusion
of a +2dif inner polarization set improves the
RHF energetic results further, especialy for X=3.
While at the CCSD(T) level the barriers obtained
with the original aug-cc-pVXZ basis sets
({24 332,24 203, 24238} with { X = 3,4, 5}) are closer
to the corresponding CBS CCSD(T) limit of 24213
cm~!, the convergence characteristic of the +d
series is better.

(3) AE(RHF) and the 3[MP2] increment do not
converge within even a modest 0.1 kcal mol ~* accu-
racy until the conventional correlation-consistent ba-
Sis sets are extended drastically, well beyond the
cc-pVeZ level. Addition of core polarization func-
tions greatly improves the convergence of both
AE(RHF) and the 3[MP2] increment.

(4) Basis set extrapolations (see below) reveal that
in the particular case of the barrier to linearity of
H,S, MP2 theory, which includes an approximate
treatment of double substitutions, works extremely
well due to fortuitous error cancellations beyond this
level.

(5) CCSD theory compensates partially for the
MP2 contribution to the barrier. Furthermore, with
all basis sets past aug-cc-pVDZ the 3[CCSD] and
d[CCSD(T)] increments have very similar magnitude
and opposite sign, making their combined contribu-
tion almost negligible.

(6) The minuscule 3[CCSDT] incrementsin Table
2 testify that performance of the CCSD(T) method,
which approximates perturbatively the energy contri-
butions of connected triple excitations, is excellent
compared to the full CCSDT treatment.

(7) The FCI and high-order CI results (Series Il
of Table 2) reveal that (a) 3[BD(TQ)] approximates
excellently the effect of quadruple excitation in CC
theory; (b) the extrapolated CC barriers are consider-
ably more dependable than the MPx barrier heights;
for example, using the aug-cc-pVDZ basis the ex-
trapolated CC barrier agrees with the FCI result
within 2 cm~! but MP= is off by 44 cm™?.

Extrapolation of RHF and correlation energies to
the complete basis set (CBS) limit has been achieved



126 G. Tarczay et al. / Chemical Physics Letters 322 (2000) 119-128

through the relations [19,31-33] E* = Eggq +
aexp(—bX) and E*X=Eg+ cX 3, respectively,
where Egg is the extrapolated energy, while E*
denotes energies obtained from correlation-con-
sistent-type basis sets with cardinal number X. It is
clear that extrapolation of the original cc-pVXZ and
aug-cc-pV XZ RHF energies is more or less mean-
ingless. The extrapolated RHF energies, based on
aug-cc-pV(Q,5,6)Z + d results, are —398.720235
and —398.591449E, at the bent and linear struc-
tures, respectively, yielding alimiting value of 28265
cm™! for the RHF barrier. The total correlation
energies determined with the two largest aug-cc-
pvXZ +d basis sets at the MP2, CCSD and
CCSD(T) levels of theory yield the following net
barriers to linearity when the resulting Egg corre-
lation components are appended to the extrapola-
ted RHF limit: AE{MP2, CCSD, CCSD(T)} =
{24187,24832,24213} cm™ .

4. Core correlation

The results for the contribution of core correlation
to the barrier to linearity of H,S are collected in
Table 3. Two sets of numbers have been obtained at
each level of theory: in the 1s case the sulphur 1s
core electrons have been kept frozen during the
correlation treatment, while the 1s22p case refers to
the difference between the all-electron and the tradi-
tional frozen-core calculation keeping the 1s, 2s and
2p orhitals of sulphur doubly occupied.

It is clear from Table 3 that, unlike in the case of
first-row molecular prototypes studied (e.g., water)
[19], the core correlation contribution to the barrier
to linearity is small. In fact, it has a much smaller
effect on the barrier height than the core polarization
effect, discussed above. The core correlation correc-
tion is rather sensitive to the level of theory applied
for its calculation. In particular, MP2, with all basis
sets studied, provides a correction which is much
exaggerated. It is also notable that the 1s and 1s2s2p
numbers differ very little, suggesting that differential
core correlation of the 1s electrons of sulphur is
small. The best estimate of the core correlation
correction to the barrier to linearity of H,S is —8
cm™!, obtained at the aug-CVQZ CCSD(T) level.

5. Relativistic effects

In this study, relativistic corrections to the elec-
tronic energy have been gauged by the lowest order
of the direct perturbation theory (DPT) approach
developed by Kutzelnigg [34,35]. For atoms lighter
than argon, the DPT approach has been proved [35]
to provide at least 99% of the relativistic energy
correction even at its lowest order. Furthermore, the
lowest-order DPT correction can be decomposed into
the widely utilized mass—velocity (MV), Darwin (D)
and spin—orbit (SO) terms plus a correction term
(ADPT) due to basis set incompleteness [35]. In this
study the one-electron MVD and the two-electron
Darwin (D2) terms have been calculated by a dight
modification of the DIRCCR12-95 package [24] fol-
lowing the recipe of Ref. [36]. The DPT approach
has been incorporated into the ab initio package
DALTON [25].

The relativistic results obtained at the RHF, MP2,
CCSD and CCSD(T) levels of theory using severa
basis sets are given in Table 4. A few aspects of
these data warrant comment:

(1) The energy of the hypothetical relativistic S
atom without electron correlation can be approxi-
mated as AE(S) = 2w(1s14) + 2w(2s,12) +
2w(2p; ,,,10) + 4w(2p;,,,10), where wW(AO,Z)
means the energy of an electron in atomic orbital AO
(AO = 1s, 2s, 2p) in the effective field of a nuclear
charge Z. Coupling this approximation with the usual
[35] first-order relativistic perturbative correction for
H-like atoms,

—Z%?

W:
2n*

n 3
i+1/2 4

results in AE,(S) = —1.09E,. The relativistic cor-
rection determined in this study for H,S is approxi-
mately —1.11E,,.

(2) The explicitly computed MV and D1 correc-
tions are about —4.6 and +3.5E,, respectively,
canceling out most of their effect.

(3) The D2 correction term, which depends on the
minuscule probability of two electrons being at the
same point in space, is small, only —0.03E,. This
two-electron contribution is virtually identical in the
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linear and bent structures, making its effect on the
barrier aimost negligible (5 cm™!). Nevertheless, its
magnitude is comparable to the electron correlation
contribution to the relativistic effect (10 cm™1).

(4) The overdl relativistic shift on the barrier is
not particularly sensitive to the level of theory, al
reasonable results reported in Table 4 lie between
200 and 240 cm™1. Our computations also show that
the RHF shift, as expected, is affected substantially
by the addition of core polarization and correlation
functions to the basis set (aug-cc-pVTZ RHF vs.
aug-CVTZ RHF). Additional extension of the aug-
CVTZ basis with +d or +2d1f sets, on the other
hand, has no effect on the relativistic correction to
the barrier.

(5) Basis set convergence of the ADPT term is
fast once high-exponent functions, those describing
the core region effectively, are included in the basis
set. A large ADPT term suggests an inadequate
one-electron basis.

(6) Neither the D2 nor the ADPT terms are
important for the dependable prediction of the rela-
tivistic contribution to the barrier.

Our fina prediction based on data taken from
Table 4 is that relativistic effects increase the inver-
sion barrier of H,S by about +230 cm™*.

6. The diagonal Born—Oppenheimer correction
(DBOC)

Computation of the mass-dependent diagonal
Born—Oppenheimer correction (DBOC) was per-
formed at the Hartree—Fock (HF) level within the
formalism of Handy, Yamaguchi and Schaefer [37]
and by means of the BORN program operating within
the PSI package [21]. The results obtained for H,*S
are presented in Table 5. Standard and built-in basis
sets for HF calculations, including DZP, TZ2P and
TZ2Pf have been employed during computation of
the DBOC correction. In some cases these basis sets
have been augmented to include diffuse functions,
indicated by + in Table 5.

As expected, the DBOC corrections for the bent
and linear forms of H,*S are relatively large, about
6mE,. Nevertheless, the DBOC corrections &t the
two reference structures have about the same magni-

tude; the net effect on the barrier to linearity of
H,*S changes only between +19 and +32 cm™*.
No clear convergence of the results is seen in Table
5; therefore, we take +27 cm™?! as the best estimate
of the DBOC correction, the result obtained at the

TZ2Pf + RHF level.

7. Net vibrationless barrier

In conclusion, our final prediction for the vibra-
tionless barrier to linearity of H,*S is (241748
+ 230 + 27) = 24423 cm™ . This result is substan-
tially higher than the values of 18792 cm™* [8] and
21980 cm~! [9], the best previous estimates. A
conservative error estimate which can be attached to
our calculated barrier is +75 cm™!. This value is
based on valence-only {RHF, 8MP2, §CCSD,
dCCSD(T),3CCSDT, 8BD(TQ)} error estimates of
{+2,+ 25, +15 +10, + 5, + 3} cm™ !, ajoint esti-
mate of +40 cm™? for the core correlation, relativis-
tic and DBOC corrections, and finally taking 3 /4 of
the sum of these error estimates.
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