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High-quality ab initio quantum chemical methods, including higher-order coupled clyS@rand
many-body perturbatiofMP) theory, explicitly correlated(linear R13 techniques, and full
configuration interactioFCI) benchmarks, with basis sets ranging frp@H] [ 3s2p1d/2s1p] to
[8s7p6d5f4g3h2i/7s6p5d4f3g2h] have been employed to obtain the best possible value for the
barrier to linearity of water. Attention is given to the degree of accord among extrapolations of
conventional MP2, CCSD, and CC8D energies to the complete basis ¢&BS limit and
corresponding linear R12 schemes for these correlation methods. Small corrections due to one- and
two-particle relativistic terms, core correlation effects, and the diagonal Born—Oppenheimer
correction(DBOC) have been incorporated. The final electrovibrationles$ extrapolated barrier
height of this study is 1112735cm . Anharmonic force fields have been determined at the
aug-cc-pCVTZ CCSDI) level at equilibrium and at a linear reference geometry. These and
previous sextic force fields are in general accord with the expansion terms of recent global potential
energy hypersurfaces but also highlight some of their weaknesse499® American Institute of
Physics[S0021-960809)30917-X

I. INTRODUCTION Handy*® obtained 11493 cit for the barrier height. An-

: o : th irical estimate, 11597 ¢ (Ref. 1 -
Recently, the precise determination of the potential en-0 er empirical estimate, 597 cm(Ref. 17 was ob

X tained via direct least-squares fits of 19 parameters of the
ergy (hypepsurface(PES of the ground electronic state of iational " o . | .
water has received renewed interksidue to drastically in- variational Morse oscillator-rigid bender internal dynamics
. . ) ; . (MORBID) Hamiltonian to 550 experimental energy separa-
creased spectroscopic capabilities for detecting higher-lyin ons. which involvedJ<2 levels in 103 vibrational mani-
bending state%? publicity over the extremely dense mani- Id V;’ Ich | \: vedi= t\; in 0o Vi N '19 000*&I
folds of rovibrational states recorded and recently analyze&0 S Of SiX 1Sotopomers, with energies up to m

in the sunspot spectrum of watet® and the special role the above the(0,0,0 state. The barrier of 11597 cthwas ob-

water molecule plays in the physics and chemistry of com{@ined from the MORBID bending potential with bond

bustion systems, the intersteliar medium, and the atmoI_engths fixed at their equilibrium values; therefore, it is hard

spheres of planets and cool st&r&he ground-state PES of to compare it yvith elgctroni¢\{ibrationles$ barriers. Two .
water has traditionally been a testing ground for the myriad©cent, exceedingly high-quality PESs of water resulted in

theoretical approaches for computing)vibrational eigen- vibrationlesi barrier heights of 10 96&ef. 2 and 11128
states, resulting in a large number of publications on locafRef- & cm . Polyansky, Jensen, and TennySakeduced,

and global surfaces3612-2These studies have shown that through a variational scheme using the exact kinetic energy
even small physical effects usually neglected during confPerator, a highly-accurate empirical PES of water, usually
struction of PESs, such as relativistic phenoniearzd non- denoted as PJT2, which represents 3200 experimentally ob-
Born—Oppenheimer ternfsmay produce changes on the or- served low- and high-lying rovibrational states of water with
der of a few Crﬁl for rovibrational eigenstates_ a standard deviation of Only 0.25 C_IJn Initial values of the
Among the numerous studies on highly excited vibra-Parameters of the PJT2 potential were taken fiminitio
tional states, there are several reports on the barrier to lineagalculations of medium quality. Some highlights of the
ity of water>6:1517:2627In one of the early empirical vibra- high-quality ab initio calculations on which the semiempir-
tional studies of the energy levels of water, Carter andcal (actually semitheoreticalPES of Partridge and Sch-
wenke (PS (Ref. 6 is based are as followsa) use of the
3Author to whom correspondence should be addressed correlation-consistent cc-pV5Z basis set augmented with dif-

YPresent address: Theoretical Chemistry Group, Debye Institute, Utrecﬂpse S, B andq functlons on O ands and_ p sets (_)n_H,
University, Padualaan 14, NL-3584 CH Utrecht, The Netherlands. followed by estimation of the complete basis &BS) limit;
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(b) optimization of the orbitals using a complete active spacdl. CLASSICAL INVERSION BARRIER
self-consistent-fieldCASSCH approach, giving a balanced
description for all geometriesg) inclusion of electron cor-
relation through the internally contracted multireference con

figulr_ati;)n interactior(ICMRCI) approach, 'Tlugrnent(:d by @ ¢orrelated (linear R12 calculations utilized the program
multireference Davidson correctiofig) evaluation of core packagessore (Ref. 33 and bIRccr1234 From results ob-

correlation effects through a set of averaged coupled Pailined with the two standard approximatiofR12/A and

functional (ACPP calculations. There is a dearth of high- R12/B) of linear R12 method® only the R12/B energy val-
energy rovibrational data for the adjustment of the PJT2 andloq 41 reported for the valence-only calculations.

PS surfaces, and thus the current surfaces contain some “ex- Reference electronic wave functions were determined by

trapolation” into regions of no or limited data, such as thethe single-configuration restricted Hartree—Fo¢RHF)
region around linearity. The sizable difference between regeihod® Dynamical electron correlation was accounted for
ported literature values for the barrier to linearity, and theby Mgller—PlessetMP) perturbation theory from second
fact that quantity has a significant efféan the calculation through fifth order(MP2—MP5,% by the coupled cluster
of even low-lying bending states, calls for a careful, state-of-(cc) method® including all single and doubléCCSD
the-artab initio quantum chemical investigation of the bar- (Refs. 38 and 3Pand triple excitationdCCSDT),% or by
rier height of water. It is expectéd?8that extrapolated rela- configuration interaction computatiot€1SD, CISDT, CIS-
tive energy predictions based on electronic structurqDTQ’ CISDTQP, and FGI*! The CCSIIT) method*2 which
calculations can have an accuracy perhaps an order of magstimates the effect of connected triple excitations through a
nitude better than the spread in the aforementioned estimat@grhative term, was employed extensively. The Brueckner
for the barrier. Therefore, one goal of this study is 10 ap-goubles(BD) method®** with perturbational estimates for
proach thisab initio limit as closely as technically possible. poth connected triple and quadruple excitatigBO(TQ)]

In order to arrive at thab initio quantum chemical limit  [Ref. 37c)] was also employed. Extrapolation of the MP
for energy differences such as the barrier to linearity of waseries®® resulting in MRe, was performed via shiftef?,1]
ter, a systematic layout must be made of the dual basis sgiadeapproximants when fifth-order energies were available.
and electron correlation convergence, preferably includingn valence-only correlated-level calculations the core or-
physically motivated extrapolations to the complete basis sajtal of oxygen was kept doubly occupied. No virtual mo-
(CBS and full configuration interactioiFCl) asymptotes. |ecular orbitals were frozen in any of the correlation treat-
The best possiblab initio predictions then require auxiliary ments.
corrections for effects tacitly neglected in most theoretical The basis sets chosen for the calculations include the
work, including core correlation, special relativity, and the correlation-consistentaug-cc-p(C)VXZ families of basis
diagonal Born—Oppenheimer correctiddBOC). The capa-  sets developed by Dunning and co-work&3he largest of
bility of currentab initio methods in pinpointing prototypical the basis sets employed here, aug-cc-pV6Z, includes basis
energy differences on the potential energy surfaces of ammgunctions with angular momenta up it@n oxygen and on
nia, water, ethane, isocyanic acid, formic acid, and silicorhydrogen. The corresponding number of basis functions is
dicarbide has been the focus of recent investigatibr®. 443, as compared to 24 functions in the smaliestpVD2)
For the problem of the water barrier, the present studyet. Due to the factorial dependence of thparticle space
pushesab initio methodologies to new heights. For example, on the number of orbitals, the higher-order and full configu-
the CBS asymptote is investigated via a comparative study aftion interaction computations, which were performed by
conventional extrapolations and explicitly correlated calculaperci (Ref. 47 running withinps,®* were executed with the
tions, while relativistic corrections, which are quite impor- cc-pVDZ and cc-pV{T/D)Z basis sets, the latter consisting of
tant for the water barrier, are investigated through two-bodycc-pVTZ on O and cc-pvVDZ on H. The number of determi-
terms in order to assess the issues involved in their compuants in the cc-pVDZ FCI and cc-§V/D)Z CISDTQP com-
tation via perturbation theory. putations for bentC,, (linear, D..;,) water were 19604 169

Naturally, the aforementionedb initio calculations re- (9802897 and 55 711 39527 854 673, respectively, repre-
sult directly in estimates of the electror{igbrationlesg bar-  senting the largest CI calculations of the present study. R12
rier height. These values can directly be compared to the bestlculations also employed specially design¢®/H]
empirical (e.g., Ref. 2 and semitheoreticale.g., Ref. §  =[13s8p6d5f/7s5p4d] and[15s9p7d5f/9s7p5d] Gauss-
PESs, since they are also complete-dimensional, vibratiorian basis sets denoted here as [Ref. 4§a)] and K248
less surfaces. While the barrier is a crucial parameter charespectively. The K1 and K2 basis sets are almost saturated
acterizing global PESs of water, assessment of the availabkt the level ofspdf functions but contain no functions of
hypersurfaces can be enhanced by other means of electroriiggher angular momentum. They were specifically designed
structure theory. Most importantly, anharmonic force fieldfor linear R12 calculations, therefore, using traditional meth-
representations of these hypersurfaces, when compared aals their convergence behavior might be drastically different
high-quality ab initio force fields?® provide critical assess- from that of the correlation-consistent basis sets.
ment of the accuracy of the analytic PE&efs. 2 and Bin Reference geometries for the energy calculations have
the immediate vicinity of the referencbent and linegr been obtained at the all-electron aug-cc-pVTZ CCBD
structures. This comparison forms another important part ofevel. The geometric parameters employed for the single-
this paper. point energy and energy correction calculations are as fol-

The conventional electronic structure computations re-
ported in this paper were performed with thees 11,% ps), 3
and GAUSSIAN 94 (Ref. 32 program systems. The explicitly
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TABLE |. The effect of basis set size and electron correlation on the inversion barrier ofdwater.

Series | AE(RHF) qMP2] dCcsD JCccsOT)] JCCSDT] 4BD(TQ)] AECC)
cc-pVDZ(24) 12 206 +352 +173 +94 +6 +4 12835
cc-pV(TZ/DZ)(40) 11639 —-205 +265 +28 +2 +7 11736
cc-pVTZ(58) 11519 +102 +189 +54 +2 +4 11870
aug-cc-pVDZ-ICP(59) 11 607 —-153 +248 +1 [+2] [+4] [11 709
aug-cc-pVT492) 11280 —144 +266 -11 +3 +19 11413
cc-pvQZ(115) 11 350 —-128 +212 +17 +3 [+19] [11473
aug-cc-pVTZ-ICP(138) 11269 —218 +270 -14 [+3] [+19] [11329
aug-cc-pvQZ172) 11254 —267 +257 -15 [+3] [+19] [11 244
K1 R12/B(186) 11236 —354 +316 -8 [+3] [+19] [11 219
cc-pV5Z(201) 11248 —-257 +250 -5 [+3] [+19] [11 258
K2 R12/B(222) 11241 —336 +322 -5 [+3] [+19] [11 243
aug-cc-pVQZ-ICP(264) 11256 -301 +270 -17 [+3] [+19] [11 230
K1+ICP R12/B270 11239 —340 +299 —-17 [+3] [+19] [11 203
aug-cc-pV54287) 11249 —-301 +266 -16 [+3] [+19] [112159
cc-pV6Z(322) 11244 —306 +265 -12 [+3] [+19] [11213
K2+ICP R12/B332 11243 —344 +305 —-17 [+3] [+19] [11 209
aug-cc-pV6Z443 11248 —330 [+3] [+19]
aug-cc-pV52-ICP 11249 —-324 +276 —-17 [+3] [+19] [11 20§
CcBY 11246 —348 +283 -17 [+3] [+19] [11 186
CBS 11247 -371 +283 -22 [+3] [+19] [11 159

Series I AE(RHF) JMP2] JMP3] JMP4] JMP5] JMP=] AE(MP)
cc-pVDZ(24) 12 206 +352 +117 +155 -2 +5 12833
cc-pV(T/D)Z(40) 11639 —205 +148 +153 —-23 +14 11726
cc-pVTZ(58) 11519 +102 +87 +180 —-43 +18 11 863
aug-cc-pVTZ492) 11280 —144 +161 +79 +24 -1 11399
aug-cc-pvVQZ172) 11254 —267 +145 +86 [+24] [-1] [11 241
aug-cc-pV52287) 11 249 —-301 +149 +93 [+24] [-1] [11213
aug-cc-pV64443 11248 —-330 [+149] [+93] [+24] [—1] [11183
cBs 11247 —-370 +154 +103 [+24] [—1] [11 157

Series IlI AE(RHF) JcCIsD] JCISDT] JCISDTQ] JCISDTQA JFullCI] AELCI)
cc-pVDZ(24) 12 206 +459 +89 +76 +5 +1 12 836
cc-p\(T/D)Z(40) 11 639 +8 +19 +69 +1 [+1] [11 737

3 or each basis set the total number of contracted Gaussian functions is given in parentheses. ICP refers to intramolecular counterpoise-corrected calculations
(see text For correlated-level calculations the symigadenotes the increment in the relative energye() with respect to the preceding level of theory as
given by the hierarchy RHFEMP2—CCSD—-CCSOT)—CCSDT-BD(TQ), RHF—~MP2—MP3—MP4—MP5—-MPx», and RHF-CISD—CISDT
—CISDTQ—CISDTQP-CISDTQPH-FuUIICI, for Series |, Series I, and Series Ill, respectively. Brackets signify assumed increments from smaller basis
set results. In Series |, th§MP2], JCCSD], and §CCSOT)] increments refer to R12/B calculations for basis sets K1, K2+ KIP, and K2-ICP. All

values are given in ct.

"The complete basis S6EBS) RHF barrier is obtained by extrapolation of aug-ccfp\D,5Z+ICP energies using Eql). The CBS correlation increments

are obtained by extrapolation of aug-cc{@/5/Z+ICP results using Eq2).

“The complete basis séEBS) RHF barrier is obtained by extrapolation of aug-cct@V5,6Z energies using Eq1). The CBS correlation increments are
obtained by extrapolation of cc-g¥,6/Z results using Eq(2).

4The complete basis s€EBS) RHF barrier is obtained by extrapolation of aug-ccV5,6Z energies using Eq(1). The CBS MP2 andMP3, MP4
correlation increments are obtained by extrapolation of aug-d&;p\ and aug-cc-p¥Q,5/Z results, respectively, using E®).

lows: r(O-H)=0.95885(0.93411) A and~(H-O-H) These considerations justify the use of the above fixed refer-
=104.343(180.0)° in th€,,(D..;,) case<® The frozen-core ence structures during valence focal-point energy calcula-
K1 CCSOT)-R12/B  optimizations vyield r(O-H) tions. TheC,, geometric parameters also compare favorably
=0.9581(0.9340) A and/ (H-O—H)=104.45(180.0)° in with available empirical equilibrium values, such as
the C,,(D..,) cases. This comparison clearly suggests that (O—H)=0.958 43 A and/ (H-O-H)=104.4398°%°

geometry effects due to the inclusion of linear R12 terms are  The entire valenceb initio analysis of the barrier to
small. The differences between the barrier heights at the refinearity is laid out in Table I. Auxiliary corrections to the
erence structures and at the respective optimized structurésrrier height due to core correlation and relativistic effects
are less than 2 cnt, e.g., it is a mere 0.3 cnt at the K1 are collected in Tables Il and IlI, respectively.
CCSOT)-R12/B and K2 MP2-R12/A levels. As Tables IV
and V (vide infra) indicate, relativistic corrections also have
no significant effect on the bent and linear geometric param-  In their recent study on conformational energy proto-
eters; for example, at the linear structure the relativistic bondypes, Csaza, Allen, and Schaefé? employed the concept
length correction is only ¥ 10~ *A. The DBOC corrections of focal-point analysi€ to arrive at the one- and-particle
are expected to result in an even smaller geometric effectb initio limits of relative energy predictions for the molecu-

A. Valence ab initio limits
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TABLE II. Contribution of core correlation to the inversion barrier of correlation techniques, and thus offer hope in arriving at a

water: highly accurate barrier height for water. Linear R12 methods
Basis MP2 MP2-R12/A CCSD CCSD) CCSDT have been utilized in this study to assess and extend the
previous focal-point analysi&PA) results?®
gg:ggﬁggﬁ :gg :gg :5233 :gg Data for the extended valence focal-point analysis of the
cc-pCVQZ144 —106 —97  -95 barrier to linearity of water are collected in Table I. Three
K1(186) -106  -110 n-particle series have been investigated; coupled-cluster
K2(222 —-106  -109 theory (CC; Series ), Mgller—Plesset perturbation theory

aSee footnote a of Table | for details. Additional core correlation results are(_MP; Series I]’ and Conflguratlon Interaction theo@l; Se- .
available from Ref. 26. ries Ill). The most balanced treatments are afforded by using
CC wave functions. The data obtained by traditional tech-
niques of electron correlation theory reveal the following:
lar systems ammonia, water, ethane, isocyanic acid, formi
acid, and silicon dicarbide. Details of this approach are a
follows: (a) use of hierarchical families of basis sets which
systematically approach completenegb) application of
relatively low correlated levels of electronic structure theory
with basis sets pushed to technical limifs) higher-order
valence-only correlation treatments with the largest feasiblé?)
basis sets(d) layout of a two-dimensional extrapolation grid
based on an assumed separability and additivity of correla- X i X
tion increments to the energy difference of concem:; @d over_all correlation ef_fect serving to lower the bz_;\rrler.
inclusion of auxiliary corrections physically important for (3) Basis set extrapolationsee below reveal that in the
the problem. basis set limit thefRHF, CCSD levels yield {100.65,
The results presented in Ref. 26 highlighted molecular ~ 100.08% of the extrapolated relative energ¢g,) of
prototypes which exhibit four different types of focal-point 11172 em* (vide infra). Therefore, in the particular
behavior. The determinations of the torsional barrier of  case of the inversion barrier of water, RHF theory works
ethane and th&/Z rotamer separation of formic acid were extremely well due to fortuitous error cancellation. This
the easiest problems for molecular quantum chemistry, as Pehavior is certainly not typical when a larger body of
both quantities showed limited basis set variation past the Molecular systems is studiéd.
cc-pVQZ level and small correlation increments past MP4(4) For this system containing spatially active electron pairs,

1) Systematic extension of the basis set lowers the barrier
to linearity of water at each level of theory. Neverthe-
less, upon enlargement of the one-particle basis set, the
most dramatic changes appear at the RHF and especially
the MP2 levels.

While smaller basis set results indicate that electron cor-
relation increases the height of the barrier, results ob-
tained with basis sets larger than cc-pVQZ show a small,

(less than 0.1 kcal mot on both accounjs The determina- the aug-cc-pVXZ basis sets prove commensurate in ac-
tion of the barrier to linearity of the polytopic molecule $iC curacy with the larger cc-pX+1)Z sets, revealing the

(Ref. 50 was on the other end of the spectrum, as large importance of diffuse functions in reaching convergence.
variations, on the order of 1 kcal mdl, were observed for Although concern has recently arisen regarding possible

both extrapolations. The problem of converging the inver-  divergence of aug-cc-pVXZ absolute MRcorrelation
sion barrier of water proved somewhat less demanding, as energy seried! very smooth convergence patterns are
correlation increments past the MP4 leyeé., after inclu- observed in our focal-point analysis, where characteris-
sion of triple excitationswere small. Nevertheless, basis set  tics of relative energy changes are of concern.

variation past the cc-pVQZ set was found to be very trouble{5) The traditional {MP2] increment does not converge
some. Thus, the slow convergence toward the CBS limit of  within even a modest 0.1 kcal mdi target until the ba-
traditional quantum chemical methods seems to be the only sis set is extended drastically, well beyond the cc-pV6Z
real obstacle for the accurate prediction of the barrier to lin-  level.

earity of water. The linear R1{Refs. 51-5%4and Gaussian (6) CCSD theory seems to compensate for most of the MP2
geminaf®>°® methods have been designed to circumvent the effect on the barrier, i.e., there is a delicate balance be-
slow basis set convergence problem of traditional electron tween thedMP2] and § CCSD] increments.

TABLE lll. Relativistic corrections to the inversion barrier of wafer.

RHF MP2 CCcsnT)
D1 D1
Basis (6] H D2 MV Sum D1 D2 MV Sum (0] H D2 MV Sum
cc-pVTZ(58) -156.6 -17 +26 +211.1 +554 -1634 +2.6 +2199 +59.1 -163.7 -16 +3.0 +2224 +60.1
cc-pCVTZ71) -157.4 -17 +26 +211.8 +553 -161.8 +2.6 +216.2 +57.0 -1624 -16 +2.6 +2195 +58.1
cc-pVQZ(115 -158.6 -17 +25 +2144 +56.6 —-1589 +2.6 +212.6 +56.3 -160.0 -16 +2.6 +216.4 +575

cc-pCvQZ4144 —-1576 -17 +25 +211.8 +550 —-158.7 +25 +211.6 +554 —-159.7 -16 +25 +2152 +56.4

30btained with all electrons correlated. All values are given in tnD1=one-electron Darwin term; B2two-electron Darwin term; M:one-electron
mass-velocity term.
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(7) The performance of the CC$D) method, which pertur- basis sets augmented by basis functions on the ghost Hs
batively approximates contributions from connectedcentered on positions corresponding to the other reference
triple excitations, is excellent, as judged from the smallform. While we do not think that the intramolecular counter-
differences between the CC8D and CCSDT results poise correction is of relevance for the larger basis sets em-
(n.b., the minusculg[CCSDT] increments in Table)l ployed in this study, it seems that a much more balanced

(8) There is excellent agreement among extrapolated CQreatment of the Rl approximation results if the basis sets are
MP, and ClI barrier heights. With the cc-pMD)Z basis, the same by design during the two energy calculations of
the MPec, CCSDTQ), and full-Cl (FCI) barrier heights concern. The considerable scatter observed for the barrier
are 11726, 11736, and 11 738 chrespectively. In our height using smaller basis sets during R12 calculati¢ims
experience, higher-order correlation effects tend to difesults of which are not listed in Tablg feduces consider-
minish as the basis set is enlarged. Thus, all indicationgbly for the ICP calculations. It must also be noted that the

are that the correlation increments past CISDTQ are lesicP correction has an enormous effect at the standard MP2
than a few Crﬁl in the One_partic|e limit. These ﬁndings level. For eXampIe, using the K1 basis Set, the MP2 correla-

give special credence to the Series | results of the presefion contribution changes front13.0 to—254.3 cm ™. One
study. problem with the ICP scheme is, of course, numerical stabil-
ity. The union of the two basis sets could result in an almost
A theoretically sound approach to pinpointia initio  jinearly dependent basis. Nevertheless, in the present, admit-
limits is provided by explicitly correlated method}*>**®  taqy favorable, case no almost linearly dependent functions
which effectively deal with the electron-electron cusp prob-had to be discarded.
lem by employing wave functions depending explicitly on  RHF energies obtained with correlation-consistent basis
interelectronic distances. Although the linear R12 methodsets of increasing quality can be extrapol&t€d®to the
surely have the potential to provide very accurate correlatedomplete basis s¢CBS) limit using the exponential form
total energiegwithin a few tenths of a ), it nevertheless
proved difficult here to obtain a highly accurate estimate of ~ Ex=Ecestaexp—bX), @

the barrier to linearity of water. It appears that uncertaintiesyhich effectively assumes that incremental cc-pVXZ

in total energies of a few tenths of i, are too large even  _,cc-pV(X+1)Z lowerings of the total energy lie in a geo-

if one moves on the same PES. These uncertainties aifietric progression. The extrapolated total energigss,
mainly due to the approximations involved in computing thepased on aug-cc-p®,5,6Z results are—76.067 35E,, and
many-electron integraléwith three electrons or moyreThe  —76.016 10E, at the bent and linear structures, respectively.
approximation®°® consist of inserting the approximate These total energies are consistent with previous Hartree—
resolution of the identityRI) represented in the given one- Fock estimate&2%¢° and yield a limiting value of 11247
electron basis, and they are seemingly not equally accuratem™! for the barrier.

for the bent and the linear structures of water. As a result, the  The proper extrapolation of correlation energies is less
errors due to the RI approximations are not well balancetlear. Several schemes have been proposed in the literature,
with traditional basis sets, not even with the K1 and K2 basisalmost all of which are based on analytic investigations of
sets, which had been designed specifically for R12 calculapartial-wave expansiorfs:22In this work we follow the ap-
tions. A balanced inclusion of the RI approximation is mostproach used in Ref. 26 and in the recent proposal of Halkier
critical when the Hamiltonian is decomposed into a many-et al.%% whereby the CBS correlation energy is estimated by
electron Fock operator and a fluctuation potential, as is donthe simple formula

in Mgller—Plesset theory. Thus, at the R12 level, the MP2 EXX3_ EYy3
calculations are particularly vulnerable to unbalanced Rl ap-  E_(X,Y)= ——5——5—,
proximations. The total coupled cluster resuftgith and X*=Y

without inclusion of tripleg are much less sensitive. Indeed, i which EX and EY denote correlation energies obtained
the K1 CCSDT)-R12/B result of 11190 cm' compares  from correlation-consistent basis sets with cardinal numbers
well with the K2 CCSIT)-R12/B result of 11221 cmt, as X and.
well as the conventional aug-cc-pV5Z and cc-pV6Z  Application of Eq.(2) to the total correlation energies
CCSO(T) results of 11193 and 11191 Crh respectively.  determined with the cc-pV5Z and cc-pV6Z basis sets at the
One important conclusion of this study is that one canconventional MP2, CCSD, and CCS$D levels of theory
greatly improve the quality of R12 relative energy predic-yields the following net barriers to linearity when the result-
tions in general and the convergence behavior of the barriehg E-z{5,6) correlation components are appended to the
to linearity of water in particular by using precisely the sameextrapolated RHF limit of 11247 cnl, AE, {MP2,
basis set for the calculations at the two reference structure&CSD, CCSIT)}={10876,11159,1113%Zm *. The CBS
This is achieved by a procedure which one would tradition-MP2 barrier changes by only 1 ¢rhif the extrapolation is
ally term intramolecular counterpoiséCP) correction?”® performed instead with the aug-cc-pVXZ series, and it also
Construction of the augmented basis set for the ICP calculaagrees nicely with our earlier result of 10 864 ¢hi® The
tions is done as follows. Consider the bisector of the O—Hcorresponding K2ICP R12/B barriers areAE, {MP2,
bonds fixed. Then, in going from the bent to the linear ref-CCSD,CCSIT)}={10899,11204,1118%m 1.  There-
erence form, two hydrogens move. The calculations denotefbre, the R12 scheme predicts barriers which{@& 45, 50
+ICP in Table | utilized basis sets composed of the usuatm ! higher than those given by the conventional extrapola-

@
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tions. These disparities are disappointingly large, and we besne-electron MVD calculations were checked against results
lieve that they represent the level of imprecision inherent irobtained from thexces Il program packagé®°

both techniques for inferring one-particle limits. In essence,  The results obtained at the RHF, MP2, and CCBD
they indicate current limits of accuracy for predicting the levels of theory using basis sets of differing quality are given
water barrier by state-of-the-aaib initio methods. The con- in Table Ill. A few aspects of these data warrant comment.
ventional {RHF, MP2, CCSD, CCS(O)} barriers at the
CBS limit, obtained by extrapolating the relevant
aug-cc-p\T,Q5Z+ICP results of Table | using Eqgél) and
(2), are{11246, 10898, 11181, 11 1pém™*. To extract a energy of —32.027E,, as compared to-32.000Ey,
final valence focal-point result, we take the average of the from the nonrelativistic Schuinger equation. Therefore,
three reported CBS CCSD) barriers, add a-22 cmi ! shift t_h(_a oXygen 5 core electrons are expected to give a rela-
from Table | for connected quadruple excitations, and ap- tivistic correc.tlon of 2(_0'027):._.0.'054 En. The ab-
pend error bars to span the extrapolation uncertainty. This sqlute .mag_mtude of the rela-t|V|st|c correct|o_n d_eter-
procedure gives a vibrationless barrier of 11480 cm . mined in this study for wa_ter Is~0.055E,, which is
The corresponding value from Ref. 26, 11112 ¢mis thus almost completely attributable to the dlectrons of

. 2 : the oxygen atom.
slightly smaller, primarily because th§ CCSD] increment . N
therein could not be extrapolated to the CBS limit with the(z) The mass-velocityMV) term corrects the kinetic energy

data available. of the system, and it is always negative. The one-
electron Darwin(D1) term corrects the Coulomb attrac-
tion, and it always increases the total energy of the sys-
tem. In agreement with this physical basis, the explicitly
The origin of the core correlation effect on the inversion ~ computed MV and D1 corrections are both substantial,
barrier of water is the rehybridization of lone pairs of elec-  about 0.2E,,, and they have opposite sign, canceling out
trons, resulting in changes in core penetration and radial cor- most of their effect.
relation. In order to investigate core correlation, traditional(3) The two-electron DarwiriD2) correction term serves to
basis sets designed to describe bonding involving valence reduce the repulsion between electrons; it is negative,
electrons must be augmented with tigfitigh exponent and it is expected to be diminutive, since it depends on
Gaussian functions able to describe the core region the minuscule probability of two electrons being at the
adequately®4-%¢ Such basis sets, denoted by cc-pCVXz,  same point in space. Calculations show that the D2 cor-
have recently been designed by Dunning and co-worKers,  rection terms is indeed small, only0.003 Ej,. This
and are employed in this study. The results for the contribu-  two-electron contribution is not only petite but also vir-
tion of core correlation to the inversion barrier of water are  tually identical in the linear and bent structures, making
collected in Table II. its effect on the barrier almost negligible. Nevertheless,
It is clear from Table Il that the core correlation contri-  its magnitude is comparable to the electron correlation
bution to the water barrier is comparatively large, but not  contribution to the relativistic effect.
particularly sensitive to level of theory; neglecting the unre-(4) The overall relativistic shift on the barrier is not particu-
liable cc-pCVDZ numbers, the value of the correction scat-  larly sensitive to the level of theory, all results lying
ters between-85 and—110 cm . It is concluded that, at between 55 and 60 cm. Our computations also show
least in the present case, the estimate of core correlation that the shift is not affected by the addition of core po-
obtained at the traditional MP2 level, where rather large mo-  larization functions to the basis set.
Iggular systems can be StUd'eq without undue effort, is suf- Our final prediction from Table Il is that relativistic
ficiently accurate. The comparison of cc-pCVQZ MP2 andggte s jncrease the inversion barrier of water-b§8 cm 1.

K1/2K2 MZ.Z'RH/A rr:asults |nd|cat|es. that the mclgsmn ,Of Related work has shown that there is a slight but significant
R1 °°9r mateg |.n the core correlation trea_tment Is not 'Minodulation of the relativistic correction over the PES in the
portant in predicting the effect on the barrier, even at th

icinity of the equilibrium configuratiod®® The modulation

level of precision sought in this study. The best extrapolateqiakes on a different sign upon stretching and bending of the
estimate of the core correlation correction to the barrier % olecule

linearity of water is—98 cm !, obtained by appending a
cc-pCVQZ CCSIT)—MP2 shift of +11 cm * to the K2
MP2-R12/A value.

(1) The exact solution of the Dirac equatfdrior the hydro-
genic O atom in its ground state yields an electronic

B. Core correlation

C. Relativistic effects D. The diagonal Born—Oppenheimer correction

In this study, relativistic corrections to the electronic en—(DBOC)
ergy have been gauged by a first-order perturbation theory Computation of the diagonal Born—Oppenheimer correc-
approach applied to the mass-velodi®V) and Darwin(D)  tion (DBOC) was performed at the Hartree—Fock level
terms®"%8 The one-electron MVD and the two-electron Dar- within the formalism of Handy, Yamaguchi, and Scha&fer
win terms were calculated by a slight modification of theand by means of thBORN program operating within thesi
DIRCCR12 packag@® following the recipe of Ref. 68 for the package’ As expected, the DBOC correction is small; it is
determination of the two-electron Darwin term. Some of the—17 cmi * at the DZP RHF levet®
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E. Net vibrationless barrier in the PJT2 force field as the corresponding terms have not
In conclusion, our final prediction for the vibrationless been inf:luded in the constructi_on o.f this empiriggl potential.
inversion barrier of water is (1118498+58—17) These fields were compared Wlth high-qualiy initio force
=11127cm?’. This result is substantially higher than the f.|elds degermmed as part of this Stuqy, or taken from the
value of 10966 crit, which was determined from the high- literature? The _agreement between thb !nltlo_and the PJT2
quality empirical PJT2 potentidland almost the same as and PS force fields for th€,, geometry is qune satlsfact'ory
11128 cmL, which can be obtained from the analytical form (S€€ Table 1V, but only through the quartic level. We high-
of the semitheoretical PS potentfaGiven the insufficiency 19t only those coupling force constants in the quartic field
of the spectroscopic data near linearity, the apparent superfiQr which theab initio and the empirical/semitheoretical data
ority of the PS barrier may be attributable mostly to im- do not agree with each other within a factor of 2. There is
provement of the initiahb initio parameters in the surface 9eneral agreement for the cubic force constants, with the
fitting. Note, however, that the underlying theoretical part oféxception off™. It is noteworthy in this case that early
the PS potential does not contain explicitly the substantiampirical quartic force field studisobtained a value of

relativistic modulation determined here and elsewliere. +0.4 aJ '&Zra,djl for/frra-, For some of the quartic force
constants {""" " ,f""" " @) the discrepancies are quite
lIl. ANHARMONIC FORCE FIELDS noticeable. All availableab initio results indicate that™™’

o . _ has a small negative value, whereas the PJT2 force field
Determination of the anharmonic force fields of watergives a positive value. Similarly, the large negative value
from the analytic potentials and froab initio energy calcu- obtained from the PJT2 PES féF" @ is not supported by
: H 1,72
lations followed well-established proceduf8S™"?Evalua- o o initio results. The discrepancies between the force

tion of force constants via higher-prder central-differengeﬁelds at the linear geometry of water are considerably larger
formulas(FINDIF) and through unweighted least-squares flt-(see Table V. Such comparisons test the ability of the PJT2

2?19 (LSQ utilizec_i elx ac;ly tbhle san;et ?elt oé_etnetr_gy valuest.’and PS surfaces to accurately extrapolate to the fully linear
q € ngcgssaryks:ng e>,< +0(;J og’,&an d np ek IIS or_lgnlszcgn Fegime. Therefore, the most important origin of the discrep-
escribed as{k,!,m}x *0.02(A,rad), {k!,mj=012, ancies observed is that during the construction of the empiri-

along th_e simple(stre, stre, berjdinternal coordinates. En cal PJT2 potential there were no observations available for
ergy points have been computed at the all-electron aug-cc-, _.. -
Vibrational states fixing the value of these constants. For
pCVTZ CCSOT) level as well as from the PJT@Ref. 2 2 i
. . these constants, thab initio values are believed to be more

and PS(Ref. 6 potentials. The reference geometries em- L

L . accurate. This view is further supported by the much better
ployed for theab initio computations are the same as thosea reement between the presabtinitio constants and those
used for the focal-point analysis; therefore, they are not pre-g P

cisely stationary points at the level of theory applied. Con_derlved from the semitheoretical PS potential. This study

o 171((:) cppe oy s . _
siderations for dealing with the resulting residual gradientsproyes agaift how d|ff|<?ult Itis to Qetermlne, from ex
have been extensively developed by Allen and <Zad> perimental data alone, reliable, physically relevant higher-

Relativistic corrections to the electronic energies were ob0rder force constants, especially the quintic and sextic terms

tained by means of first-order perturbation theory applied t§f the potential energy expansion, which make diminutive
the one-electron mass-velocity and Darwin terfuisle su-  contributions to the energy values. .
pra), as implemented imcesi2® The FINDIF and LSQ It IS clear from Tables IV and V that the_ relativistic
force constants corresponding to the bent and linear stru&Orrection to the PES of water has only a marginal effect on
tures are reported in Tables IV and V, respectively. The stanin€ geometric derivativegforce fields of the PES at any
dard errors of the least-squares fit, given in these tables ne@Ven point. Deviations between nonrelativistic and “relativ-

to the force constants, provide an estimate of the accuracy ggtic” force constants are always less than 1%. Nevertheless,
the constants determined. it should be noted thata) even such small corrections can

We note here only one physically significant feature offesult in a change of 1-2 cmin the calculated fundamental
the force fields; the stretching force constafifs f"™", and frequencies, as can also be shown easily for diatomic spe-
" at the linear geometry are considerably larger than theifies; and(b) in the case of the global PES of water, relativ-
equilibrium counterparts. This is fully in line with the ob- istic corrections to the PES can be as much as 200rff
served shortening of the O—H distance upon opening of th@nd the resulting vibrational correction can approach 10-15
bond angle. This observation can be explained by noting tha&gm * for excited vibrational levels some 20 000 thabove
O-H bonds in the linear structure are nomin4lijormed  the minimum?

from sp rather thansp® hybrids. In accord with Bent's PJT2 force constants have been determined not only for
rules’® the increased character should result in stronger and the PJT2 stationary points, but also at #ieinitio reference
thus shorter bonds. geometries chosen for this study. Somewhat unexpecfadly,

In order to judge the quality of the analytical PJIRef.  this shift in the reference structure does not further improve
2) and PS(Ref. 6 PESs of water an attempt was made tothe remarkable agreement between the present pabelyi-
determine full sextic force fields corresponding to the anatio and the empirical PJT2 force constants.
lytical potentials at their respective bent4,) and linear Once a force field representation of the potential is avail-
(D.p) stationary points. It turned out that many of the quin-able, spectroscopic constants, vibrational energy levels, and
tic and sextic force constants are undetermif@tphysical ~ zero-point vibrational energZ PVE) corrections can be ob-
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TABLE IV. Anharmonic force constants for the electronic ground state of water at its Bgp} équilibrium

geometry?
b,c
aug-cc-pCVTZ CCSD) AUg-ce-pCVTZ
Term FINDIF LSQ CCSsOT)+REL? pPJT? PJT? PS
fr —0.0141038 —0.0141038 —0.014 1000 0.0000 —0.0070 0.0000
fe —0.000052  —0.000 052 0.000 710 0.000 0 —0.001 4 0.0000
frr 8.468 51 8.468 52) 8.458 8.447 8.394 8.460
g’ —0.096 55 —-0.0965%1)  —0.097 70 -0.102  —0.100 -0.103
fra 0.258 40 0.258 4@) 0.2585 0.263 0.264 0.258
fow 0.700 495 0.700 49) 0.700 54 0.704 0.705 0.703
fr —58.5724 -5857115) —58.5156 -56.37 —56.37 —-58.73
grir’ —0.0638 —-0.062 11) —-0.0619 -0.276  —0.266 —0.069
frra -0.1126 -0.111 §1) -0.1155 -0.059  —0.060 -0.107
frr'a —-0.499 1 —0.498 42) —-0.500 1 -0.189 —0.572 -0.515
fra« -0.3028 -0.301 §1) -0.3025 -0.309 —0.317 -0.319
faae —-0.6802 —-0.679 75) —-0.6800 -0.751  —0.746 —-0.705
froer 366.6 366.61) 366.4 320.3 317.8 366.6
gror ! —0.65 —0.6403) —0.64 1.62 1.48 -0.67
gror'r’ 0.18 0.171) 0.17 1.73 1.64 0.44
frre -1.51 -1.51(2) -1.51 -2.37 -2.34 —-1.49
frir'a 0.46 0.234) 0.46 -6.16 —-6.06 —4.25
frraa -0.207 -0.2595) -0.216 -0.70 —0.69 -0.32
frr' aa 0.55 0.5%17) 0.55 0.15 0.43 0.69
fraaa 0.71 0.712) 0.72 1.30 1.30 0.72
faaaa -0.62 —-0.61(12) -0.62 -0.640 —0.651 -0.757
fror —2429.1 —-2863.9 —2549.9
grorr ! 3.89 0.24 11.0
grore ! 2.66 -6.1 5.9
frima 0.82 17.5 1.6
fraaaa -1.36 -0.5
faaaa -3.41 4.20 -2.0
frorm 16 856 25976 8644
grerrer ! -56.1 ~73.4 -0.8
grore o -20.7 5.0 —-89.1
gror e —44.3 12.3 2.4
fl’[l’r awa 7205 730 414
faaaaaa -18.3 7.3 9.7

3Units of the force constants are consistent with energy measured in aJ, distances in A, and angles in rad. The
ab initio quintic and sextic constants are taken from Refs@ | of Table 1) and correspond to a different
reference structure. REtrelativistic correction, the energy corrections were obtained by means of first-order
perturbation theory applied to the one-electron mass-velocity and Darwin terms.

BFor {r,a}={0.958 85 A, 104.343° corresponding to the all-electron aug-cc-pVTZ CGEPequilibrium
structure(Ref. 26.

‘FINDIF=force constants determined through the use of finite-difference formulas=Ek8€e constants de-
termined through the use of unweighted linear least-squares fitting. In both procedures altogether 37 energy
values have been utilized. In the case of LSQ, values given in parentheses refer to standard errors of the fit in
the last digits) given.

9For {r,a}={0.957 92 A, 104.500° corresponding to the equilibrium of the PJT2 potentiRéf. 2.

®For {r,a}={0.957 84 A, 104.508"° corresponding to the equilibrium of the PS potentRéf. 6.

tained through variational, perturbational, or mixed proce-zero-point vibrations can be calculated using either harmonic
dures. Effective barriers may play a special role, as in ther anharmonic frequencies. Excluding the bending fre-
case of the HCN—HNC rearrangeméhin this work both  quency, the harmonic corrections range frer850 to +359
direct second-order vibrational perturbation the¢#PT2) cm ! for the ab initio potentials. The PS value is rather
(Ref. 77 and a mixed procedure, the nonrigid-rotation-large-similar at +367 cm'l. The PJT2 value at-234 cmi? is,
amplitude-internal-motion HamiltoniatNRLH) method of  however, much smaller. Thab initio anharmonic correction
Szalay’® were applied. The required force field transforma-values, in the space of the two stretching vibrations, are be-
tions between curvilinear internal and rectilinear Cartesiartween +2.6 and+3.1 cm , while the PS value ist5.5
coordinate spaces, up to fourth order, were performed anam . The empirical PJT2 potential gives again a substan-
lytically and utilized the progranNTDER95.">"® The VPT2 tially different value, around-5 cm 2,
calculations were performed, both at the equilibrium and at  The NRLH method? as applied to KO, amounts to an
the linear geometry, by the program packagpecTro™ adiabatic separation of the bending and stretching motions.
The correction to the barrier to linearity of water due to The bending is described by a geometrically defined curvi-
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TABLE V. Anharmonic force constants for the electronic ground state of water at the libeg) geometry?

aug-cc-pCVTZ CCSPI)Pe
geer ull aug-cc-pCVTZ

Term FINDIF LSQ CCSOT)+REL" pJT? PJT? PS
fr -0.01326 —0.01326 —-0.012 03 0.0000  0.0577 0.0000
frr 10.12832  10.128 32) 10.1151 9.88 9.43 10.12
g’ —-0.34281 —0.342811) —0.344 4 -0.395 —0.434 -0.342
faa —0.66080 —0.660 8@2) —0.663 61 —0.587 —0.595 —0.652
frr —69.0448 —69.047 45) -68.983 1 -69.68 —66.62 —-69.25
grie’ 0.1854 0.184 d) 0.1839 -3.34 -2.96 0.137
frae -0.5575 —0.559(2) —-0.5630 -0.647 —0.633 —-0.540
fror 4355 435.61) 435.4 459.1 426.4 432.1
gro ! -0.96 —0.944) -0.98 45.8 42.6 -0.17
grir'e’ —-2.09 —2.01(1) -2.09 13.8 12.6 -1.36
frraa -1.34 -1.341) -1.34 1.73 1.68 -1.43
g’ aa -0.31 —0.24(20) —-0.30 0.50 0.52 -0.31
facaa 4.73 4.7113 4.76 2.06 2.29 4.69
froee —3020.3 -3020.1 —5580 —-3074
frorm 21987 21957 53 609 11 059
faaaaaa o o 39.9 —34.2

3Units of the force constants are consistent with energy measured in aJ, distances in A, and angles in rad.
REL=relativistic correction, the energy corrections were obtained by means of first-order perturbation theory
applied to the one-electron mass-velocity and Darwin terms.

PForr=0.934 11 A corresponding to the all-electron aug-cc-pVTZ COSRquilibrium structurgRef. 26.
‘FINDIF=force constants determined through the use of finite-difference formulas=E8€e constants de-
termined through the use of unweighted linear least-squares fitting. In both procedures altogether 27 energy
values have been utilized. In the case of LSQ, values given in parentheses refer to standard errors of the fit in
the last digits) given.

dForr=0.927 87 A corresponding to the equilibrium of the PJT2 poteriRaf. 2.

®Forr=0.9335 A corresponding to the equilibrium of the PS poter{iaif. 6.

fIt is not possible to determine this force constant from aliinitio energy points.

linear coordinate, while rectilinear displacement coordinatesSNRLH anharmonicity parameters, not reported here, satisfy
in the present case normal coordinates, describe the stretctelations derived from local modes theBryery well.
ing motions. The effect of stretching vibrations on the bend-
ing motion is taken into account by second-order perturbatv. CONCLUSIONS
tion theory. This results in an effective bending potential and . .

; . L . The following conclusions can be drawn from the nu-
an effective bending Hamiltonian. Values of the effectlvemerous results presented in this study:
bending potential, in the ground stretching vibrational state, '
were determined for th€,, andD.., reference structures, (1) The extrapolated RHF barrier of water is 11247
utilizing the force fields and geometries given in Tables IV +2 cm L. The extrapolated CCSD and CCAD energy
and V, respectively. The vibrational contribution to the bar-  increments differ somewhat based on which electronic
rier to linearity can be obtained by subtracting the value of  energy results are employed for the extrapolation proce-
the effective bending potential calculated at the bent equilib- dure. CCSD-R12 and CCSD)-R12 computations seem
rium structure from that calculated at the linear configura- to converge to the limiting value for the barrier from
tion. The correction originating exclusively from the bending above, while conventional calculations converge from
dependence of the harmonic stretching frequencies can be below. Adding+22 cm * for the effect of highefqua-
calculated similarly and it appears to account for almost all  druple excitations, we obtain 11184 crh for the ex-

of the vibrational correction. Thgaug-cc-pCVTZ CCSIY), trapolated valence-only barrier height of water. A con-
aug-cc-pCVTZ CCSDI)+REL, PJT2, PSzero-point vibra- servative error estimate for this calculated barrier height
tional energy contributions to the barrier 4852, 354, 312, is +30 cm L. This error estimate is surprisingly large

368 cm 1. The PJT2 correction deviates again substantially ~when compared to the effort devoted to the computation
from the other values. of the barrier and is clearly attributable to the slow basis

The zero-point vibrational corrections obtained using the  set convergence at correlated levelsabf initio theory.
VPT2 and NRLH approaches are distinct due to some im-  According to our extrapolation formulas, it is necessary
portant differences between the two methods. In particular, to proceed through th¥=10 level (1276 function of
NRLH employs a curvilinear, geometrically defined bending  the cc-pVXZ basis set series to converge conventional,
coordinate and ensures that the Sayvetz condition is satisfied. correlated evaluations of the barrier to within 10 ¢m
This results in an efficient separation of the large-amplitudg?) Introducing exactly the same basis set and thus the same
bending and the small-amplitude stretching vibrations. A resolution of the identity in computations for the bent
manifestation of the efficiency of this separation is that the and the linear references, one can improve considerably
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