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Ten stationary points on the water dimer potential energy surface have been characterized with the
coupled-cluster technique which includes all single and double excitations as well as a perturbative
approximation of triple excitationgCCSIO(T)]. Using a triple¢ basis set with two sets of
polarization functions augmented with higher angular momentum and diffuse functions
[TZ2P(f,d) +dif], the fully optimized geometries and harmonic vibrational frequencies of these ten
stationary points were determined at the CCBDtheoretical level. In agreement with othalp

initio investigations, only one of these ten stationary points is a true minimum. Of the other nine
structures, three are transition structures, and the remaining are higher order saddle points. These
high-level ab initio results indicate that the lowest lying transition state involved in hydrogen
interchange is chiral, oC; symmetry rather tharCg as suggested by recently developed 6D
potential energy surfaces. The one- amgarticle limits of the electronic energies of these ten
stationary points were probed by systematic variation of the atomic orbital basis sets and the
treatment of electron correlation within the framework of the focal-point analysis of Allen and
co-workers. The one-particle limit was approached via extrapolation of electronic energies
computed with the augmented correlation consistent basis sets (augk&-p&=D —6), and,
independently, by estimating the basis set incompleteness effect with the explicitly-correlated
second-order Mgller-Plesset meth@dP2-R12. Electron correlation was evaluated at levels as
high as the Brueckner coupled cluster method with double excitations and perturbatively treated
triple and quadruple excitationdBD(TQ)]. Core correlation and relativistic effects were also
assessed. Consideration of the aforementioned electronic effects as well as basis set superposition
error leads to an estimate of 21.0 kJ mbffor the electronic dissociation energy of {®)..

© 2002 American Institute of Physic§DOI: 10.1063/1.1408302

I. INTRODUCTION prevalent is water in our daily lives that many of its remark-
able physical properties are often overlooked. The boiling
point of water is nearly 200 K above that of nonhydrogen

extraordlnar.y complex!ty pf this material in the bulk phase'bonded species with similar molecular weights. Also anoma-
The properties of ice, liquid water, and water vapor are truly, o o
remarkable and of the utmost importance in a host of chemil-ousl.y "'_"rge for such a .smaII mo_lecule 'S It.s heat capacity in
cal and biological processés® “Ubiquitous” is the favorite the_ liquid phase Wh'Ch_ IS approximately twice that of ethanol
adjective of many chemists when describing this substancé‘."”th a molecular weight morg thgn ,tWO_ and a half times
A quick search through the literature will dispel any doubts'@rger than water Even more intriguing is the maximum

that such a characterization might be an exaggeration. Sgensity of water near 4 °C, implying that between 0 and 4 °C
liquid water contracts upon heating. A universal, unified

equation of stafebased not just on empirical observation

The relative simplicity of the water molecule belies the

dpostdoctoral Fellow 2000, Laboratoriumr fRhysikalische Chemie, ETH

Ziirich (Zentrum) CH-8092 Ziich, Switzerland. written in compact form but rath_er on a fundamental theoret-
D Author to whom correspondence should be addressed. ical understanding is clearly of interest.
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Intimately related to these properties of water are thereadily interrogated via fundamentally different approaches
intermolecular interactions collectively referred to as hydro-such as intermolecular or symmetry adapted perturbation
gen bonds. The massive amount of information on hydrogetheories (IMPT and SAPT, respectively>*° As recently
bonding in the literature attests not only to the pervasivepointed out in theEncyclopedia of Computational Quantum
nature of this phenomenon in nearly every field of chemistryChemistry’> such investigations of (§0), have focused on
but also the effort put forth by the scientific community seek-the global minimum and essentially ignored the rest of the
ing a deeper understanding of it. A thorough literature reviewlPES:
of the subject is far beyond the scope of this or any other “However, to understand the most recent high-resolution
paper. Fortunately, several recent bookd and review experiments on the water dimer, trimer, tetramer, pentamer,
articles'~**are devoted entirely to hydrogen bonding. Thereand hexamer requires detailed consideration of the rearrange-
is, of course, a wealth of information available from more ment pathways, of which there have been relatively few the-
classic sources that should not be overlook&H!® oretical studies.?

The hydrogen bond has only grudgingly revealed its in-  The most thorouglab initio study to date of these rear-
nermost secrets. Our current knowledge of hydrogen bondangement pathways of ¢B), was performed in 1990 by
ing, while enormous, is far from complet!’ One of the ~ Smith et al** They employed second-order Mgller—Plesset
most productive approaches to this problem has been a kingerturbation theory(MP2) to characterize ten stationary
of reductionism. By progressing from the simplest systems t@oints on the water dimer IPES. Three transition states, de-
exhibit hydrogen bonding, namely dimers, toward morenoted as structures #2, #4, and #9, were found which connect
complex systems such as trimers, tetramers, etc., it is poshe eight equivalent global minim@btained by interchang-
sible to develop an understanding of the interactions betweeing the hydrogen atoms within the water dimer via rotations
molecules and eventually the properties of the bulkor tunneling. For select stationary points, refined electronic
phaset’!® Clearly, a quantitative, complete-dimensional, energies were computed via a fourth-order Mgller—Plesset
analytical intermolecular potential energihypenpsurface perturbation theoryMP4). Results from recently constructed
(IPES on which the quantum dynamics of hydrogen bonds6D water dimer potentiaté*3suggest that some of the struc-
can be studied is highly desirable since it thoroughly detures and barrier heights associated with the transition states
scribes the forces between the molecules involved in hydroreported by Smitket al. may be incorrect. Clearly more ac-
gen bonding’ (within the limits of the Born—Oppenheimer curateab initio data are needed if an IPES for {®), is ever
approximatiof. Indeed, by systematically deriving a many to enjoy the reliability of those for (Hk.2°-%?
body expansion of the potential, one may hope to get con- The primary, but not sole, goal of this work is to “an-
vergence at a modest order, say 5-body or at most 10-bodghor” the (H,0O), IPES by characterizing ten stationary
terms, to describe the condensed phases. The starting pojpints with a target accuracy which approaches the current
of such an approach must be a very accurate description @b initio limit for this weakly bound dimer (+0.2
the 2-body(i.e., paiy potential. In practice, however, this has kJ mol %).3® The prescription for obtaining this goal has al-
only been realized for the simplest of hydrogen bonded hoready appeared for the minimum energy configuration of
modimers, namely (HE with six degrees of freedom= 22  (H,0), (referred to as structure #1 in this expositidh®
The wealth of knowledge reaped from these labors has had Bhe procedure is, in essence, an independent application of
significant impact on our understanding of the spectroscopyhe focal point analysisFPA) technique developed by Allen

and dynamics of hydrogen bondiAty.2 and co-workeré*=°° For brevity, we merely borrow their
Since the construction of the firab initio (H,O), IPES  own description of the FPA approach:
of Matsuoka, Clementi, and Yoshimii&electronic structure “whose characteristics generally includé) use of a

theory has proven to be an invaluable tool in the constructiofiamily of basis sets which systematically approaches com-
of these surfaceS:22%%3|n principle, quantum chemical pletenesse.qg., the cc-pXZ, aug-cc-p\KZ, and cc-pC\KZ
computations allow chemists to arbitrarily examine any re-sets; (b) application of low levels of theory with prodigious
gion of the IPES. The entire surface can be mapped out poiriiasis setgtypically RHF and MP2 computations with sev-
by point. Furthermoreab initio quantum chemical tech- eral hundred basis functiongc) higher-order valence corre-
niques are ideally suited for the “reductionist” approach. lation treatment CCSDT, CCSDT), BD(TQ), MP4, and
The progression to larger, more complex oligomers is limitedVIP5] with the largest possible basis setd) layout of a
only by computer resources and the tenacity of the investitwo-dimensional extrapolation grid based on an assumed ad-
gating scientists. ditivity of correlationincrementgo the energy difference of

In retrospect it is not surprising that the two most widely concern; ande) eschewal of empirical correction4®
studied dimers have been those of water and hydrogen fluo- Readers should consult the original references for more
ride. The relative simplicity of these two prototypes makescomplete details, additional examples, evaluations of the per-
them ideal for theoretical studies. Since the fiat initio  formance of various extrapolation schemes and comparisons
investigation® = of (H,0), and (HP,, these two systems to other model chemistrieg.g., G3, W2, ets.capable of
have been the subject of numerous theoretical studies. Withigh accuracyoften referred to as “subchemical” accuracy
only two heavy atoms, highly sophisticated treatments of The analyses of the water dimer global minimum pre-
electron correlation can be employed in conjunction withsented in Refs. 37—39 suggest that estimates of core—core
massive basis sets when studying these dimers within thend core—valence interaction are required in a FPA to reach
supermolecule framewor€~3° These two dimers are also an accuracy of a few tenths of a kJ mbl FPA techniques
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TABLE I. A description of the basis sets used in this study. The last column lists the total number of basis function®jer (H

Basis sets O contraction H contraction Number of B.F.
TZ2P(f,d) +dif (11s7p2d1f/6s4p2dlf) (6s2p1d/4s2pid) 130
aug-cc-pvVDZ (185p2d/4s3p2d) (5s2p/3s2p) 82
aug-cc-pvVTZ (186p3d2f/5s4p3d2f) (6s3p2d/4s3p2d) 184
aug-cc-pvVQZz (147p4d3f2g/6s5p4d3f2g) (8s4p3d2f/5s4p3d2f) 344
aug-cc-pV5Z (188p5d4f3g2h/7s6p5d4f3g2h) (9s5p4d3f2g/6s5p4d3f29) 574
aug-cc-pVezZ (1811p6d5f4g3h2i/9s8p6d5f4g3h2i) (11s6p5d4f3g2h/7s6p5d4f3g2h) 866
aug-cc-pvDz same as aug-cc-pVDZ $4p/2slp) 66
aug-cc-pVvTZ same as aug-cc-pVTZ $3p1d/3s2pild) 148
aug-cc-pvQZz same as aug-cc-pVQZ £Bp2d1f/4s3p2d1f) 280
aug-cc-pV5Z same as aug-cc-pV5Z $8p3d2f1g/5s4p3d2f1g) 474
aug-cc-pV6Z same as aug-cc-pV6Z ($8p4d3f2g1h/6s5p4d3f2hlh) 742
aug-cc-pCvDZ (186p2d/5s4p2d) same as aug-cc-pVDZ 90
aug-cc-pCVTZ (188p4d2f/7s6p4d2f) same as aug-cc-pVTZ 210
aug-cc-pCvQzZ (1610p6d4f29/9s8p6d4f2g) same as aug-cc-pVQZ 402
aug-cc-pCVv5Z2 (1913p8d6f4g2h/11s10p8d6f4g2h) same as aug-cc-pV5Z 682
K22 (1589p7d5f) (9s7p5d) 508

aUJncontracted basis set for MP2-R12.

have pushed the technical limits ab initio quantum chem- Gaussian function® (5s/3s) for H and (166p/5s3p) for O,
istry even further in pursuit of spectroscopic accuréi@,, 1  augmented with two sets of polarization functions with or-
cm tor 0.01 kJ mor?). To approach such an ambitious goal, bital exponentsy,(H)=1.5 and 0.375, and4(0)=1.7 and
relativistic and core correlation effects as well as the Born-0.425 as well as one set 6fike higher angular momentum
Oppenheime(BO) diagonal correction play a crucial role, functions® for each O atomgp;(O)=1.40, and one set of
even for molecules with only light atom& or smalley. d-like higher angular momentum functiofisfor each H
Fortunately, the target accuracy of the present study is aatom, a4(H)=1.0. To this was added one set of even-
order of magnitude larger than spectroscopic accuracy. Coriempered diffuse functiofi% with orbital exponentsa(H)

sequently, non-BO effects are neglected. =0.030 16, a5(0)=0.089 93, anda,(0)=0.058 40. This
and all other basis sets utilized in this investigation are sum-
Il. THEORETICAL METHODS marized in Table .

For each stationary point, full geometry optimizations

The_ theo_retlcal models emplo_yed in this study of thewere performed in the point group of each structure as de-
water dimer intermolecular potential energy surfatRES  termined in Ref. 41 and as shown in Fig. 1. Residual Carte-
can be divided into several distinct sections. First, the geomsjan gradients were less than 8.50 8 E,,/bohr. To char-
etries of the ten stationary points of interest have been optiacterize the nature of each stationary point, harmonic
mized via analytic gradient techniques. Vibrational frequen-ibrational frequencies and their corresponding infrali&)
cies have also been computed in order to characterize eagftensities (double harmonic approximatipnwere deter-
point as a minimum, transition state or higher-order saddlenined via finite differences of analytic gradiefits.
point. In the second portion of the investigation, these geom-  All of the coupled-cluster computations performed dur-
etries remained fixed while both the basis set and theoreticag the optimization of the geometries and the determination
treatment of electron correlation were varied in order to apof the harmonic vibrational frequencies were carried out with
proach theab initio one- andn-particle limits of the relative  theAckes Il ab initio program packag® To take advantage of
energies of the ten stationary points. Core correlation anthe analytic gradients for the CC$D method®® all elec-
relativistic effects have also been evaluated. All basis setgons were correlated and no orbitals were detected. From
employed in this investigation used spherical harmoniayork on the HF dimer at the CCSD) level with similar
Gaussian functions. basis sets, core correlation is expected to have a negligible
A. Geometry optimization and vibrational analysis effect_on the geometry, V|brat|o_nal frequencies and relative
(Ref. 51) energies of these stationary poifits.

Each of the ten stationary points has been optimized usé Focal point vsi
ing the coupled-cluster method which explicitly includes all = ocal point analysts
single and double excitatio?fs>° as well as a noniterative, In the second portion of the study, the relative energetics
perturbative approximation of connected triple excitatibns of these ten stationary points on the IPES at #éheinitio
[i.e., the popular CCSO) method. For the molecular or- limit were determined via the focal point analysis techniques
bital techniques employed in this study, the wave function isnentioned earlier. All of the energy point computations were
expanded in a set of atomic Gaussian basis functions. Theerformed with the optimized structures obtained by the
basis chosen for geometry optimizations and frequency calnethods described in Sec. Il A.
culations is the TZ2H(,d) + dif basis. This basis set consists Two families of basis sets, denoted aug-cc{zVand
of Dunning’s triple contraction’ of Huzinaga’s primitive  aug-cc-pVXZ (X=D, T, Q, 5, 6), were employed to pursue
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FIG. 1. The structures of all ten stationary points studied on thg®jH
intermolecular potential energy surface; @ implicitly associated with
the monomer containing +and H, while O, is similarly associated with

and H,.

the one-particle basis set limits. The aug-etvZ basis
set§® were formed by adding to Dunning’s correlation con-

Water dimer energy 693

function for each value of the angular momentupnifor all
atoms. The augcc-pVXZ family, however, only adds the set
of diffuse functions to the oxygen atonfise., aug-cc-p\XZ
for O atoms and cc-pX¥Z for H atoms.

For each optimized structure, the electronic correlation
energy was determined with three different post-Hartree—
Fock procedures. The first is second order Mgller—Plesset
perturbation theory (MP2).57%8 Also computed is the
CCSIOT) energy which was described earlier. The final post-
Hartree—Fock procedure used in the focal point analysis is
the Brueckner doublé$technique which includes a pertur-
bative treatment of both triple and quadruple excitations, de-
noted BOTQ).”° These energy point computations were car-
ried out with themPQcC (Refs. 71-78andGAUSSIAN 94 (Ref.

74) quantum chemical software packages. Unless noted oth-
erwise, the O &like core orbitals were excluded from all
correlation procedure@.e., frozen. All MP2 and CCSQT)
energies were converged to<1L0™ 19 E,, while a slightly less
stringent convergence criterion of 10E, was used for the
more computationally expensive BDQ) computations.

The one- and-particle limits of these stationary points
were determined by systematically varying both the basis set
and theoretical models while the geometries remained fixed.
Such an approach allows one to assess the contributions of
higher excitations on the relative energies of various struc-
tures,

OEmp2= AEmp2— AEscr, (1)
OEccspm=AEccsom—AEwp2, (2)
0Egpto)=AEgprg—AEccsoT) - 3

For convergent theories, the-particle limit is typically
reached quickly for systems with a simple electronic struc-
ture. That is, contributions from higher excitations will rap-
idly approach zero. Empirically established convergence
properties of the SCF and MP2 energies provide the means
to extrapolate to the complete one-particle basis set limit.
The complete basis s€é€BS) SCF limit was obtained by
fitting the SCF total electronic energies %6=D,T,Q,5,6 to

a three-parameter functidn,’®

E=ES23+a exp(—bX). 4

Various formulae have been proposed to describe the conver-
gence behavior of the correlation energy. Here we use the
simple two-parameter formula suggested by Helgaker
etal,”

b
E=E S5+ e (5)

One MP2 CBS limit was determined by fitting the
=T,Q,5,6 data to the above expression. To obtain a crude
estimate of the error associated with such an extrapolation,
we also evaluated the MP2 CBS limit by fitting just the two
most accurate data pointX€5,6) to Eq.(5) using

ExX®—Ex-1(X-1)°

sistent double, triple, quadruple, pentuple and sextuple polar- ECBS= _ (6)

ized valence basis sets (cc-)¥) (Ref. 66 one diffuse

P X3 (x-1)3
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The explicitly correlated MP2 method of Kutzelnigg and to the global minimum, this correction is applied only for
Klopper® (MP2-R12 provides an independent means for that structure. All other energy differences are not CP
obtaining the MP2 one-particle limit. That is achieved by corrected.
including explicit linear dependence on the interelectronic
distances in the first order correction to the reference wave
function. Here we used the MP2-R12 method in standardil. RESULTS AND DISCUSSION
approximation A(Ref. 79 as implemented in thesi3 pro-
gram packag&®®! The approximate resolution of the identity
implicit in the MP2-R12/A method in its present formulation The structures of the ten stationary points are displayed
demands basis sets of near Hartree—Fock limit quality to b&én Fig. 1. The optimized geometrical parametérdeter-
used in computations. To this end, we use a specialized, ummined at the CCS[) level of theory with the TZ2P,d)
contracted basis set, denoted K2, derived from Dunning’st dif basis are given in Tables Il and Il for the intra- and
cc-pV5Z set by Kloppe?? It is technically (159p7d5f) intermonomer variables, respectively. Some redundant pa-
and (%7p5d) for oxygen and hydrogen atoms, respectively.rameters have been included to facilitate reproduction of the
Thus, the K2 MP2-R12/A correlation energy is adopted as astructures. The corresponding Cartesian coordinates are re-
estimate for the one-particle limit of the MP2 correlation ported to eight decimal places in the supplementary material
energy. A MP2 CBS limit is then straightforwardly evaluated accompanying this pap%7r.
as a sum of the K2 MP2-R12/A correlation energy and the A quick glance at Tables Il and Ill reveals no gross
SCF CBS limit. In the remainder of this manuscript MP2- qualitative differences between the ten structures reported by
R12/A will simply be referred to as MP2-R12. Smith et al** and those obtained in this study with a much
To assess the effects of core—core and core—valence cdarger basis set and more extensive treatment of electron cor-
relation, the augmented polarized core/valence family of barelation. In addition, the Hessian index of each stationary
sis sets (aug-cc-pCXZ, where X=D,T,Q,5) was pointis also unchanged from the earlier study. Structure #1
employed® The difference between the all electron and fro-remains the only minimum while structures #2, #4, and #9
zen corgvide supra MP2 energies provides a good estimateare transition states. The other stationary points are higher-

A. Structural and vibrational analyses

of core correlation effects for a given basis set, order saddle points with two or three imaginary vibrational
frequencies. These are very important results in light of the
OE . core™ AEmpatan — AEwmpagic) - (7)  recently developed SAPT-5s and SAPT-5st 6D potentils.

. . . Transition state #2 apparently does not exist on either IPES.

For each structure, the standard first-order relativistiq,stead structure #3 of, symmetry was found to be the
corrections to the energymass-velocity and Darwin terms  |oest transition state involved in the rearrangement between
were obtained at the cc-pCVTZ CCS8D level of theory  he g equivalent minima of structure #1. The CQ$P
with the ACES 1l program package. ~ TZ2P(f,d)+dif harmonic vibrational spectta (including in-

Although the aug-cc-V6Z basis sets can be considereg ;5 qq intensitiesprovided in the supplementary material ac-
complete under most circumstances, the target accuracy %mpanying this pap8f indicate that structure #3 is a
this study mandates the consideration of basis set superpogiscond-order saddle point.
tion errpr(BSSB.M The dissociation energy;) of the glo- A more detailed inspection of Table Il uncovers some
bal minimum structure of (kD) into two H,0 monomers is g hstantial quantitative changes in the intermonomer geo-
compu';edss B‘Q"Ih and W'tEOUt @ counterpoiséCP)  metrical parameters obtained in this study for structures with
correctpn. ® The notationEg(F) is introduced to denote pif,rcated hydrogen bond&#7—#10 relative to those re-
the basis setR) and geometry @) used to compute the oried in Ref. 41. In the following discussion, all compari-
energy of fragmenkE. The uncorrecte®. is merely the en-  song refer to changes in the MP2 optimized structures re-
ergy of two water monomers=B) minus the energy of the horted by Smith and co-workérs [obtained with 6-31
water dimer AB), +G(d,p) or 6-311+G(d,p) basis setsafter reoptimization
at the CCSD) level with the TZ2P¢,d) + dif basis set. For
the simple bifurcated structurdg9 and #10, the use of a

- o larger basis set and inclusion of connected triple excitations
The correction for BSSE allows the monomers to utilize the . .
hortens the hydrogen bonds by 0.05 A. This effect is

basis functions available in the dimer and compensates for. : . X
relaxation effects slightly smaller for the doubly bifurcated stationary points

(#8). For structure #7, the bifurcated hydrogen bond length

De=2XER(A)—EAa(AB). 8)

ijpz D+ AECP a_ctually decreasgs by apprqximately 0.05 A but is accompa-
nied by a dramatic lengthening of the regular hydrogen bond
=ER(A)+EE(B)—EA(AB) (ru,0,) by almost 0.4 A. Since the OO distance of structure

#7 increases by only 0.07 A, the changes in hydrogen bond
lengths can be primarily attributed to changes in the inter-

The major drawback of this procedure is the additional comMmenomer bond angles. In the present study,afd H, are
putational effort required. The monomer computations in thdnclined more directly toward Qas indicated byy.o,0, and
dimer basis are nearly as time consuming as those for thén,0,0,- IN @ similar vein but opposite direction, ;Hs
dimer. Since the energy of two monomers is compared onlgngled further away from p(aoleoz). As will be evident

+[EAR(A) +EAR(B) —Exg(A) —ERg(B)]. (9
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TABLE Il. Optimized intramonomer geometrical parameters ofOHand (HO), obtained at the
CCSOT)/TZ2P(f,d) +dif level. Bond lengths r(yy) are in A and angleséyy) are in deg. The values in
parentheses correspond to the MP2 optimized structures reported in an earliet Bhedytom numbers
correspond to those depicted in Fig. 1.

Structure ToH, T ojH, T O,H, ToH, Ouom,  Onom,

H,O  Monomef 0.9589 0.9589 e B 104.16
(0.963  (0.963 e (105.5

#1 Nonplanar opelC 0.9581 0.9653 0.9597 0.9597 104.45 104.58
(0.958 (0965 (0.960  (0.960 (103.6  (104.1

#2 OpenC, 0.9580 0.9645 0.9595 0.9589 104.47 104.84
(0.958 (0964 (0.960  (0.959  (103.7  (104.9

#3 Planar opeiC, 0.9579 0.9640 0.9590 0.9585 104.48 105.04
(0.962 (0968 (0.963  (0.963  (105.7  (106.2

#4 CyclicC; 0.9585 0.9616 0.9586 0.9616 104.84 104.84
(0.959 (0962 (0.959 (0.962 (1045 (1045

#5 CyclicC, 0.9583 0.9614 0.9583 0.9614 104.95 104.95
(0.962 (0966 (0.962  (0.966  (106.4  (106.4

#6 CyclicCyp, 0.9580 0.9611 0.9580 0.9611 105.14 105.14

(0.962 (0.965 (0.962 (0.965 (106.5 (106.5
#7 Triply hydrogen bonde€ 0.9591 0.9598 0.9598 0.9598 104.61 102.00
(0.963 (0.9649 (0.9649 (0.9649 (106.2 (103.3

#8 Doubly bifurcatedC,y, 0.9594 0.9594 0.9594 0.9594 103.15 103.15
(0.963 (0.963 (0.963 (0.963 (104.7 (104.7)

#9 Nonplanar bifurcate®,, 0.9596 0.9596 0.9593 0.9593 101.56 104.42
(0.960 (0.960 (0.960 (0.960 (100.5 (103.9

#10 Planar bifurcate@,, 0.9591 0.9591 0.9592 0.9592 101.91 104.09

(0.963 (0.963 (0.963 (0.963 (102.2 (105.2

%From Ref. 41: 6-31% G(d,p) for #1, #2, #4, #9; 6-3% G(d,p) for all others.
PMP2/6-311G(d,p)r op=0.959 A andfqn=103.5°.

from the rest of this section, these rather significant geo- To estimate the overall quality of the
metrical deviations have little affect on the relative energiescCCSD(T)/TZ2P(f,d) + dif optimized structures, we compare
of the species due to the very flat nature of the potentiathe geometrical parameters of the global minimum obtained
energy surface along these large amplitude, intermonomen this investigation to other high level studies recently re-
coordinates. Neither the curvature nor the energy changgsorted in the literature. Kloppest al. provide a more thor-
very rapidly as a function of these geometrical parameters.ough survey of the literaturé.Here we merely tabulate the

TABLE IIl. Optimized intermonomer geometrical parameters ob@Q)3 obtained at the CCSD)/TZ2P(f,d)
+dif level. Bond lengths i(xy) are in A and angleséyyz and ryxy2) are in deg. The values in parentheses
correspond to the MP2 optimized structures reported in an earlier $Ttrdyatom numbers correspond to those
depicted in Fig. 1.

Structure "H,0, 001”202 0"'30201 0"'40201 TOHOH;  THO0H,  TH00H,

#1  Nonplanar opelCg 1.9485 17292 110.50 110.50 180.00 122.3%122.37
(1.944 (176.7 (116.2 (116.2 (180.0 (118.5 (-118.5

#2  OpenC;, 1.9724 168.97 107.33 135.00 144.61 159.63 25.88
(1.970 (170.6 (110.2 (134.9) (137.4 (172.3 (34.9

#3  Planar operCg 1.9813 167.59 109.96 145.00 180.00 180.00 0.00
(1.970 (169.) (1119 (142 (180.0 (180.0 (0.0

#4  CyclicC; 2.2796 114.84 132.32 47.15—-134.78 111.86 180.00
(2.278 (1123 (138.0 (49.) (-142.4 (1180  (180.0

#5 CyclicC, 2.2810 112.52 145.10 48.95-153.28 —118.27 —167.68
(2273 (109.6 (1526 (51.) (-162.3 (-1325 (—-172.2

#6  CyclicCyy, 2.2756 110.27 155.80 50.66 180.00 180.00 180.00

(2276 (1085 (1585 (520  (180.0  (180.0  (180.0
#7  Triply hydrogen bonde@, 2.9997 77.32 55.16 5516  180.00-108.75  108.75
(2.62) (950 (62.4 (624  (180.0 (-117.8  (117.8

#38  Doubly bifurcatedC,, 3.1140 9224 70.84 70.84 —64.02  180.00 67.93
(3144 (909 (722 (722 (-65.6  (180.0 (68.1)

#9  Nonplanar bifurcate@,,  2.5154 112.03 127.79 127.79 0.00 —90.00 90.00
(2462 (112.3 (128.0 (128.0 (0.0 (-90.0 (90.0

#10 Planar bifurcate@,, 2.6830 112.92 127.95 127.95 0.00 0.00  180.00
(2630 (112.3 (127.4 (127.4 0.0 (0.0  (180.0

%From Ref. 41: 6-312G(d,p) for #1, #2, #4, #9; 6-32 G(d,p) for all others.
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TABLE IV. A comparison of key geometrical parameters of the,Q} TABLE V. Effects of basis set size and electron correlation on the electronic
global minimum(structure #1 obtained at various theoretical levels. Bond energies(in kJ mol™) of minima and transition states on the water dimer
lengths €yy) are in A and angles are in dedy-). fo,0,isec denotes the  PES relative to the global minimurtstructure #1, nonplanar opeDs).
angle between the OO axis and the vector originating aai@ bisecting  AEgcris the energy difference at the SCF level WhilEyp,, SEccspr)
6,0, - Parameters in square brackets were not optimized. The atom numand 6Egp(rq) are the increments from MP2, CC8D, and BOTQ) meth-

bers correspond to those depicted in Fig. 1. ods, respectivelyAE_,,, (in bold) is the correlated energy difference which
includes the MP2, CCSD), and BOTQ) contributions. Values in square
Method Basis ro,0, Tho, Boom, 0o,08isec brackets are assumed.
ab initio Basis AEscr  6Ewpz  OEccsnm)  9Empro) AE o
CCcsOT) TZ2P(f,d) + dif 2.9089 0.9653 474 12492 Structure #2openC;)
MP2 aug-cc-pvQz 2.903 0.966 5.6 124.8 )
MP22P aug-cc-pvQz 2.917 0.966 51 1247  TZ2P(f,d)+dif 160 +0.75 +0.05 - 2.40
CCSDT)° aug-cc-pVTZ 2.8954[0.9574 4.76 12251 aug-cc-pVDZ 169 +061  +0.07 —0.01 2.36
SAPT? 2.95 [0.971 4.6 124 aug-cc-pVTZ 151 +0.69 +0.09 [-0.01 2.29
Extrapolatef % 2912 09639 55 1244 aug-cc-pvVQZz 147 +0.69 [+0.09 [-0.01 2.25
IPES aug-cc-pV5Z 146 +0.67 [+0.09 [-0.07] 2.21
; aug-cc-pV6Z 146 +0.65 [+0.09 [-0.0]] 2.19
VRT(ASP-W) 2924 [0.9574 —2.3 1315 CBSP 146 +0.65 [+0.09 [-0.01] 2.19
SAPT-58 2.955 [0.9714 6.3 127 CBS +0.63 217
SAPT-pp 2,945 [0.9714 1.0 149 CBY +0.67 2901
AE,° 2.19+0.05

*Reference 88.

bGeometry optimization with CP corrected gradients.

‘Reference 89: Constrained optimization usingfor the monomers r(oy
=0.9572 A andfyon=104.52°).

aug-cc-pvDZ 1.92 +0.60 +0.03 -0.01 2.55
aug-cc-pvTZ 151 +0.71 +0.08 [-0.01 2.29
aug-cc-pvQz 147 +0.67 +0.07 [-0.0]] 2.20

‘Reference 43: Constrained optimization usmgfor the monomers rigy aug-cc-pv5Z 146 +065 [+0.07  [-0.01 217
—0.971625 7 A antho— 104.69° aug-cc-pV6Z 146 +0.64 [+0.07 [-0.01] 2.16
eReference 39 HOH CBS*P 147 +0.62 [+0.07 [-0.01 2.14
'Reference 42: Equilibrium structure on the 6D MRBP-W) IPES of CBS +0.61 2.14
(D,0), cBS +0.67 2.20
9H, and H, are on opposite sides of OO axis rather than on the same side.AE'cwge ) 2.16+0.06
"Reference 43: Equilibrium structure on the 6D SAPT potentials. Structure #4(cyclic C;)
TZ2P(f,d)+dif 325 +046 —013 - 3.58

. L aug-cc-pvDZ 3.04 +0.69 -0.01 -0.01 3.71
most reliable and most commai initio parameters as vyell aug-co-pvTZ 316 +032 -010 [-0.01] 3.36
as some very recent results from two site—site potentials fifug-cc-pvQz 319 +0.10 [-0.10] [-0.01 3.17
to more than 2500 interaction energies computed wittaug-cc-pv5Z 317 +0.06 [-0.10 [-0.01] 31
symmetry-adapted perturbation the8tyThe intermonomer aUgs‘fE‘pVGZ 33-15 _8-82 [‘8-18] [—8-81] 2-82
geometrical parameters most often used for structure #1 algSc A7 :0'1;1 (-0.10  [~001 2'8;
ro,0,0 00,0,H, and 00,0,Bisec (which denotes the angle be- g« —0.17 288
tween OO axis and a vector that originates ata@d bisects  AE,’ 2.93+0.16
04.0.4)- As one can see from Table IV, the results obtainec®ud-cc-pvDZ 338 +054 -001  -0.02 3.89
: 3h'2 4 K Il with th «@p aug-cc-pvVTZ 304 +0.32 -0.11 [-0.0Z 3.24
in this work agree very well with the counte_rpoﬁ(é ) cor- aug-cc-pvQz 318 4003 -013 [-0.02] 306
rected MP2/aug-cc-pVQZ structure obtained by Hobzayug-cc-pvsz 318 -003 [-0.13 [-0.07 2.99
et al® as well as the extrapolated structure in Ref. 39. Thisaug-cc-pv6Z 316 —0.08 [-0.13 [-0.0Z 2.94
agreement clearly represents a fortuitous cancellation of e€BS™ 321 -014 [-013 [-0.07 2.92
rors since the basis set superposition error for thegggcj :g'ig g'gg
TZZP(;%%Zerﬁ basis is not nggl|g|ble for either (JD), or AE, ¢ 28940 11
(HF)2.°" Nevertheless, it supports the previous Structure #9nonplanar bifurcate®,,)

observatioff* that the relatively modest TZ2P,d) + dif ba-

sis set can yield equilibrium structures for simple hydrogenTzzp(f’d)erif 510 4277 031 . 7.66

. .aug-cc-pvDz 5.16 +3.05 —0.28 —0.08 7.85

bonded systems that are comparable to those obtained Wifyg.cc-pvTz 528 +3.09 -031 [-0.08 7.96

the much larger cc-pVQZ and aug-cc-pVQZ type basis setaug-cc-pvQz 529 +2.83 [-0.31 [-0.0g 7.72

(including counterpoise correctiprrhus, it is recommended aug-cc-pv5Z 524 +279 [-03] [-0.0§ 7.63

that future investigations of the water dimer global minimumaud-cc-pv6z 523 +270 [-031] [-0.0§ 7.53

. . . b 523 +2.67 [-031 [-0.08 7.50

use the structure given héfeor those given in Refs. 39 and go g "

88 rather than the constrained CGSWaug-cc-pVTZ opti-  cpy 1251 735
mized geomet3? that abounds in the literature. AE.¢ 7.42+0.18

aug-cc-pvVDZ 475 +226 —027 —0.04 6.70

B. Energy analysis aug-cc-pVTZ 508 +2.82 -0.33 [-0.04 7.52

aug-cc-pvQz 525 +268 —0.37 [-0.04 7.52

Table V shows the effects of electron correlation andaug-cc-pv5z 524 +264 [-0.37 [-0.04 7.46

basis set size on the energy of the minima and transitioud-cc-pV6z 523 +262 [-037 [-0.04 7.44

526 +2.61 [-0.37 [—-0.04 7.46

states relative to the global minimuistructure #1 The CBS 1256 2

complete list of FPA tables for all stationary points is pro-
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TABLE V. (Continued.) TABLE VI. Effect of core correlation on the electronic energiés
kJ molY) of minima and transition states on the water dimer PES relative to
Basis AEsck  6Ewpz  SEccsom  SEspro AEcor the global minimum(structure #1, nonplanar ope@s). AEypysc) and
AEypoan are the energy differences from the MP2 frozen core and all
cBg +2.51 7.36

electron calculationssE , ¢, is the increment obtained by correlating the

AE,¢ 7.41x0.14 core electrons.
2H,0 (DS

TZ2P(t,d)+dif 1467 +458 010 - 19.15 Basis ABwpatc) ABwp2an O +core
aug-cc-pvDZ 14.49 +4.01 -0.14 —0.08 18.27 Structure #2openC;)
aug-cc-pVTZ 14.38 +5.32 +0.16 [-0.08 19.78
aug-cc-pvVQZ 14.49 +5.84 [+0.16] [—0.0§ 20.40 aug-cc-pCvDZ 2.30 2.32 +0.02
aug-cc-pV5Z 1448 +6.03 [+0.16] [-0.08 20.59 aug-cc-pCVvVTZ 2.17 2.17 +0.01
aug-cc-pV6Z 14.48 +6.13 [+0.16] [-0.0§ 20.68 aug-cc-pCvQz 2.13 2.13 +0.00
CBS*® 1450 +6.24 [+0.16 [-0.08 20.82 aug-cc-pCv5Z 211 211 —0.00
CBS 16.24 20.82 Structure #4(cyclic C;)
cBs'. +6.29 20.87 aug-cc-pCVDZ 373 3.86 +0.13
AE,, 20.84+0.32

9 aug-cc-pCVvVTZ 3.38 3.42 +0.04
aug-cc-pvDZ 1479 +3.93 -0.35 —0.09 18.28 aug-cc-pCVQZ 3.24 3.26 1002
aug-cc-pVTZ 1437 +520 +0.06 [-0.09 19.54 aug-co-pCV5Z 317 320 +0.02

aug-cc-pvQZz 14.45 +5.75 +0.17 [-0.09 20.28

Structure #9(nonplanar bifurcate,,)
aug-cc-pV5Z 1448 +5.99 [+0.17] [—0.09 20.55

augd-cc-pV6Z 1448 +6.10 [+0.17] [-0.09 20.66 aug-cc-pCvDZ 8.23 8.39 +0.16
CBS* 1451 +6.20 [+0.17] [-0.09 20.80 aug-cc-pCVTZ 8.17 8.27 +0.10
CBS +6.22 20.82 aug-cc-pCvVQZ 8.03 8.10 +0.07
cBg +6.29 20.88 aug-cc-pCV5Z 7.96 8.03 +0.07
AEqyq° 20.83=0.34 2 H,0 (DN
2 H,0 (D)

aug-cc-pCvDzZ 18.39 18.43 +0.04
TZ2P(f,d)+dif 15.08 +6.57 —0.06 - 21.58 aug-cc-pCVTZ 19.76 19.90 +0.14
aug-cc-pVDZ 1551 +6.52  +0.16 -0.17 22.02 aug-cc-pCvVQzZ 20.45 20.61 +0.16
aug-cc-pVTZ 1470 +6.96 +0.16 [-0.17] 21.65 aug-cc-pCV5Z 20.65 20.82 +0.17
aug-cc-pvQz 14.61 +6.69 [+0.16| [-0.17] 21.29 2 H,0O (Dy)
aug-cc-pV5Z 1450 +6.56 [+0.16] [—0.17] 21.05
aug-cc-pv6Z  14.48 +6.46 [+0.16 [-0.17  20.93 aug-cc-pCVbZz 22.07 22.38 +0.31
CBS® 1450 +6.39 [+0.16] [-0.17  20.88 aug-cc-pCVTZ 21.38 21.58 +0.19
AE,, 20.81+0.24
aug-cc-pvDZ 1591 +575  —0.11 -0.17 21.38
aug-cc-pVTZ 14.62 +6.44 +0.07 [-0.17] 20.96
aug-cc-pvQz 1456 +6.33  +0.06 [-0.17] 20.79 aug-cc-pV6Z and adecc-pV6Z basis sets. The CBS limits
aug-cc-pVs5Z 1450 +6.30 [+0.06 [-0.17] 20.70 of the SCF energy difference\Escp differ from the aug-
aug-cc-pv6z 1448 630 [+0.06 [-0.17] 2068 cc-pV6Z result by no more than 0.02 kJ mblfor structure
CBS® 1453 +6.22 [+0.06) [-0.17] 20.64 . _
CBS 16.22 20.65 #6) and from the augcc-pV6Z value by 0.06 kJ mot (for
CBS +6.28 20.70 structure #3
AE, 20.66£0.21 Convergence to the MP2 CBS limit does not occur as
FAEgce complete basis set limit calculated frdj‘a’gBS extrapolations of Eq. qwckly. The sextgplg“—results differ from the three estimates
(4)_SCF cF of the MP2 CBS limif MP2-R12 and Eqg5) and(6)] by as
bSE p, complete basis set limit calculated fraBgES extrapolations of Eg.  Much as 0.2 kJ mof. The massive aug-cc-pV6Z basis still
5). suffers from a non-negligible basis set incompleteness error

CﬁﬁEMPZ complete basis set limit calculated frd&f5; extrapolations of Eq. (not to be confused with basis set superposition &ribine
d(ééMpz complete basis set limit calculated from MP2-R12 energies. aL.Jg-.CC-pVGZ and ladgcc-pVGZ MI_DZ energies are always
eAverage ofAE,,, CBS limits (see text for details within 0.11 kJ mol -~ of the respective CBS values from Eq.
(5). When one calculates the average of the three MP2 limits,
none deviate from the mean by more than 0.10 kJthol
vided in the supplementary materfalAll energy differences Correlation plays a large role in the relative electronic
and energy increments are given in kJ molAny inconsis-  energies of the stationary points. For some cases, the MP2
tencies in Tables V-VII are merely rounding errors sincecorrection E,;p,) is larger than the SCF energy difference
each entry has been computed directly from the electroniCAEscp. As expected, contributions from higher-order exci-
energies and rounded to two decimal places. The electroni@tions diminish rapidly. For most structuredEccspr) iS
energies are available in the supplementary material accomeughly an order of magnitude smaller thakyp, and the
panying this papéet’ BD(TQ) correction 6Egp(rq)] smaller still. The contribution
The complete basis sé6EBS) SCF limit was obtained by from connected quadruple excitations approaches or exceeds
fitting the SCF total electronic energies %D, T,Q,5,6 to 0.1 kJ mol ! only for bifurcated structureg*7—#10 and the
Eqg. (4). For all dimer stationary points as well as two water water monomer. From the aligc-pVTZ and augcc-pvVQZ
monomers, the SCF limit is essentially reached with both thelata, it is clear that the contribution from triple excitations is
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TABLE VII. Summary of the ten water dimer stationary points studied in this investigation. Included are the number of imaginary vibrationaliésequenc
(N;), the dipole momentg,) in Debye and the current best estimate of the electronic energy relative to the global minkiynafter including core
correlation OE o9 and relativistic §E,.) corrections. All energies are in kJ mol

Structure N u®  AEad 6E.icod Ol AE, MP4  MP4 VRT(ASP-W" SAPT-5§ SAPT-pp
#1 Nonplanar ope€g 0 26966 0.00 +0.00 +0.000 0.06:0.00 0.0 0.0 0.00 0.00 0.00
#2 OpenC, 1 3.7345 217 -0.00 +0.001 2.17%0.06 2.8 2.5 1.88
#3 Planar operCg 2 3.4377 239 -0.02 +0.002 2.3%0.07 31 - 1.87 2.66
#4 Cyclic C; 1 0.0000 291 +0.02 -0.001 2.930.18 4.2 3.6 2.48 2.21 2.97
#5 CyclicC, 2 17183 397 +0.02 -0.001 398018 55 -
#6 Cyclic Cy, 3 0.0000 4.16 -0.00 +0.001 4.16:0.21 5.7
#7 Triply hydrogen bonde€;, 2 3.4057 7.52 +0.07 -0.003 7.59%-0.21 7.7
#8 Doubly bifurcatedC,;, 3 0.0000 1482 +0.13 -0.006 14.940.25 157 ---
#9 Nonplanar bifurcate@,, 1 4.1535 741 +0.07 —0.003 7.480.19 7.5 7.9 4.71 7.60 8.19
#10 Planar bifurcate®,, 2 41121 1126 +0.08 -0.003 11.340.27 119 ---
2 H,0 Monomers(CP correctefd 20.83 +0.17 -0.010 20.9¢0.34 --- 18.7
2 H,O Monomers 0 19250 20.73 +0.15 -—0.008 20.880.32 224 226 20.5 20.34 21.04

Number of imaginary frequencies at the CGSBTZ2P(f,d) + dif level.

bDipole moment with respect to the center-of-mass at the QTBDZ2P(f,d) + dif level.
‘AE,,q Using both the aug-cc-pVXZ and auge-pVXZ series from Table V.

dCore correlation correction at the MP2/aug-cc-pCV5Z level from Table VI.

Relativistic correction at the CCSD)/cc-pCVTZ level.

MP4/6-31+G(2d,2p) energies for MP2/6-3£G(d,p) optimized structures from Ref. 41.
IMP4/6-311+G(2df,2p) energies for MP2/6-31G(d,p) optimized structures from Ref. 41.
"Reference 42: 6D VRASP-W) IPES of (D,0),.

iReference 43: 6D SAPT potentials.

close to convergence with respect to the cardinal number of pected to be smaller than the average of the absolute
the basis sets. The deviation 8 ccspt) between these two value of dEgptq) for the double¢ basis sets[e.g.,
basis sets is less than 0.05 kJ iofor all relative energies (|—0.01+|-0.01)/2=0.01].

except the CP corrected dissociation energy and is generally

much smaller than the deviation between the aug-cc-pvDZ he reported error bars are simply the sum of these three
and aug-cc-pVTZ basis sets. It is also worth mentioning thagontributions(e.g., 0.02-0.02+0.01=0.09. Once again, we
the correlation contributions do not necessarily converge unilOte that any inconsistencies in the tables are merely round-
formly. Careful analysis of Table Vand the corresponding N9 €rrors. Each tabulated entry has been computed directly
supplementary materfd) reveals nonuniform convergence from t_he electronic e_nergle(_avallable in the supplementary

of the MP2 increments. For example, the difference betweefaterial accompanying  this paﬁér and rounded to two
the aug-cc-pVQZ and aug-cc-pV5Z results may be smallefecimal plgces. From the. remamder of this section, it will
than that for the aug-cc-pV5Z and aug-cc-pV6Z pair. Sudpecome evident that contributions to the error bars from core

nonsystematic behavior of non-CP-corrected correlation corEOrrelation and the relativistic corrections are negligible.
tributions has already been observed by Haldieal 3 As can be seen from Table \and the corresponding

For both the aug-cc-pXZ and aud-cc-pVXZ series of supplementary materf), the agrgemerjt petween the aug-
basis sets an average of the thieB ., CBS limits (AE ) cc-pvVXZ and aug-cc-pvVXZ CBS limits is in general quite

is included in Table V along with conservative estimates Ofexcellent. The only serious discrepan€y0.05 .k‘] mol )

the error bars associated with the energy of each stational tween the.aug—cc—p(z anq aug-cc-pvxZ SEres occurs
point. These estimates were obtained from three distinct co Nhen theD. is cgmputed without a CP correction. For the
tributions. Data from the aug-cc-p&Z series for structure #2 aug-cc-pWKZ basis sets, the CP corrected and uncorrected

is used to illustrate the manner in which these error bars hav BS limits are,_ for all practical purposes, identi¢20.84 YS
been obtained. 0.83, respectively However, for the augcc-pVXZ basis

sets, the same values differ by 0.15 kJ mo{20.81 versus

(1) The uncertainty associated with the three MP2 CBS lim-20.66. Such results are both encouraging and discouraging.
its is estimated from the maximum deviation from the For most applications, this small difference can be ignored in
mean of the three CBS values for either the aug-cclight of the substantial computational savings offered by the
PVXZ or aug-cc-pVXZ series of basis sefg.g.,|0.67—  aug-cc-pVXZ basis sets over their aug-cc-K¥ counter-
(0.65+0.63+0.67)/3/=0.02). parts (122 fewer basis functions foX=6). On the other

(2) For the CCSIT) contribution, crude error bars can be hand, it is somewhat disappointing that the massive
obtained by averaging the changedBccspr) between  aud-cc-pV6Z basis still suffers from a BSSE dissociation
the two largest basis sets of each sefieg., (|0.07 energy D) correction that amounts to nearly 0.2 kJ mbol
—0.09+]0.08-0.07)/2=0.02]. The effect of core correlation on the relative energies of

(3) The contributions from higher order excitations are ex-these water dimer minima and transition states can be seen in
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the last column of Table VI. The complete list for all station- andD}), respectively. One immediately notices that the har-
ary points is provided in the supplementary matéfialn ~ monic approximation predicts that structure @3second or-
most instances the effect is almost negligiblec0.03  der saddle pointis 0.45 kJ mol* lower in energy than the
kJ mol™Y). Only for two infinitely separated water monomers global minimum (structure #L Although these ZPVE cor-
and the bifurcated structures does the contribution from coreected energies give some insight into the vibrational effects
correlation approach or exceed 0.1 kJ molThe CBS limit  of this system, clearly they must be used judiciously.

of SE  cqe has essentially been reached since results ob-

tained with the aug-cc-pCVQZ and aug-cc-pCV5Z basis sets

differ by no more than 0.01 kJ mo!. Therefore, to estimate V. CONCLUSIONS

the contribution from core correlation we use the value of

S6E | core Obtained with the aug-cc-pCV5Z basis set rather The presen_t study has carried .OUt an extenahemno
than employing an extrapolation scheme quantum chemical study of ten stationary points on the water

A relativistic correction to the electronic energy of eachdlrner PES. Full(12 degrees of freedongeometry optimi-

. . . zations were carried out using the CGSDmethod in con-
structure was obtained from CC8D computations with the junction with the TZ2Pf,d) + dif basis set. Harmonic vibra-

cc-pCVTZ basis set. Such corrections to the relative energi Fonal frequencies were also computed at the same level.

irhe essentlilly neg(ljlglblle agd_ n?rvebrl e>\(/(i|eec|i 0.01 .l:r‘{}ntﬂ Some interesting qualitative conclusions about the nature of
ese resulis are dispiayed in fable along with ofh€ly, (H,0), PES could be drawn from these preliminary cal-

data summarizing the relative energies of the structures CON: 1ations

sidered. In this table another estimate &£, 4 and the cor- '

responding error bars is presented. The new values are obl) The optimized structures reported here are generally

tained from all six CBS limits(three for the aug-cc-pXZ
series plus three from the agc-pVXZ series. For every-
thing except the uncorrecteld., the values ofAE, re-

quite similar to those obtained at the MP2 level with
much smaller basis sef$+31+G(d,p) and 6-311
+G(d,p)].

ported in Table VII are almost identical to those in Table V (2) Only for bifurcated structures do connected triple exci-
(and in the corresponding table of the supplementary tations and a larger basis set lead to substantial geometri-
materiaf’). cal changes.

Also tabulated for comparison are the energies from thé3) The Hessian index or number of imaginary vibrational
1990 study by Smittet al** as well as the barrier heights frequencies of each stationary point is unchanged from
from several recently developed 6D IPE&efs. 42 and 43 the earlier stud} despite fairly significant geometrical
for the water dimer. It is interesting to note that although the  differences for some of the optimized structures.
relative energies of the stationary points change by as mucif) Structure #1(nonplanar operCs) is the only minimum.
as 1.5 kJ mol* their order remains the same as in Ref. 41(5) Structures #2openC,), #4 (cyclic C;), and #9(nonpla-
(e.g., structure #8 is the highgsComparison to the IPES nar bifurcatedC,,) are transition states while the re-
results is far less straightforward. In fact, direct comparison ~maining stationary points are higher-order saddle points.
of reported barrier heights to the relative energies of this ~ Structure #2 does not appear to exist on two recently
study is dubious at best. The 6D surfaces are effective poten- developed SAPT IPESS.Instead, they find a transition
tials and include an averaging of the zero-point effects from  State similar to structure #& second-order saddle point
the six degrees of freedom not explicitly considered. Itis not ~ at the CCSDT)/TZ2P(f,d) + dif level].
clear how the vibrationless energies reported here can be L .
properly compared to the effective barrier heights from the Afte_r the structural 3”0' vibrational analysis, an exhaus-
empirically fit VRT(ASP-W) surface of Felleret al*2or the ~ 1VE Serles of computations were performed to accurately
ab initioc symmetry-adapted perturbation theofAPT) charactgnze the relative energies of_the ten stationary points.
based surfaces of Mas and co-work&tas noted earlier, the The main results are summar!zed in Table VI, but we re-
lowest rotational transition state on the SAPT surfaces isemphasme some of the more important results of the previ-

planar and resembles structure #3. A stationary point pf ous section.
symmetry like structure #2 was not found. The present vibrafa) With the aug-cc-WXZ basis setsX=D,T,Q,5,6), the
tional analysis at the CCSD) level with the TZ2P¢,d) relative electronic energie@ncluding triple and qua-
+dif basis set supports the original characterization of the druple excitations, core correlation, and even relativis-
Hessian index for each stationary potht. tic correction$ of ten stationary points on the water
The potential confusion alluded to in the previous para- dimer PES have been converged to approximately
graph is further complicated by the highly anharmonic nature +0.3 kJ mol'! or less(within the Born—Oppenheimer
of the water dimer PES. To minimize the possibility of in- approximation.
correct comparisons, the zero-point corrections to the begb) Although the relative energies reported here differ from
estimates of the relative energieSH,) are given here rather the earlier MP2 valués$ by as much as 1.5 kJ mdi,
than in Table VII. After correctingAE, for the unscaled, the ordering from most stable to least stable remains
harmonic zero-point vibrational energy of each stationary unchanged.
point, we obtain values foAES of +0.00, +0.56, —0.45, (c) The maximum contributions from the treatment of
+1.45, +1.08, +0.43, +4.38, +9.81, +4.20, +5.66, electron correlation beyond the MP2 level is less than
+11.75, and+11.64 kJ mol ™ for structures #1-#1M@5°, 0.7 kI mol'! (—=0.7 kJ mol* for structure #8
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