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A new ab initio pair potential for water was generated by fitting 2510 interaction energies computed
by the use of symmetry-adapted perturbation the@#PT). The new site—site functional form,
named SAPT-5s, is simple enough to be applied in molecular simulations of condensed phases and
at the same time reproduces the computed points with accuracy exceeding that of the elaborate
SAPT-pp functional form used earligf. Chem. Physl07, 4207(1997)]. SAPT-5s has been shown

to quantitatively predict the water dimer spectra, see the following fa@pager I). It also gives the
second virial coefficient in excellent agreement with experiment. Features of the water dimer
potential energy surface have been analyzed using SAPT-5s. Average values of powers of the
intermolecular separation—obtained from the ground-state rovibrational wave function computed in
the SAPT-5s potential—have been combined with measured values to obtain a new empirical
estimate of the equilibrium O—0O separation equal to 5801 bohr, significantly shorter than the
previously accepted value. The residual errors in the SAPT-5s potential have been estimated by
comparison to recent large-scale extrapolaiedhitio calculations for water dimer. This estimate—
together with the dissociation enerBy, computed from SAPT-5s—Ileads to a new prediction of the
limit value of Dy equal to 116554 cmi 1, close to but significantly more accurate than the best
empirical value. ©2000 American Institute of Physids$$0021-960600)30140-4

I. INTRODUCTION stricted set of properties—often those to which the empirical
. o parameters have been fitted—in a limited range of tempera-
~ The condensed phase of water is known for its interesty,res and pressures. Very recently Mahoney and Jorgensen
ing physical behavior. This is reflected by several anomalougyained an empirical water pair potential, TIP5P, simulta-
properties, the best known of which are the density maxi; eously fitting to MC simulations in a temperature range of

mum at 4°C and the fact that water at 0°C and normal 00 °C. Although this range of applicability is significantly

pressure is denser than ice. Thirty years of classical Montg o . .
Carlo (MC) and molecular dynamic®D) simulations have roader than for any other empirical potential to date, it nev-
ertheless accentuates the limitations of the effective pair po-

provided much insight into the behavior of liquid water andt tials. Simulati f | validity will h h
ice. Yet, a quantitative statistical mechanical descriptionen 1a's. simuiations of more general vaiidity Wil have to
which explains the anomalous properties is stil Iacking_start from thereal water pair potential, and explicitly include

There are good reasons to believe that this is mainly due t§1€ important three-body interactions. This paper presents a
the insufficient knowledge of the intermolecular potential "EW Water pair potential computed by the use of symmetry-
needed for the simulations. While the deviations of the®dapted perturbation theory. Related work on three-body
many-body potential from pairwise additivity are substantial,forces will be described elsewhere.

knowledge of an accurate pair potential is the first step in  The firstab initio water pair potential was created by
achieving first-principles predictions of the properties of iceMatsuoka, Clementi, and Yoshimi®CY) in 19767 The

and liquid water. Most of the simulations to date used “ef-MCY potential is a site—site form including Coulomb terms
fective” pair potentials: simple empirically parametrized and double exponential terms fitted to 66 configuration inter-
model potentials in which the many-body interactions areaction dimer energies. This form was quite successful at pre-
represented implicitly. This is a drastic approximation and itdicting observables despite the very small number of grid
is therefore not surprising that the results of the simulationgoints and, from the current perspective, rather inaccurate
with these model potentials are usually valid only for a re-values ofab initio computed energies. In fact, later increases

0021-9606/2000/113(16)/6687/15/$17.00 6687 © 2000 American Institute of Physics
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by Clementi’s group in the number of points and the level ofment, SAPT-5s has been empirically adapted to the water
theory led to potentials which predicted observables lesslimer spectruni! resulting in a “tuned” potential denoted
satisfactorily>* In the late 1980s Niessar, Corongiu, Clem- by SAPT-5st. The present paper will discuss properties of
enti, and co-workersNCC)>® performed supermolecular both SAPT-5s and SAPT-5st surfad@s particular the mini-
fourth order many-body perturbation thediMBPT4) level ~ mum geometry of the water dimer which can be compared to
calculations(350 pointg for the dimer and self-consistent- experiment and the virial coefficients of water calculated
field (SCBH level calculations for the trimgi250 pointg. The  with these potentials.
former were fitted with a modified MCY form and the latter The plan of the paper is as follows. Section Il describes
with the classical induction modef Another series of water how the additional grid points have been selected. The new
potentials was developed by Stone and collabordtdihe  functional form is proposed in Sec. Ill. SAPT-5s is compared
anisotropic site potentidASP) of Millot and Stoné models  to SAPT-pp in Sec. IV. In Sec. V the characteristic features
the electrostatic and induction effects by using explicitly cal-of the SAPT-5s surface are analyzed. Section VI compares
culated monomer propertig@olarizabilities and multipole the virial coefficients computed using SAPT-5s with experi-
moment$ in the form of an asymptotic expansion, the ex- ment. Section VII contains conclusions.
change effects by a fit to 350 points calculated with the
Hayes—Stone intermolecular perturbation theéiyIPT),°
and the dispersion effects by an asymptotic damped exparll'—' SELECTION OF ADDITIONAL GRID POINTS
sion with constants calculated by Rijks and WortiéASP— The number of grid points used in the fit of the SAPT-pp
W). The damping parameter in the Tang-Toennieg,otential was 1056 In the late stages of this work, after the
function'” was assumed to be equal to the exponent modehotentials described below were obtained, we found out that
ing the exchange energy. Another version of the potentiak3 of these points were overlapping, i.e., there were only
(ASP—3 used a fit to 33ab initio computed dispersion en- 1003 distinct points. A double use of the same point amounts
ergies by SzcZmiak et al'? The ASP potential was modified only to a stronger weighting of this point and should not
by Millot et al® to produce the ASP-W2 and ASP-~W4 po- have any significant effects on the fits. Therefore, the fits
tential energy surface®ESS. have not been repeated. In what follows we will refer to
Two fits to ab initio water dimer potentials based on SAPT-pp as fitted to 1003 points. The SAPT-pp functional
symmetry-adapted perturbation the¢8APT)**"**were ob-  form of Ref. 20 was able to reproduce the calculated inter-
tained in Ref. 20. These fits utilized more grid points thanaction energies quite well, the fit introducing errors similar to
any other previously published potential for water. The levekhe estimated uncertainty of these energies. However, be-
of theory was approximately equivalent to MBPT4. A cause of the complicated functional form, it is too time-
medium-size, interaction energy optimized basis setpdf  consuming to compute for applications to Monte Carlo or
orbitals including bond functions was used. The accuracy ofolecular dynamics simulatior{although it can be used for
the interaction energy in the well region has been estimatedalculations of dimer spectra and classical virial coeffi-
at 0.2 kcal/mol. One of the fits to the computed points in Ref.cientgl Therefore, there was a need to produce a simpler
20, dubbed SAPT-pp, is an expansion in functions of thepotential of similar accuracy. Initial attempts to obtain a bet-
Euler angles of the two monomers and the center of masgr than SAPT-ss site—site fit to 10@® initio points indi-
separation, while the other, less accurate SAPT-ss fit uses thated that a denser grid is needed to achieve satisfactory
MCY site—site form. The second virial coefficients calcu-results with this functional form. The original points were
lated in Ref. 20 with the SAPT-pp/SAPT-ss PESs agreednostly on a regular grid. To make the coverage less depen-
with experimental values, including subtle effects of isotopicdent of arbitrary choices, 742 points have been chosen at
substitution, better than any priab initio prediction. random, however, with the range of the intermonomer center
The present paper describes a new potential for the wateyf mass distancesRR, restricted to 4—6 bohr. To facilitate
dimer based on a larger number of grid points and a site—sitgraphical analysis, for the next batch of 340 points only the
functional form. The new potential, called SAPT-5s, hasangular configurations were chosen at random wRileas
been used to calculate the water dimer and trimer spéctra.scanned between 4 and 7 bohr with steps of 0.5 bohr. Analy-
A more detailed account of the calculations for the dimer carsis of the interaction energies from randomly generated grid
be found in Ref. 22, paper Il. Many small tunneling splittings points revealed that too many of those energies are in a
agree with experiment to within 0.01 ¢rh (3x107° kcal/  highly repulsive region which is not relevant for the intended
mol) while the larger splittings agree to within a few inverse physical applications. Therefordurther grid points were
centimeters {0.01 kcal/mo). This agreement is better than added based on a Monte Carlo simulation of liquid water,
achieved by any other potential to date except for the vergalculations of the second virial coefficient, and in the region
recent VRTASP-W potential of Fellerset al?®> which, relevant for the dimer tunneling splitting dynamics. Overall,
however, was fitted to these data. SAPT-5s was used-the original 1003 grid points were supplemented by 1507
together with three-body nonadditive energies computed byew points. Calculations at all the additional grid points were
us—in calculations of the spectra of the water trimer, agairdone using the same basis set and level of theory as for the
achieving near quantitative reproduction of the lowest energwriginal 1003 points. However, for a number of grid points
levels?! Replacement of SAPT-5s by the VRISP-W) po-  the bond functions were located slightly off the midpoint
tential gave a substantial degradation in the quality of théetween the centers of mass, which introduced discrepancies
trimer spectra. To further improve agreement with experi-of about 0.01-0.05 kcal/mol in interaction energies. Also, as
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FIG. 1. Configuration of the dimer close to the minimuRriis the distance
between the centers of mag@SOM) of the monomers and the angles are
measured with respect to the line joining the two COMs.

FIG. 2. Positions of sites in the SAPT-5s monomer.

in Ref. 20, the monomers were rigid at their average geom-
etries of the ground-state vibration, as postulated in Ref. 24,
see also Ref. 25. tions responsible for the discrepancies in the second virial
The set of configurations obtained from a Monte Carlocoefficient, this quantity was calculated simultaneously for
simulation naturally does not include dimers with exces-the SAPT-pp and site—site potentials at 25 °C. At each inte-
sively repulsive energy. Since the long-range behavior of thgration point the contributions of the two potentials to the
potentials is believed to be already well represented in alintegral were compared and the 173 points which gave the
SAPT fits (because of the use of independently calculatedargest differences were selected.
van der Waals coefficients, see bejpwonly the Additional 51 points were calculated in the dimer accep-
intermediate- and short-range distances were considered. tAr tunneling region. The tunneling pathway is shown in Fig.
short NVT Monte Carlo simulation with periodic boundary 1 of Ref. 22. First, 18 points were calculated for a linear
conditions was performed at the density of 1 gland tem-  hydrogen bond ¢=0, cf. Fig. ) with R=5.62 bohr. The
perature of 25°C for 216 SAPT-pp water molecules. Anacceptor angle{ in Fig. 1) took on the following five val-
initial configuration of a regular lattice of water molecules ues: 122°, 150°, 180°, 210°, and 238°. The angle associated
with random orientations was first equilibrated using thewith the torsion of the donor molecule around the axis join-
SAPT-ss PES. The SAPT-pp simulation was then equiliing the centers of masg€COM) took on the values of 0°
brated for only 20 or so cycle@& cycle is complete when a (initial configuration, 30°, 60°, and 90{two points among
random move has been attempted on each oNthmlecules  the 20 combinations of angles are redungafh analogous
in the simulation. Another 10 cycles were run and all the scan was conducted for the nonlinear hydrogen bond with
pairs with separations less than 7 bohr were listed from th¢he anglex equal to 6.8°(the donor torsion was still around
first and last cycle of the last phase of the run to produce ¢he axis connecting COMs and the torsion angle was the
fairly large sample of configurations. Then 201 dimers weredihedral angle defined by this axis and the donor planes be-
chosen randomly from this set. fore and after the rotation Both scans were then repeated
Initial attempts to fit the original 1003 points with a for R=5 bohr. The whole grid produces 72 points, however,
site—site functional form—of flexibility high enough to a number of them were already included in the regular grid
achieve reproduction of computed energies with the sameo that only 51 new points were computed. The final data set
accuracy as that of SAPT-pp—were unsuccessful in theised in the fitting of the new pair potential contained SAPT
sense that the virial coefficient results were not satisfactoryinteraction energies computed on a grid of 2510 dimer ge-
particularly at high temperatures. Apparently the site—siteometries. After the fit had been generated, we found that
fits achieved the accuracy of SAPT-pp at the computednergies at two of the grid points were in error of about 0.3
points at the price of unphysical deformations in the regionkcal/mol due to mistakes in input data. However, this had a
not well covered by the grid. In order to identify configura- negligible influence on the fit since its predictions for these

TABLE I. Geometry of the SAPT-5s pair potential and the roles the different sites play in the potential.
Coordinates are given in bohr. A dot denotes that the site contributes to the given energy component. The site
D3 is at the center of mass computed here using values of 16 and 1 amu for the masses of oxygen and hydrogen,

respectively.
Site X Y z elst. exp. ind./disp.
0] 0.0 0.0 0.124 6319249 ° ° °
H —1.453 651962 3 0.0 —0.997 055399 3 ° ° o
H 1.453 651 962 3 0.0 —0.997 055399 3 ° ° °
D1 0.0 0.206 7213  —0.247 160511 o
D1 0.0 —0.206 721 3 —0.247 160 511 °
D2 0.0 0.20 0.25 °
D2 0.0 -0.20 0.25 o
D3 0.0 0.0 0.0 °
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TABLE Il. Cosine-type tessergRefs. 28 and 2Pmultipole moment<Q,,,, R = 5 bohr
calculatedab initio, from the SAPT-5s charggéitted to theab initio mo- — r —— T T T
ments, from the SAPT-ss charges, and experimental values. All moments

calculated in units oé- boht with respect to the center of mass of the water < 1000
molecule located in thez plane with thez axis coinciding with the molecu- E
lar symmetry axis and the oxygen atom pointing in positivérection. The I 600
O-H bond length is 1.836 1063 bohr and tHe O—H angle is 104.69 de- 'g
grees. S 200
| m Ab initio SAPT-5s SAPT-ss Expt. '.'2;
% -200
1 0 -0.75 -0.75 -0.73 -0.73 g
2 0 ~0.12 -0.12 -021  -0.20 3 600
2 2 2.17 2.12 2.08 2.20 u 2 nanat
3 0 1.97 2.45 2.51 1000 , , , , , , , ,
3 2 —3.58 —4.63 —4.62 0 20 40 60 80 100 120 140 160 180
4 0 —3.68 —-4.10 —4.14 (a) 6 [degrees]
4 2 4.64 5.14 5.15
4 4 4.14 3.72 3.74 R =10 bohr
5 0 0.84 1.28 1.30 250 T ' T ' ' ' ‘
5 2 1.48 0.76 0.76 -
5 4 -12.42 -11.14 -11.19 Z 150
6 0 9.89 8.28 8.31 %‘
6 2 —16.94 —14.39 —14.45 =
6 4 22.77 19.56 19.64 g S0
6 6 9.41 7.15 7.18 3
7 0 -22.17 -18.76 -18.83 £ 50
7 2 30.29 25.82 25.93 §
7 4 —19.42 —-17.18 —17.26 %
7 6 —34.24 —25.70 -25.81 2 -150
8 0 12.98 12.55 12.60
8 2 -9.87 -11.12 -11.17 250 — L
8 4 —20.99 —-13.30 —-13.36 0 20 40 60 80 100 120 140 160 180
8 6 77.11 57.51 57.74 (®) 6 [degrees]
8 8 20.98 14.10 14.15 FIG. 3. Electrostatic potential around a water molecule at 5 and 10 bohr.
Compared are calculations conducted with SAPT-ss chadgshed ling
®Reference 30. SAPT-5s charge&lotted ling, and the multipole expansigsolid ling). The
PReference 31. anglesd and ¢ are polar angles of a point in space around a water molecule

located in thex—z plane with its center of mass at the origin of the coor-
dinate system and with the oxygen on the positvaxis. From top to

. . . . bottom¢ = 0°, 30°, 60°, and 90°. The potential is in millivolts.
points agreed to 0.04 kcal/mol with the correct interaction

energies.

Damping is particularly important for site—site models where
the sites can get much closer than the center of mass sepa-
ration used in the angular expansion while the dimer is still

Applying prior experience, a new site—site pair potential, N @n energetically important region.
SAPT-5s, was fitted to the 2510 dimer energies. The “5” The three distinct charge(at five positiong were deter-
and “s” stand for 5(symmetrically distinct sites on each mlne_d by a least-squares fit to the center of mass monomer
monomer. The positions of the sites along with the roles theyultipole moments. These moments were compatethitio

play for the new potential are provided in Table I and illus- &t the MBPT3 level with orbital relaxatio7n using thg _POL—
trated in Fig. 2. The new functional form is COR program of Wormer and Hettefi&’ and the finite-

field method. The monomer-centered part of the basis set
used in the dimer calculations was employed. A weighting
factor of 10 3% (wherel and k enumerate the multipole
moment components connected with spherical harmonics
cae Y, or more precisely with their tesseral formssured that

(1)  the dipole and quadrupole moments were reproduced with
very high accuracy, while confining the higher moments to
where the sum extends over all sitgb) in moleculeA (B).  reasonable values. The highéstalue was equal to 8. The
The first term represents the Coulombic interactions betweetotal charge was enforced to be zero. The positions of the
sites. As is commonly done in angular expansions such agff-atomic sites,D1, constrained to preserve the Gsym-
SAPT-pp, but not often in site—site forms, this term has beemnetry of the monomer, were optimized during the fitting

IIl. SAPT-5s FIT

Jalb _
Ein= 2 fl(éib,Rab)Ra— +gab( Rab)eaab BabRab
acAbeB ab

b
+n=62,8,10fn(6ﬁ 'Rab)(Rab)n ’

damped using the Tang—Toennies functibn, process.
n The ab initio calculated multipole moments are com-
f (5, R)=1—e" §R2 (5R)™/mi ) pared with values resulting from the fitted charges and ex-
m Mm=0 perimental dat®>! in Table Il. Also quantities resulting
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TABLE Ill. SAPT-5s charges. TABLE V. SAPT-5s electrostatic damping parameters.
Site Charge a b S,
O 0.258 504 6 (6] (6] 5.3018840
H 0.564 050 4 H @) 1.402 646 2
D1 —0.693302 7 H H 1.3777702
D1 O 4.882578 6
D1 H 1.450 608 3
D1 D1 1.624 799 7

from SAPT-s& charges are given. Notice that although
SAPT-ss is not a very accurate fit, its charges—which were

free parameters of the dimer fit—give the three lowest mul-

tipole moments which agree with experimental values very _Once the charge®i site positions, an€§®, C3°, and

well. While the higher multipole moments computed from Cio parameters were established, they were kept constant,
the SAPT-5s fitted charges seem to be significantly different€., they were not free parameters of the overall fit. This
from theab initio directly computed values, it is important to constrained these long-range electrostatic, induction, and dis-
note that these high moments make rather small contribuP€rsion terms to reproduce the asymptotic energies they were
tions to the electrostatic potential of a molecule. This potenintended for, just like the explicitly calculated van der Waals
tial is shown in Fig. 3 as defined by SAPT-5s chargescoefficients did for the SAPT-pp PES. We have found that
SAPT-ss charges, and the multipole expansion using th#is was critical for getting a reasonably behaving fit. At-
mu|tipo|es from the SAPT-pp potentiaj at 5 and 10 bohr. Attempts at unrestricted optimizations ended up with fits which
both distances, even at the very short separation of 5 bohfeproduced the computed points very well, but gave unrea-
the electrostatic potentials produced by the SAPT-5s angonable predictions of observables and independent check
SAPT-ss charges agree very well with the multipole expanPoInts.

sion. Finally, the damping parameteréﬁ("), exponents ¢,
The second term in Eq1) represents the exponentially Bab), and coefficients of the polynomial multiplying the ex-
decaying portion of the potential. The polynomial ponential term &,,,), 65 free parameters in total, were fitted
3 to the set of 2510 data points. The weighting function
g(R) =«| 1+ >, amRm>, (3) 1 2
m-t W=\ E¥5.5 keal/mo @

where k is an appropriate energy unit, has the effect of in- . '
x bprop 9y was used to ensure a good fit to the low-energy configura-

creasing the flexibility of the fit. It is physically motivated by . . :
the fact that exponential contributions are not limited to thet'ons' The parameters of the_ SAPT-5s PES are _prowde_d n
ables IlI-VIII and a subroutine to calculate the interaction

repulsive exchange energy, and some of them may be attraI— T 1ab2
tive. Incorporation of the polynomial represents the sum of°NETYIES IS avaliable.

all such contributions more closely than a single exponential Ta_ble IX prgsent_s b unwe_lghted standard (_jeV|at|_ons
term. The positions of th®2 andD3 sites utilized by the per point for various fits. The deviations computed including

exponential term were determined by rough optimizations. all g_riq points do noF provide the cqmpl_ete picture S‘!""e SL.JCh
The third term in Eq.1) represents the induction and deviations are dominated by contributions from pomts .hlgh
dispersion energies. The2®, C2° and C2 terms were on the repulsive wal.l, Ie;s relevant for'physmal appllcathns.
least-squares fitted to the asymptotic induction and disperT heref ore we also give in Table IX dewgtlons for.pomts W't.h
sion energies calculated—using the center of mass van d f1ergies less than 10 kcal/mo_l and with negative Energies.
Waals coefficients—on a grid of 2510 points with the same S th'.s table shows, the unweighted standard dev!at|on_ per
angular orientations as the SAPT energy data set, butRvith pointis only 0.16 kcal/mol for the most re_levant region with
incremented 3 A . The center of mass coefficients were energies less than 10 kcal/mol, i.e., it is smaller than the

obtained using the POLCOR progra%?applying the level estimated uncertainties of tlad initio points(about 0.3 kcal/

of theory and basis set compatible with the SAPT calcula—moI near the minimum showing that the accuracy of

tions. The induction—dispersion sites were placed only on tthPT'5S is very satisfactory.

atomic nuclei. The unweighted standard deviation per point .To investigate the accuracy of the SAPT'SS F’O‘e”t""?' n
of this fit was 0.002 kcal/mol for the 2510 points. Thus, the'€9!0NS not represented by the 2510 data points used in its

discrepancies between the fit and the original expansion ar%eq;raltlorl,_aotlﬂltlgr;ilow po;r(ljtstweret (‘iompéjte(: bé’ stearqhmg
too small to be visible in a figure. or “holes” in the point data set. In order to determine

where the holes were, a criteria describing the “distance”

TABLE IV. SAPT-5s induction/dispersion coefficients. Units éeal/mol)

A" n=6,8,10. TABLE VI. SAPT-5s induction/dispersion damping parameters.
a b —Cs —Cg —Cyo a b S Og S10
e} O —418.9423520 38 830.405 165 3—462 206.934 091 8 e} (0] 1.2817400 21167487 6.240 580 2
H e} 410.613 776 4 —12799.755 542 6 145 609.693 716 4 H (0] 9.3716776 1.035983 7 3.0409734
H H —41.983 3633 1069.1814818 —4294.749 3548 H H 5.829 203 2 4950618 1 3.5438175
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TABLE VII. SAPT-5s exponential parameters. values(circles and the 50 additional points not used in the
fit (triangles. The virtual indistinguishability of the range of

Ste a P ¢ P scatters indicates that SAPT-5s predicts dimer energies for
O O 14.6457300 3.9653333  geometries not used in the fit equally well as it does for those
: g ;gigg;;g gﬁiggﬁf used in the fit. Both the plot and the standard deviations
D2 o 11.206 011 7 30634120 Show that SAPT-5s should be an adequate approximation of
D2 H 9.764 998 9 34217174 theab initio interaction energy in regions not well repre-
D2 D2 5.564 626 0 3.9611226 sented by the 2510 grid points.

D3 o 6.561876 4 3.976 752 6 Since the parts of the potential function containing in-
Bg gz 2'233 ﬁiz g'ég‘gg‘réi verse powers oR tend to minus infinity aR approaches
D3 D3 3.691337 3 30871502 Z2€ro while the exponential terms tend to a constant, the po-

tentials become unphysical for very smell This behavior
happens for values & which are irrelevant for virtually all
physical problems. Nevertheless, some of our previous po-
between configurations needed to be established. Instead tntials have been regularized at sniff* We checked that
describing dimers byR and Euler angles, we characterized SAPT-5s shows unphysical behavior not earlier than after
them by the nine intermolecular atom-atom separationsieaching about 60 kcal/mol on the repulsive wall. Therefore,
Roi1-022 Roi-n3: Roi—har Roo—ni, Roo—hzs  RHi—H3s regularization was not needed.

Rui-ta: Ruz-na, aNdRyz_e where O1, HI, and H2 are the IV. COMPARISON OF SAPT-55 WITH SAPT-pp

atomic sites on one molecule and O2, H3, and H4 on th ] )
Table 1X shows that the fit quality of SAPT-5s on the

other. The four oxygen—hydrogen intermolecufey;_; dis- . o .
tances were arranged in ascending order, as were the foP03 original points is somewhat better than the quality of

Ryi_ distances. We generated 100 000 random dimers wittPAPT-pp on the same points, despite the fact that SAPT-5s
center of mass separations between 4.5 and 7 bohr, placed‘i‘f?s fitted to the larger set of 2510 points. This indicates that
bins of 0.5 bohr length. The “distanceD between one of site—site fits can reach accuracy comparable to more sophis-

the 100,000 random dimers and one of the 2510 grid dimeréi,cated angular expansion fits. One should point out that this
characterized by the sorted distances veBty, was com- is achieved with a smaller number of free parameters. There

were 65 such parameters used in SAPT-5s, while each of the

puted as . ! : . .
five separately fitted interaction energy component contrib-
? uting to SAPT-pp used 106 or 107 free paramet@iEven
D= 21: (Rxy—Riy)%. (5 more importantly, SAPT-5s is much less time consuming to
compute, in fact, by as much as 1400 times less.
For each random dimer the smalle3t denoted byD ny, High accuracy in reproducing fitted points may be

defines the “distance” between this dimer and the 2510achieved at the cost of poor predictions in the regions less
point set. The 10 points with the largdst,, in each of the  densely covered by the grid. As discussed in the preceding
five R bins were taken as the 50 geometries least well represection, this is not the case for SAPT-5s. However, based on
sented in the 2510 point data set. SAPT runs were carried odur experience from the early stages of this work we sus-
for these 50 points and the calculated energies were conpected that the SAPT-pp form is better than SAPT-5s in
pared with the values predicted by the fit. The unweightecpredicting new points. To check this we obtained the
standard deviation per point was 0.42 kcal/mol for all 50SAPT-5s form fit to the original 1003 pointsly and this fit
points, 0.20 kcal/mol for points with energies less than 10will be denoted by SAPT-5s/1003. As can be seen in Table
kcal/mol, and 0.02 kcal/mol for points with negative ener-|x, the unweighted standard deviations of this fit on the set
gies, which are similar to the errors in points used in the fitof 1003 points are virtually the same as those of SAPT-5s
The quality of the SAPT-5s PES is also illustrated in Fig. 4and therefore are somewhat better than those produced by
where the interaction energies are plotted versus the 2510 8APT-pp. However, when the SAPT-5s/1003 fit was applied
to predict the energies for the 2510 point data set, the stan-

TABLE VIIl. SAPT-5s coefficients of polynomial multiplying the exponential term.

Site a b a, a, as

e} O 42.434 960 9 —57.914 3175 21.8222941
e} H 55.334 802 2 —49.038 980 6 28.9395322
e} D2 —345.744 186 5 458.827 7255 —170.081 1798
o D3 —75803.038 014 2 100 152.026 628 7 —37910.876 4418
H H —0.333594 7 —0.020 843 09 0.067 407 84
H D2 —3.314 2387 2.625908 4 —1.1633726

H D3 —220.441 4512 152.610 558 6 —114.2353923
D2 D2 23840.704 100 1 —31957.552279 8 11 806.684 516 3
D2 D3 17 574.680 668 2 —23397.698 731 4 8852.786 852 7
D3 D3 698 033.826 871 1 —921 648.631 994 7 354 509.635 718 0
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TABLE IX. Unweighted standard deviation per poifin kcal/mo) for or:
SAPT-pp, SAPT-5s, and SAPT-5s fitted to 1003 pomdy. The consecu-
tive pairs of columns are for the total set of 10@510 data points, its
subset of 9842083 points whose energies are less than 10 kcal/mol, and
the 467(1045 points with negative energies.

All Ein<10 Ei<0

1003 2510 1003 2510 1003 2510

Energy [keal/mof] {lower curve}
Energy {kealimol] (upper curve)

SAPT-pp 0.31 25 0.20 0.49 0.10 0.33
SAPT-5s 0.16 0.37 0.15 0.18 0.09 0.10
SAPT-5s/1003 0.14 12.2 0.12 0.56 0.07 0.10

aThe SAPT-5s form fit to the 1003 point set used in Ref. 20. 5

Separation [bohr}

dard deviations were larger than those given by SAPT-pp,

except in the region where the potential is negative. The
P 9 P 9 potentials along two radial scans with SARD initio energies shown as

latter eﬁeCt_iS prObably (_jue to the_ very strong V‘_’eighting OfIarge dots. None of these points were used in either fit. The upper scan
the well region by Eq(4) in comparison to the weights used passes through the dimer minimum and energies can be read off of the right

in fitting SAPT-pp. The finding that SAPT-5s/1003 performsy axis. The lower scan passes through a dimer which corresponds to the
worse than SAPT-pp in predicting the interaction energiegninimum energy cyclic planar trimer.

for points not used in the fitting process explains our initial
difficulties with flexible site—site fit forms and confirms the
necessity of the increase of the number of grid points.

IG. 5. Comparison of the SAPT-ggotted ling and SAPT-5¢solid line)

Let us now directly compare the major differences be-
One may want to find reasons why the simpler SAPT-5 ween SAPT-5s and SAPT-pp potentials in various regions.

form is able to surpass the accuracy of the SAPT-pp form, he largest such differences proved to be at short range. For
while at the same time predictions for the points not used i eometries oth_er than the _minimum _orlentgtlon, the
the fit seem to be more robust for SAPT-pp. We believe tha APT-pp potential produces dimer energies which are too
the main advantages of SAPT-5s come from its distributed'€92ative inside the well for distances shorter than the mini-
character which is more suitable for modeling the features oimhum.energy sedpalratmn. r']:'guri 5h|IIuSs'tA\rgt_|(_as this grgﬂﬁtp Sy
the potential energy surface related to the shapes of mof: owing two radial cuts through the -Pp an S

g - ESs. The top scan passes through the dimer minimum ge-
ecules. The better predictive power of SAPT-pp is probabl i o PP
due to the fact that SAPT-pp was fitted component-by-Ometry as defined by SAPT-5&€6.3° and§=127°, from

component, while SAPT-5s was fitted to the total interactionF'g' 1) ‘and the lower scan passes through the configuration

energy. Each component exhibits a much more monotoni8f a dimer in the trimer cyclic planar structure with the hy-

dependence on the geometry of the dimer than the total pocci—:rg%/lenH bon(ljs Ndeviaticri{?] ZblZ: fro_mt Iir;}earit&_CC'):l_\/l—S
tential, therefore it is simpler to fit. Also the weights used in —H angl¢. None of theab initio points shown in Fig.

fitting SAPT-pp were adjusted to each component and werbave been used in either fit, therefore the figure demonstrates

- ; s Il the better predictive power of SAPT-5s. On the upper
different than given by Eq4), probably better emphasizing we : -
the importance of various regions of configuration spacecurve’ going through the global minimum, SAPT-pp per-

One could use, of course, the SAPT-5s functional form to fitforrns equally well as SAPT'SS' The reason is thai this curve
individual interaction energy components, but in view of ex- passes very near the region well covered in the original 1003

cellent performance of the current SAPT-5s fit this does noPOint set. In contrast, ”"? set contglned_few points in the
appear necessary. region related to the trimer configurations. In general,

SAPT-pp is a very good approximation to the computed
points in the region well represented by the original set of
1003 data points. In the trimer configuration region, which
- was not well sampled by this set, the SAPT-pp curve is too
4 deep at separations shorter tHag;,. In contrast, SAPT-5s
2f provides an excellent approximation to the computed points
‘ in both regions. An insufficient number of original points
lying in the well inside the minimum separation is itself a
D i cause for the discussed behavior of SAPT-pp. The other rea-
r son is that the angular expansion centered on the centers of
st 2~ mass may have troubles dealing with charge overlap effects
f"' experienced by atomic sites which get close to each other
while Riis still large. In such cases, the site—site exponential

30

25

SAPT-5s Fit Energy [kcal/mol]

P ’ ‘ ‘ . ‘ s terms may represent the physical effects of overlap better
5 0 5 10 15 2 £y % than the single-center angular expansion.
SART Gk S oiney Further comparisons of results obtained with the

FIG. 4. Quality of the SAPT-5s fit. Circles represent the 2510 points used irSAPT'pp and SAPT'SS potentials will be presented later in
the fit and triangles represent additional points not used in the fit. this paper. It will be seen that SAPT-5s reproducesahe
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TABLE X. Dimer equilibrium properties predicted by SAPT-5s. Anglés the deviation of the hydrogen bond from linearity relative to the oxygen—oxygen

axis andé is the angle between the line connecting the oxygens and the symmetry axis of the hydrogen acceptor. Notice that in other places in this paper the
same symbols denote related angles determined with respect to the centers of mass of the monomers. Energies correspond to the geometrigsiisted in a gi
column except for the last two columns. All distances are in bohr, angles in degrees, and energies in kcal/mol.

SAPT® SAPT-pp SAPT-5s CCSO)/MBPT2 CCSOT)/MP2-R12 Extrapolatét Expt.
e 4.6 1.0 6.3 48 4.8 55 5+10°
6 124 149 127 1282 1228 124.4 123 10°
Rooe 5.58 5.566 5.584 5.587 5.472 5.503+0.01 5.50-0.01
Enmin —4.86 —4.91 —4.86 —4.92 —4.94 —5.02+0.05 —5.44+0.7

@Ab initio values.

PExtrapolated results of Kloppet al. (Ref. 38, see text.

‘Frozen-core, CP-corrected CCAD optimization by Schtz et al. (Ref. 34 in a 148 term ANO basis. Monomers were rigid at their geometries in a dimer
from a RASSCF optimization.

dFrozen-core, CP-uncorrected CCSIVaug-cc-pVTZ optimization by Halkieet al. (Ref. 35 with monomers frozen at the experimental equilibrium geom-

etry.

°Reference 39.

Experimentak Rg2) ~¥?=5.624 bohr from Ref. 39 plus the anharmonicity correction from the present work.
9All-electrons, CP-corrected MBPT2 restitelative to deformed monomersf Schiz et al. (Ref. 34 in a 1046 term basis.
"All-electrons, CP-corrected MP2-R12 result of Klopper andhi,uRef. 36.

Reference 40. A revised value obtained in the present work isff0kcal/mol.

initio minimum geometry better than SAPT-pp which is listed in Table X, except for SAPT-pp, predict the angular
clearly related to the weighting differences discussed aboverientation of the water monomers to within experimetital

At low temperatures the SAPT-pp/ss combination giveserror limits. (Notice that in Table X for the purpose of com-
somewhat better second virial coefficients than SAPT-5arison with literature the angles are measured with respect
does but we find this to be an artifact given by the SAPT-sso the line connecting the oxygens rather than the centers of
fit. Also the dimer spectra have been computed with SAPTmass of each monomgfThe situation is quite different for

pp. While some features of the spectra like dissociation enthe equilibrium minimum Rgo separation and in fact this
ergies, rotational constants, and the acceptor splittings atigsue has been somewhat of a controversial subject in recent
very similar between the two potentidldifferences smaller years. Results from various calculations spanned a wide
than the deviations of either spectrum from experimethe  range of values. Even the two most advanced minimizations,
small interchange splittings, which SAPT-5s recovers toby Schiz et al3* and Halkieret al*>—performed using the
within a few percent, deviate from experiment on the ordercoupled cluster method with single, double, and noniterative
of 20% in the case of the SAPT-pp potential. Still, SAPT-pptriple excitations[CCSO(T)] and medium-sizespdf basis
splittings are better than those of any other published potensets of comparable quality—differ by as much as 0.06 bohr.
tial except for the VRTASP—W) which was empirically fit-  |n this case the discrepancy can be related to the fact that the
ted to reproduce these splittingsThe improvement of the former result was corrected for the basis set superposition
interchange splittings brought by the SAPT-5s potential iserror (BSSB with the counterpois¢€CP) correction of Boys
clearly due to the increased number of grid points and bettegng Bernardi* while the latter was not. Moreover, most of
reproduction of the well regiofcf. the last column of Table the calculations produceR, much shortetof the order of

1X). 0.1 bohy than the generally accepted “experimental” value
of the equilibriumRqo, separation equal to 5.578 bohr. This

V. ANALYSIS OF SAPT-5s POTENTIAL ENERGY value was inferred by Odutola and DyRe€rom the mea-

SURFACE sured rotational constants. First, using a rigid monomer

model they deduce¢Ro3) 2 = 5.624+ 0.008 bohr. Then,
using a diatomic molecule model they estimated that the ef-
1. Geometry fect of anharmonicity leads tBpoe 0.045 bohr shorter than
The minimum energy and configuration predicted by the(Rog) 2 giving the equilibrium separation quoted above.
SAPT-5s potential are compared in Table X with experimenNotice that the error bars of this value are unknown and are
tal values and recent large-scale calculations for the wategertainly larger than 0.008 bohr. Recently, Klopper, van
dimer3*-38One should notice that the supermolecular calcuDuijneveldt-van de Rijdt, and van Duijneveltiperformed
lations discussed below use monomers at their equilibriuman elaborate search for the minimum geometry using large-
“rg’, geometry and in some cases search for the total miniscale MBPT2 through CCSD) calculations with
mum on the dimer surface including a variation of monomerinteraction-optimized orbital basis sets as well as with ex-
internal coordinates, while SAPT calculations use theplicitly correlated bases and extrapolation techniques. Their
ground-state vibrationally averaged,{r},”, geometry final estimate of 5.50% 0.01 bohr is most likely the defini-
(sometimes also denoted lvy) rigid monomers. Table X tive result, however, it is rather far from the value deduced
shows that the SAPT-5s dimer minimum parameters are verfrom experiment®
close to the SAPT values computet initio®* showing Our calculations described in papef?lbring a resolu-
again the excellent quality of the fit. All the calculations tion to this issue. The value G{R{)g,}‘l’z computed on the

A. Minimum
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SAPT-5s potential is 5.706 bohr for the ground stdte K the relaxation of the monomer’s geometry—which contrib-
=0, and 5.701 bohr for thd=1, K=0 state. Since the utes 0.06 kcal/mol—and from the use of the CGED
rotational constants are obtained both in experiffeand in  method—0.02 kcal/mol.
theory’? from the difference of the rotational energies of The SAPT minimum depth of 4.86 kcal/mol agrees
these two states, we take the average of the two distancefgirly well with the limit value of 5.02 kcal/mol, however,
Since Rppe=5.584 bohr for SAPT-5s, this giveARyo  this comparison is not fully meaningful due to the different
= <R55>71/2_ Rooe=0.119 bohr. This value subtracted from geometries used to obtain the two results. {ihg monomer
the experimentalRy3) "2 gives 5.505 bohr as the new geometry used by us increases the magnitude of the interac-
“experimental” equilibrium separatiofRooe, in excellent  tion energy by about 0.12 kcal/mol relative to thegeom-
agreement with the calculation of Kloppet al® Use of etry near the dimer minimur#f.On the other hand, the result
SAPT-5st gives a slightly smaller value of 5.491 bohr. Thus,of Ref. 38 includes monomer relaxation, also increasing the
we recommend 5.500.01 bohr as the best current magnitude oD.. To get a more meaningful comparison we
experimental/theoretical estimate Bfoe. All the SAPT  performed a SAPT calculation at the Kloppral. minimum
O-0 distances were computed from center of mass separaenfiguration from Table 6 of Ref. 38, resulting in the inter-
tions using the SAPT-5s monomer orientation from Table X.action energy of-4.763 kcal/mol(calculated with respect to
Although an excellent agreement between theory and exmonomers in their dimer geometfy. This should be com-
periment has been reached, one should point out that thgared not withD. of Ref. 38 but with what they call “ver-
compared values dRppe do not represent exactly the same tical” interaction energy. This value can be obtained from
quantity due to different treatments of monomer’s geometrythe data in the last row of Table 5 of Ref. 38—using their Eq.
The experimental value ofRy3) Y2 was obtained from (6) with the last term neglected—for the value of the defor-
measured rotational constants by assuming rigid watemation parametex=0.83. The result is—5.043 kcal/mol,
monomers at their experimental equilibrium geometry. Theshowing that the SAPT basis set incompleteness and theory
SAPT-5s potential was also obtained for rigid monomers butruncation error amounts to 0.28 kcal/m¢®8 cmt),
at a different(r)o, geometry(this, however, must have had a slightly more than the earlier estimate of 0.2 kcal/ifol.
very small effect oM\ Rpp). In contrast, calculations of Ref. Table X includes also an empirical estimé&ath a sig-
38 partially optimized the internal monomer coordinates.nificant theoretical componendf the depth of the minimum
One of these coordinates, the donor O—H bond length, igqual toD.=5.44 + 0.7 kcal/mol®® Clearly, experiment is
increased by 0.012 bohr, while the others are virtually unot accurate enough to guide the present-day theory. The
changed. This is a rather small effect but comparable to théheoretical component of this estimate is based on the har-
error estimates of the discussed quantities. One may poimonic approximation of dimer vibrational levels. The har-
out in this connection that the extraction of the “experimen-monic frequenciéS used in Ref. 40 differ in some cases by
tal” equilibrium O-O distance is inherently not a well- 50% and more from the current best harmonic values for the
defined problem. water dimer. The frequencies of Ref. 43 give the intermo-
Table X shows that the SAPT-5s equilibrium O-O sepa-ecular zero-point energyZPE) of 2.25 kcal/mol while
ration is about 0.08 bohr too large. One reason is, of cours&§APT-5s predicts ZPE of 1.81 kcal/m@nharmonic value
that the basis set and the level of theory in SA®T inito  The use of the latter value brings the empirical estimate to
calculations is lower than in the calculations of Ref.(38d D=5.00+0.7 kcal/mol, in a very good agreement with
no extrapolation is usedThe other reason is our implemen- theory. However, the inaccurate frequencies, and in fact the
tation of the(r); monomer geometry which has the O—H very use of the harmonic frequencies, introduce also an error
distance 0.026 bohr larger than the equilibrium distéfice, in the thermal vibrational energy, influencing the empirical
leading naturally to a largeRqp in the dimer. The(r),  estimate ofD,. As discussed below, removal of this uncer-
monomer geometry provides a better representation of th&inty does not appear possible at the present time.
monomer in the ground vibrational state than thg
geometry” This is confirmed in the case of water by the 3. Dissociation energy
highly accurate dimer spectra including the excellent
SAPT-5s prediction of theB+C rotational constant(to
within 0.5% of experiment??

Knowledge of the difference between the SAPT-5s po-
tential and the exact one near the minimum makes it possible
to obtain an estimate of the exact dissociation enddgy
) The value of Dy from the dynamic calculations on the
2. Potential depth SAPT-5s potentidf is 1067 cm'*. Since the shape of the
The best current estimate of the global depth at the miniSAPT-5s potential well near the ground state level must be
mum, D, is the value of 5.020.05 kcal/mol(1756=17  very close to the exact shape, as shown by the agreement of
cm™ 1) from the recent work of Kloppegt al®® This estimate  the spectra with experiment, a more accurate calculation
is partly based on the two MBPT2 results quoted in Table X:.would result in an approximately vertical shift of the well.
by Schuz et al3* in an extremely large basis set of 1046 This means that the value &, computed from SAPT will
functions and by Klopper and 1thi*® in an explicitly corre-  be incremented by the value of the shift, i.e., by the error of
lated basis with the orbital part including 444 functions. Forthe SAPT-5s potential. This leads to the estimated eRact
comparison, our basis consists of 112 functions at the dimer=1165*54 cni !, where the error bars—added in the mean-
centered plus basis set (D8S) level?° The increase oD,  square way—include Klopper'st al® estimate of accuracy
achieved in Ref. 38 compared to Refs. 34 and 36 results frorof D, (17 cmi 1), a 1% error of the computell, due to the
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use of 6D dynamic$l1l cm !, see below and an estimated 6 w;
error of assuming the vertical shifs0 cm %). The latter is AE (i ined TV =2 ex0o /RTI—1" (7)
. . . i=1 qu|/RT) 1

an order of magnitude estimate equal to the difference of
ZPE between SAPT-5s and SAPT-5st potentials and is probwhere w; are water dimer fundamental excitation energies.
ably rather generous taking into account that the shift itself iSThe dissociation energy was not explicitly given in Ref. 40
98 cm 1. The best experimental value Bf, is 1168+245  but can be easily found from quantities reported thef® at
cm~ 1.4 Our estimate can also be compared to the estimat873 K: — D= —3.59 — 2.71+2.96= —3.34+ 0.7 kcal/mol
of Ref. 38 equal to 115433 cm L. The latter estimate was = —1168+ 245 cm . The uncertainty of the measured en-
obtained by subtracting frol, the intermolecular ZPE and thalpy is 0.5 kcal/mol but in accordance with Ref. 40 we
the change in the intramolecular ZPE. The intermonomehave included an additional 0.2 kcal/mol for the uncertainty
ZPE was taken as an average from several literature calculaf AE;, ;.(373 K). This quantity was calculated in Ref. 40
tions (including our own with the SAPT-pp potentiahnd  using harmonic frequencies from Ref. 43 which are signifi-
amounted to 643 cm'. SAPT-5s produces a very close cantly different from the current best valuéss mentioned
value of 632 cm®. Using the same formula as in Ref. 38 we above, discrepancies are of the order of 50% and more for
arrive at Dy=1756-632—(—42=1166-24 cm ', where some frequenci@sThe values ORE iy inte 373 K) from re-
—42+17 cmi ! is the change of intramolecular ZPE. cent calculations are up to 0.1 kcal/mol smaller: 2.61 &t

It may seem counterintuitive that only one of the two 2.65 cmi! (Ref. 3§ [based on Tschumpet al. CCSD(T)
methods of estimatindd, made use of the change in the frequencie®’], and 2.67 cm'.*® The SAPT-55(SAPT-5s}
intramolecular ZPE. It has been shown in Ref. 25 that if theharmonic frequencies give 2.8§2.72 kcal/mol.
monomers are taken in their), geometry, the dimer disso- Even if harmonic frequencies were known to within one
ciation energy computed with such rigid monomers is verycm 2, this would not result in a more accurate valueDyf
close to the dissociation energy from all-dimensional calcudue to approximations involved in the derivation of E(f.
lations. For Ar—HF the error of such an approach is only 1%and (7). First, the rotational motion is completely separated
compared to the 4% error obtained when themonomer is  from the vibrational motion while in an accurate treatment
used. Thus, an exact 6D potential for water with, geom-  the two are coupled. Next, the harmonic approximation is
etry monomers should giv@, to within 11 cmi * (or 1%) of  assumed and the sum over all harmonic levels performed
experiment. One may say that the lowering of the dimerexplicitly to give Eq.(7). The harmonic frequencies for wa-
potential in the(r), geometry compared to the geometry  ter dimer are significantly different from the exact ones. The
is effectively accounting for the changes in the internal moJowest harmonic frequency of the SAPT-5st potential is 41%
tion of the monomers. In fact, it has been shown in Ref. 2%00 large while the higher ones are about 30% too large.
that the two energetic changes are equal to each other in tf8trictly speaking one cannot replace the harmonic frequen-
lowest order anharmonic approximation. In the case of wateties in Eq.(7) by anharmonic ones since the summation
dimer the former effect, equal to 0.12 kcal/mol or 42¢m  leading to this formula is not valid for anharmonic frequen-
is indeed identical to the change of intramolecular ZPE esticies. If one computes Ed7) with anharmonic frequencies
mated in Ref. 38. In contrast, whédy, is estimated starting anyway, the result i\ E{;, ;{373 K)=2.90 kcal/mol[We
from the value of the global depth of potentil,, very  have used anharmonic frequencies computed on the SAPT-
close to the depth of the potential for monomers, the 5st potential for the four lowest leve{averages of the levels
change of intramolecular ZPE has to be accounted for explicsplitted by tunneling: 86, 112, 121, 140 c/) and for the
ity. One may also remark that the very separation of theemaining two levels lying higher in the spectrum—for
ZPE into inter- and intra-molecular components used in thevhich we did not compute anharmonic frequencies—we
approach of Ref. 38 is rigorous only in the harmonic ap-used the harmonic one870 and 565 cm?).] This may
proximation. indicate that the error estimate of 0.2 kcal/mol for the rovi-
brational component of the thermal energy given in Ref. 40
will be valid even for the exact harmonic frequencies.

The theoretical value dd, and Eqs(6) and(7) can be
used to estimataH(T). With SAPT-5st anharmonichar-

The quantity actually measured in Ref. 40 was Bgt  monic) frequencies the result iSH(373 K)=—3.27(—3.57)
but rather the enthalpy of dimerizatioAH(T), connected kcal/mol compared to the measured value -68.59+0.5
with Dy—under assumption of the complete separation okcal/mol*° As it is clear from the discussion given above, it
the rotational and vibrational motion—by the formula is not possible to give any precise estimate of the accuracy of

the theoretical numbers. One may wonder whether it would
be possible to computdH(T) from the nearly exact expres-

(6) sion
where primes are used to point out that only the temperature-
dependent components of vibrational thermal energies are
included. The contribution from the intramolecular vibra- ith
tional thermal energy AEj,w(T) is completely
negligible®® The intermolecular vibrational thermal energy AE! )= 2i-1AE; exp(—AE;/RT)
is defined in the harmonic approximation as rovib,ntef 1) = Si_o exp —AE;/RT) ’

4. Enthalpy of dimerization

—Do=AH(T) = AE{ipinted T) — AEjip inua( T) +4RT,

_DO:AH(T)_AEr,ovib,inter(T)"' gRT (8
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Energy: -4.416 kcal/mol

Barrier: 156 cm’™

Energy: -4.332 kcal/mol
Barrier: 185 cm™

FIG. 6. Saddle points on the SAPT-5s surface.

Energy: -3.042 kcal/mol
Barrier: 636 cm™
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negative eigenvalues of the Hessian matbiut also those of
higher indexes. The latter do not appear to be particularly
relevant for the tunneling processes in the water dimer, there-
fore we restrict our discussion to points with index 1.
Searches conducted on the SAPT-5s and SAPT-5st potential
energy surfaces revealed three such saddle points, labeled by
their symmetrie€,,C;, andC,, . The corresponding geom-
etries are shown in Fig. 6. Since the structures resulting from
the SAPT-5st surface are very similar to those from SAPT-
5s, the former ones are not plotted separately. The energies
and barriers of the saddle points have been collected in Table
Xl and compared to the literature data. Of course, the de-
tailed geometries of the characteristic points listed in the dif-
ferent columns are different between various works. How-
ever, the global orientations are the same and in particular
spatial symmetry is identical unless otherwise noted.

Table XI includes the results for the VRASP-W) po-
tential of Ref. 23. We were not able to reproduce the mini-
mum parameters published by Felletsal > with the poten-

where the sum is over all intermolecular rovibrational levels;ig| available on the WWW-site of the Saykally group. None
(including tunneling splittingsof the water dimer ana E;

are the energies of the levels above the ground state ener

of the VRT(ASP-W barriers computed by us agrees with

%e ones published in Table 1 of Ref. 23, the differences

(AEp=0). This sum cannot be evaluated at the present Si”CFanging from a few to about 20 cm. A possible reason for

calculations for excited rotational states have not yet bee

performed except for a few lowest ones. Thus, one woul

need to assume some kind of separation of the rotation
motion. Even then converging the sum over the vibrationa
part may be difficult since high vibrational excitations are
difficult to compute accurately.

B. Saddle points

e discrepancies is a larger convergence threshold used in

efs. 23 and 48. In the discussion which follows we will use

haracteristic points on the VRASP-W) surface computed

y us. In addition to the structures reported by Fellers
et al,?® we have found two additional saddle points on their
surface, see Table XI and discussion below.

According to SAPT-5s and SAPT-5st surfaces, the low-

est saddle point is the structu@g . This structure is particu-

Millot etal® have recently examined characteristic larly important since most likely it lies on the primary path-
points of 14 water dimer potentials. They have shown thatvay of the acceptor tunneling. In the calculations of Smith
predictions from these potentials are dramatically differentt al*’ the lowest saddle point was a nonplanar struc@ye
from each other as well as froab initio computed station-
ary points of Smittet al*’ Both Millot et al.and Smithet al.
considered not only saddle points of index(riumber of

labeled “structure 2”, whileCg, labeled “structure 3",
showed up as a saddle point with indexi® index is 1 for
all other calculations in Table Xknd the energy higher than

TABLE XI. Energies(kcal/mo)) and barriers (cm?) for the minimum and the saddle points of index 1. The
column “minimum” lists the minimum energies while the other columns list the barriers above the minimum.
SAPT-5st is the tuned SAPT-5s and VRRBP-W) is the empirical potential of Ref. 23.

o Cs Ci Ca,
Minimum acceptor acceptor interchange bifurcation

SAPT-5s —4.861 156 185 636
SAPT-5st —5.029 222 248 685
VRT(ASP-W) (Ref. 23 —4.91 157 207 394
VRT(ASP-W? —4.903 155 228 415

162 246
MBPT —5.42 206 238 311 682
MBPT4 —5.40 206 258 304 658

Computed in the present work using the FORTRAN subroutine from Refiw&@wv.cchem.berkeley.edu/

rjsgrp).

PNonplanar structure of, symmetry.
“Nonplanar structure of, symmetry, similar to “structure 5” of Ref. 47.

dAb initio gradient search of Smitht al. (Ref. 47 using 6-313G(d,p) basis and MBPT2 level of theory.
CP-uncorrected MBPT2 and MBPT4 energies and barriers listed here used geometries optimized in this way
and the 6-313+G(2df,2p) basis. All calculations of Ref. 47 assumed frozen core approximation.

°Saddle point of index 2; geometry optimization and energy calculation in16=3dl,p) basis(Ref. 47.

fSaddle point of index 2; calculation at the MBPT2/6+3%(d,p) optimized geometry in 6-3¢G(2d,2p) basis

(Ref. 47).
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TABLE XII. Second virial coefficients (cimol). For SAPT-5s the error bars indicate the accuracy of the
numerical integration only.

SAPT-pp/ss SAPT-5s
T[K] Expt? Expt®? Classical Total Classical Total

273.15 —1724 —2240 —1880 —2039.6-4.8 —1407.6-5.9
293.15 —1249 —1500 -1280 -1388.9-3.1 —1029.6-3.7
295.15 -1211 —1440 —1230 —1341.1+3.0 —1000.2+3.6
298.15 -1158 -1370 -1172 -1273.9:2.8 —958.2+3.4
323.15 -816 -914 -797 —866.2+1.9 —690.8+2.2
373.15 —458 —489 —439 —475.9+1.1 —407.651.2
423.15 —294 —2756) -305 -279 —303.0:0.7 —270.0:0.8
448.15 —243 —240(5) —250 —-232 —250.7£0.7 —226.4+0.7
473.15 —206 —-201(1) —-209 —194 -211.1+0.6 —-192.7£0.6
523.15 -153 —1500.2 —152 -143 —156.0+0.5 —144.6+0.5
573.15 -118 -1160.3 -115 -108 —-119.9+0.4 —112.4+0.4
673.15 -75 -73.50.2) -71.6 -68.1 -76.5:0.3 —-72.70.3
773.15 —49 —-49.90.2 —47.2 -435 -51.9+0.3 —49.6+0.3
873.15 -33 -32.0 -30.8 —36.4+0.2 -34.9+0.2
973.15 -22 -21.7 -20.9 —-25.7+0.2 —24.7+0.2
éReference 49.

PReference 50.

that of C,. Small energy difference betwe&y andCg and The structureC,, is on the path of the bifurcation tun-

the sensitivity of the index of to theory level and basis set neling. This tunneling does not introduce additional split-
indicated the flatness of the potential in this region. In facttings of lines. The SAPT-5s barrier was relatively unchanged
the saddleC; did not appear at all at the Hartree—Fock levelby tuning and is reasonably close to the MBPT2/MBPT4
of theory. The structureC; has not been detected on barriers. However, the VRASP—-W) barriers are lower by
SAPT-5s and SAPT-5st surfaces. more than 200 cm’.

Tuning of the SAPT-5s potentidsee paper )Iresulted One should realize that although the differences between
in significantly higher barriers. The increases vary fromthe barriers discussed above are significant, the agreement is
about 30 to 120 cm. The increase in th€ barrier heights much better than in the comparison of 14 potentials per-
correlates well with the decrease of the calculated acceptdormed by Millot et al® where the saddle point energetic
tunneling splittings upon using SAPT-5st instead ofstructure was qualitatively different between various poten-
SAPT-5s22 This change improved the agreement of SAPTtials. Millot et al. tacitly assumed that the saddle points com-
results with experiment. puted by Smithet al*’ were most trustworthy. Since the

The C,; barrier of the VRTASP-W) potential agrees search for the characteristic points in Ref. 47 was performed
reasonably well with SAPT-56 barrier but not with SAPT- in a basis set of lower quality than used in the SAPT calcu-
5st barrier. This is rather surprising since both SAPT-5st andations(CP-corrected MBPT4 minimum energy of Ref. 47 is
VRT(ASP-W reproduce the acceptor tunneling splittings —4.40 kcal/mol and included BSSE, we believe that
very well, being empirically adjusted for this. This shows SAPT-5s saddle points represent the most accuatmitio
that heights of barriers themselves are not the only criteriopredictions.
for reaching agreement with experiment. We have found an
additional saddle point on the VRASP-W) surface related
to acceptor tunneling with energy very close to @gpoint.  \/; SECOND VIRIAL COEFFICIENT
This nonplanar structure h&; symmetry and is similar to
the dimer equilibrium structure with increase@l The The second virial coefficient for the SAPT-5s potential
MBPT2/MBPT4 C,; and C4 barriers are much higher than was calculated with and without the leading order quantum
those of VRTASP-W) or SAPT-5s but agree quite well correction and results are compared with experiment and
with SAPT-5st. other calculations in Table XIl and in Figs. 7 and 8. Figure 7,

StructureC; is the saddle point on the path of the donor—similar to many literature plots used to compare virial coef-
acceptor interchange tunneling which leads to small splitficients, shows that the accuracy of current work is so high
tings of the order of 1 cm'. This barrier has been increased that differences between various calculations are hardly vis-
by 63 cmi ! by tuning of SAPT-5s, despite the fact that both ible. Therefore, Fig. 8 shows virials in a restricted range of
potentials produce virtually identical interchange splittings.temperatures as differences with respect to the CRC compi-
For this barrier VRTASP—W) agrees better with SAPT-5st lation of experimental dat&. The expressions for the virial
than with SAPT-5s. Again, we have found an additionalcoefficients were taken from Ref. 53 and can also be found in
saddle point on the VRIASP-W) surface having a cyclic Sec. VI of Ref. 20. The numerical integration was performed
nonplanarC, symmetry with energy close to thg; point. by a combination of Monte Carléfor the angular coordi-
The MBPT2/MBPTAC; barriers are much larger than those nateg and Stenger quadratdfe(for the radial part of the
of the SAPT and VRTASP-W) potentials. integratior). Stenger quadrature was used based on the pre-
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Temperature [K] FIG. 8. Comparison of differences in virial coefficients with respect to CRC

FIG. 7. Comparison of virial coefficients. ASP—W4 is the potential of Ref, COMPilation of experimental resultRef. 49. The coefficients denoted by

8. Experimental results of Ke#t al. are from Ref. 50 while those denoted CKL and KJ are computed from empirical potentials of Refs. 51 and 52,
by CRC are from Ref. 49. respectively. See Fig. 7 for other notation.

vious experience with second virial coefficient calculations  pifferences compared to the results of Ref. 20 are also
for CO,.** The angular space was sampled by generating 2een in the quantum part of the virial coefficient. This com-
million random angular configurations. For each configura-ponem was calculated in Ref. 20 using the less accurate
tion a radial scan was conducted by 15 Stenger quadratursapT-ss PES. Table XIl and Table IV in Ref. 20 show that
panels each with!2+1 nodes withN=15. The first 10 pan-  the values of quantum corrections computed using SAPT-5s
els were 1 A long covering distances from 0 to 10 A and theare almost a factor of 2 larger at low temperatures. Thus, the
last 5 were covering: 10-15, 15-20, 20-30, 30-50, anguantum correction is very sensitive to the form of the po-
50-70 A . The radial integrals are considered to be contential. It is also significantly larger than one might expect,
verged. The errors given in the tables are estimated by thgmounting at low temperatures to about 30% of the classical
standard deviation value and dropping below 10% only for temperatures greater
(12— (f)2 than 200 °C. Thus, any comparison of virial coefficients with
errof(f)= \/T, (10 experiment should include this term. In the past, calculations
of the quantum corrections were rather rare. The most accu-
whereN is the number of configurations in the angular inte-rate literature calculations are the recent ones by Millot
gration,{ ) is the average over angular configurations, find et al® using the ASP-W, ASP-W?2, and ASP—W4 poten-
stands for the radial integral of the appropriate function, caltials. At 100 °C, the lowest temperature reported in Ref. 8,
culated for a fixed set of angular coordinates. the quantum correction computed with these potentials varies
Results of Table XII show that for high temperatures thebetween 66 and 90 ctmol, the lower value being in good
classicalvirial coefficients computed using SAPT-5s agreeagreement with SAPT-5s. At higher temperatures the agree-
with those obtained with SAPT-ppto within 15%, with  ment is still better, SAPT-5s values being very close to those
SAPT-5s below SAPT-pp. The two curves cross around 45@omputed with ASP—\.
K and at lower temperatures the two virials again become Figures 7 and 8 show that SAPT-5s total values of the
progressively more apart, with the SAPT-5s values above theecond virial coefficient lie above experiment for all tem-
SAPT-pp values. The difference at the lowest temperatur@eratures, except for>700 K. At the highest temperatures
considered amounts to 10%, indicating the larger well volthe agreement is almost to within the experimental error
ume of SAPT-pp, consistent with the findings discussedars, but at lower temperatures the discrepancies are quite
above that SAPT-pp was too deep in the sniappart of the  substantial. At the lowest temperature the disagreement
potential well. reaches nearly 20%. However, these temperatures are in the
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region of supercooled vapor where experimental values arABLE Xill. Change in the second virial coefficient of water when hydro-

considered less reliable. In fact. Sabal 56 point out that 9en is replaced by deuterium. All temperatures are in K and all coefficients
. o P in cm®/mol.

sorption effects dominate over nonideality effects for tem-

peratures below 425 K. At the boiling temperature the dif-Temperature Experiméht SAPT-5s  SAPT-ss MmCY
ference between the SAPT-5s and experimental virials 42315 157 15 1 165
amounts to 11%. At low temperatures the agreement of ,4g 15 10:5 11 8.7 353
SAPT-5s virials with experiment is worse than that for the 473.15 3.91 8.3 6.7 27.6
SAPT-pp/SAPT-ss combinatio®% error at 100 °C pre- 523.15 1.80.3 5.1 4.3 18.3
sented in Ref. 20. Since the SAPT calculations underestimate 2;212 g-gg-g i’;‘ i-g é?’oi
the depth of the potential by about 0.3 kcal/mol and since the 773.15 0.0:0.2 10 0.95 5 66

low temperature virial coefficients are essentially a weighted
measure of the volume of the well, our virial coefficients ZReference 50.
should(and do in the case of SAPTBke above the experi- Reference 58.
mental values. The better agreement achieved in Ref. 20
should therefore be viewed as somewhat fortuitous, resulting  Figure 8 includes results from empirical polarizable po-
from two factors: the greater depth of SAPT-pp than that oftentials by Cieplalet al®! and by Jordan and Kozacklt is
SAPT-5s in some regions of the well and the smaller valuesiot surprising that these virials compare well with experi-
of the quantum corrections computed with SAPT-ss comiment since virials were used in fitting the potentials. In con-
pared to the SAPT-5s values, both improving agreement witlrast, most empirical potentials do not use virials in the fitting
experiment. Although the insufficient depth is probably theprocess since these cannot be fitted well simultaneously with
main reason for the present discrepancy between theory armdher properties. Virials from some popular empirical poten-
experiment, there are other factors which may contribute tdials displayed in Ref. 20 typically deviate from experiment
it. One of them are the higher-order quantum correctiondy a factor of 2 or more. Potentials including polarization
which may have to be included at low temperatures. Clearlyeffects perform usually better than pure two-body effective
if the leading quantum term contributes 30%, the next one ipotentials but much worse than any of the potentials in Fig.
likely to be significant. Furthermore, the effects of the non-8, unless virials are used in fits. It is interesting that the use
rigidity of the monomers may contribute a few percent to theof virials in the fits gives empirical potentials which do not
difference. While at low temperatures the present virial co+eproduce the experimental pair distribution functions well,
efficients are further from experiment than the values of Refat least this is the case with the potentials of Refs. 51 and 52.
20, they agree better for high temperatures where experiment While it is now apparent that the SAPT-ss potential un-
is more reliable. SAPT-5s virials are among the ladsinitio  derestimates the quantum correction, this potential was seen
values published. Only the recent ASP—W2 and ASP-W4o predict quite accurately the isotope shift in the virial co-
potentials are similarly close to experiment. efficient when HO is replaced by pO?° This effect was

The comparison to experiment should take into accoun€alculated as the difference of the quantum corrections since
experimental uncertainties. Unfortunately, the CRcthe classical part does not depend on the mass, and therefore
compilatiof® does not include any error bafsor does it Wil be the same for HO and BO. The numerical integra-
give the sources of the dataThe differences between the tions were performed in the same way as for the classical
CRC values and presumably the most accurate measureméefifial coefficient, including 2 million angular configurations.
by Kell et al® are much larger than the error bars of the Table XIll shows this shift computed with SAPT-ss, SAPT-

latter work. These differences near 400-500 K are of thés, and MCY potentials and compares them to experimental
order of 10 criymol, of similar size as the discrepancies data. One can see that even though the SAPT-5s quantum
between theory and experiment. For temperatures in theorrections are considerably larger than the SAPT-ss values,
range 600—700 K the agreement between theory and expeff?e shift upon changing the hydrogen isotope is virtually left

ment is excellent, in particular SAPT-5s practically repro-unchanged, preserving the good agreement of this observable

duces the Kelet al*®° values to within combined experimen- With experiment. SAPT-5s shifts are improving the agree-
tal uncertainties and theoretical errors of numericalment with experiment for the two lowest temperatures, while

integration (cf. Table Xll). At 373 K Eubanket al®” ob- for higher temperatures SAPT-ss shifts are somewhat closer

tained 45118 cré/mol, showing the increase of the experi- {0 €xperiment.

mental error bars with the decrease of temperature. For tem-

peratures below 373 K experimental uncertainties are noY!l- CONCLUSIONS

available but, as mentioned above, are expected to be large. A new pair potential for water, SAPT-5s, has been cre-
Figures 7 and 8 show that SAPT-5st virials agree withated based on SAP@&b initio calculations. SAPT-5s is a

experiment somewhat less well than those produced bbetter representation to tla initio surface than the previous

SAPT-5s. Interestingly enough, SAPT-5st virials lie aboveSAPT-pp, mainly because it has been fitted to 2510 grid

those of SAPT-5s despite the fact that at the minimunpoints while SAPT-pp was fitted to only 1003. The site—site

SAPT-5st potential is 59 cit deeper than SAPT-5s. functional form of SAPT-5s, although considerably simpler

Clearly, the deepening of the well was accompanied by itshan that of SAPT-pp, proved to be equally capable to repro-

narrowing. This is consistent with the finding tha for  duce theab initio points. Thanks to its simpler form,

SAPT-5st is only 10 cm! larger than for SAPT-5s. SAPT-5s is much faster to calculate than SAPT-pp, which
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