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Coupled cluster calculations with a carefully designed basis set have been performed to obtain both
static, a, and dynamic at 514.5 nm,as514.5 nmd, dipole polarizability surfaces of water. We
employed a medium size basis sets13s10p6d3f /9s6p2d1fdf9s7p6d3f /6s5p2d1fg consisting of 157
contracted Gaussian-type functions that yields values near the Hartree–Fock limit fora fG.
Maroulis, J. Chem. Phys.94, 1182s1991dg. Thea andas514.5 nmd surfaces were able to reproduce
all the experimentally available information about the dipole polarizability of water, especially the
Raman spectra of gaseous H2O, D2O, and HDO. Vibrational averages for the dipole polarizability
of water molecule are also reported. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1867437g

I. INTRODUCTION

The current interest in the dipole polarizability of water
is reflected in several experimental and theoretical studies
reported in recent years. Important areas of application in-
clude spectroscopic investigations,1,2 simulation studies,3,4

treatments of the intermolecular interactions,5,6 and investi-
gations on the weakly bound van der Waals complexes of
this important molecule.7,8 Water dipole polarizability de-
rivatives with respect to the internal motions of the nuclei
find their main application in the calculation of the rotation-
vibration Raman spectra and to account for nonlinear elec-
troptical effects.9 Moreover, they are necessary in the theo-
retical study about the intramolecular dependence of the
potential surface of the dimersH2Od2, and for the analysis of
its infrared10 and Raman spectrum in the region of the fun-
damental vibrations of the monomers.

Various aspects about the theoretical determination of
molecular electric polarizabilities have been examined in
some depth in comprehensive reviews.11 The accuracy ofab
initio calculations of dipole polarizabilities critically depends
on elements of several categories, to mention: basis sets,
electron correlation, frequency dependencies, and vibrational
corrections. Basis sets evidently need the flexibility to repre-
sent correctly any polarization of the electronic cloud and
therefore they should describe the tail regions of electron
distribution properly. Electron correlation has been found to
be essential for many molecules since it could affect the
self-consistent-field values beyond 10%. The experimental
data like the rotation-vibration Raman spectra and the refrac-
tive index measurements always refer to frequency depen-
dent processes and they are related to dynamic dipole polar-
izabilities. The extrapolation to zero frequency may be a
satisfactory alternative, but it often introduces problems for
the comparison between theory and experiment and it is
therefore preferable to carry out calculations of dynamic di-

pole polarizabilities. Finally, the importance of vibrational
corrections for molecular electric properties like the dipole
polarizability has become well known and accepted since
Bishop first drew particular attention to it,12 and several ar-
ticles have devoted to this topic.13

We report here theab initio static, a, and dynamic at
514.5 nm,as514.5 nmd, dipole polarizability surfaces of wa-
ter for the first time. The quality of theas514.5 nmd surface
presented here has been checked through an accurate simu-
lation of the rotation-vibration Raman spectra of gaseous
H2O, D2O, and HDO.14–16The paper is organized as follows:
in the following section we discuss the basis set, the internal
nuclear coordinates, the axis system, and two different meth-
ods for obtainingab initio dipole polarizabilities. In Sec. III,
we analyze the quality of the basis set and the electron cor-
relation effects, present the dipole polarizability surfaces,
and discuss comparison with experimental data. In Sec. IV,
vibrational averages of the dipole polarizability for H2O,
D2O, and HDO are reported. Finally, in Sec. V, we give some
conclusions.

Unless otherwise indicated, atomic units for dipole po-
larizability, length, and energy are used throughout this pa-
per. The relevant conversion factors from atomic to SI
units are a0=0.529 177 249310−10 m for length, Eh

=4.359 748 2310−18 J for energy, ande2a0
2Eh

−1=1.648 778
310−41 CV−1 m2 for the dipole polarizability.

II. THEORY AND COMPUTATIONAL DETAILS

In this work, we aim at obtaining dipole polarizability
values at high levels of theory using an optimized basis set
consisting of Gaussian-type functionssGTFsd that yields
electric properties of near-Hartree–Fock quality. Thus, our
post-Hartree–Fock calculations use as starting point high
quality zeroth-order wave functions. The choice of suitable
basis sets has been recognized as a key factor in molecular
property calculations,17 but choice is always based on em-
pirical arguments for their use in theoretical predictions of
most types of properties. With this idea on mind, ourabadElectronic mail: g.avila@chem.leidenuniv.nl
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initio calculations have been performed in order to get accu-
rate simulations of the rotation-vibration Raman spectrum of
water with an acceptable computational ex-
pense. The W6 basis set s13s10p6d3f /9s6p2d1fd
f9s7p6d3f /6s5p2d1fg that we have used to calculate the
static and dynamic at 514.5 nm dipole polarizability surfaces
was built up adding af-GTF on hydrogen atoms with expo-
nent 0.1a0

−2 and a f-GTF on oxygen atom with exponent
0.2a0

−2 to the W5 basis set presented by Maroulis.18 Six larger
basis sets KT3, KT4, PA, PA1, PA2, and PA3 were used in
order to study electron correlation and basis set truncation
effects. PA is a larges18s13p8d5f /12s7p3d2fd basis set con-
sisting of 256 GTFs reported by Maroulis.19 KT3, KT4, and
PA1 basis sets were built up adding Maroulis’s optimized
GTFs sRef. 19d upon strong substrates. The first substrate is
an uncontracted set ofs10s6p3d/7s3pd GTFs from the
atomic natural orbitals basis set ANO-S.20 The second sub-
strate is a larger uncontracted set ofs14s9p4d3f /8s4p3dd
GTFs from the atomic natural orbitals basis set ANO-L.21,22

Exponents for s10s6p3d/7s3pd and s14s9p4d3f /8s4p3dd
substrates can be found in Ref. 23. Finally, PA2 and PA3
basis sets were built up adding additional GTFs upon PA
basis set19 in an even-tempered way. Five and seven mem-
beredd and f GTFs were used in all cases. The composition
of KT3, KT4, PA1, PA2, and PA3 basis sets are as follows
sexponents ina0

−2d:

KT3 = s10s6p3d/7s3pd + sO:s= 0.077 33,0.028 74,

p = 0.053 02,0.018 98,d = 2.960 93,1.103 88,

0.411 54,0.153 43,

0.057 20,0.021 33,f = 1.103 88,

0.411 54,0.153 43,0.057 20/H:

s= 0.031 302,0.010 891,

p = 1.781 94,0.779 04,0.148 90,0.065 10,

0.028 46,d = 0.779 04,0.148 90,

0.065 10,f = 0.779 04,0.148 90d,

KT4 = s14s9p4d3f/8s4p3dd + sO:s= 0.028 74,

p = 0.018 98,d = 0.057 20,0.021 33,

f = 0.153 43,0.057 20/H:s= 0.010 891,

p = 1.781 94,0.148 90,0.065 10,0.028 46,

d = 0.148 90,0.065 10,f = 0.779 04,0.148 90d,

PA1 =s14s9p4d3f/8s4p3dd

+ sO:s= 0.072 459,0.028 849,0.011 486,

0.004 573,p = 0.046 088,0.018 642,0.007

54,0.003 05,d = 1.8040,1.0930,0.6622,0.4012,

0.2431,0.1473,0.0541,0.0199,

f = 1.0930,0.4012,0.2431,0.1473,0.0541/H:

s= 0.028 054 80,0.011 753 50,0.004 924 10,

p = 1.8303,1.1948,0.7799,0.3323,

0.1416,0.0603,0.0257,d = 0.7799,0.1416,0.0603,

f = 0.7799,0.1416d,

PA2 = PA +sO:d = 2.977 507,0.089 246,

f = 0.089 246,g = 0.4012,0.2431,0.1473/H:

p = 2.803 814,0.509 046,d = 0.509 046d,

PA3 = PA +sO:d = 2.977 507,0.089 246,

f = 0.089 246,g = 0.4012,0.2431,0.1473/H:

p = 2.803 814,0.509 046,d = 1.830 300,

0.509 046,f = 1.830 300d.

The electron correlation corrections for the dipole polar-
izability were evaluated via coupled clustersCCd techniques.
Suitable presentations of these tools and their applications
for predicting molecular properties are available in standard
textbooks.24,25 In this work, all molecular orbitals were ac-
cessible in post-Hartree–Fock calculations.

The GAUSSIAN98 sRef. 26d and DALTON sRef. 27d pack-
ages were employed in the present calculations to obtainab
initio dipole polarizabilities. Two different methods were
used. As first alternative, we have used the orbital-relaxed
finite field method28,29 implemented in GAUSSIAN98 and
DALTON, where the molecule is perturbed by external homo-
geneous electric fields of strength ±0.0050e−1a0

−1Eh and
±0.0075e−1a0

−1Eh. Thus, the static dipole polarizabilities are
determined as the numerical second derivatives of the total
electronic perturbed energy with respect to the strength of
the external electric field. In the orbital-relaxed finite field
method the electric perturbation is included in the calculation
of both the self-consistent-fieldsSCFd reference state and the
CC contribution. As second alternative, we have used the
linear response function for coupled cluster wave functions30

implemented inDALTON. Response functions describe how
an observable represented by an hermitican operator re-
sponds to a time-dependent field. The response can be linear
in the field, in which case we have the linear response func-
tion. If the operator is the electric dipole operator and the
time-dependent field is a periodic electrical field then the
linear response function is the dynamic dipole polarizability.
It is important to stress that CC linear response dipole polar-
izabilities in the frequency-independent limitsat l=`d coin-
cide with the orbital-unrelaxed finite field result,27 where the
perturbation of the external electric field is only included in
the CC part of theab initio calculation.

The ab initio dipole polarizabilities presented here are
always referred to a molecule-fixedxyz axis system with
origin at the oxygen atom. Thex andz axes are contained in
the molecular plane, where thex axis bisects the bond angle
f and thez axis points toward H atom numbered as 1sRef.
31d ssee Fig. 1d. Dipole polarizability is independent of the
origin, even for ions.32 The dependence of the Cartesian
componentsamn of the dipole polarizability was expressed as
a power series in the symmetrycurvilinear displacements

DS1 = sDR1 + DR2d/Î2, s1d
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DS2 = dDf, s2d

DS3 = sDR2 − DR1d/Î2, s3d

amn= o
i

o
j

o
k

amn
ijk DS1

i DS2
j DS3

k,

m,n = x,y,z, 0 ø i + j + k ø N, s4d

whereDR1, DR2, andDf are measured with respect to the
reference geometryR1

0=R2
0=0.958 43 Å andf0=104.44°,

and d=1 Å is a normalization length. The coefficientsamn
ijk

were determined by a least-squares fit to the calculatedab
initio grid of anm. N is the order of the fit. In theC2v group,
DS1, DS2, axx, ayy, andazz are ofA1 symmetry;axz andDS3

are ofB1 symmetry.33

In addition to the Cartesian components we compute
also the mean,ā, and the anisotropy,Da, of the dipole po-
larizability, defined for symmetric tensors as

ā = saxx + ayy + azzd/3, s5d

Da = s1/2d1/2fsaxx − ayyd2 + sayy − azzd2 + sazz− axxd2

+ 6saxy
2 + axz

2 + ayz
2 dg1/2. s6d

In order to compare our results with previous work, we
have calculated the Raman intensities for the fundamental
vibrational bands of H2O molecule. They are defined by the
intensity activity coefficientI,

I = s45ā82 + 7Da82d, s7d

and the depolarization ratior,

r =
3g82

s45ā82 + 4Da82d
. s8d

ā8 andDa82 are expressed as

ā8 =
1

3
FS ]axx

]Qi
D

eq
+ S ]ayy

]Qi
D

eq
+ S ]azz

]Qi
D

eq
G , s9d

Da82 =
1

2
FS ]axx

]Qi
−

]ayy

]Qi
D

eq

2

+ S ]ayy

]Qi
−

]azz

]Qi
D

eq

2

+ S ]azz

]Qi
−

]axx

]Qi
D

eq

2 G + 3FS ]axy

]Qi
D

eq

2

+ S ]axz

]Qi
D

eq

2

+ S ]ayz

]Qi
D

eq

2 G , s10d

wheres]anm/]Qideq are the first derivatives of the Cartesian
components of the dipole polarizability at the equilibrium

geometry with respect to the mass-weighted normal mode
coordinateQi associated to the fundamental frequencyvi. In
this approximation, the contributions to vibrational Raman
intensities form higher derivatives ofanm with respect to the
normal mode coordinates and rotation-vibration coupling are
neglected.

III. RESULTS

A. Dipole polarizability surfaces

The calculations were initiated by a basis set conver-
gence study of the SCF static dipole polarizability at fourC2v
symmetry geometries:s1°d R1=R2=0.958 43 Å and f
=104.44°;s2°d R1=R2=0.798 43 Å andf=74.44°; s3°d R1

=R2=1.118 43 Å andf=134.44°;s4°d R1=R2=1.200 00 Å
and f=180°. The results are given in Table I using the
correlation-consistent basis sets aug-cc-pVXZ sX
=D,T,Q,5,6d developed by Dunninget al.34 and the W6

basis set. The closeness of the present SCF/W6 values of the
static dipole polarizability to the Hartree–Fock limit is evi-
dent. Accordingly, we can conclude that W6 basis set quality
does not seem to vary for large nuclear displacements from
the equilibrium geometry.

The second step was a study about electron correlation
effects. In Table II we present linear response CCSD/W6 and
orbital-relaxed finite field CCSDsTd /W6 static dipole polar-

FIG. 1. Reference axis system and phases of symmetry curvilinear coordi-
nates.xz is the molecular symmetry plane and thex axis bisects thef angle.
Ir representation, customarily used for prolate top moleculessRef. 31d.

TABLE I. Self-consistent-field values for the static dipole polarizability of
H2O.

Basis set axx ayy azz

ROH=0.958 43 Å andf=104.44°
aug-cc-pVDZ 8.0649 7.3282 9.0551
aug-cc-pVTZ 8.3987 7.7266 9.1822
aug-cc-pVQZ 8.4968 7.8506 9.2017
aug-cc-pV5Z 8.5233 7.8828 9.2019
aug-cc-pV6Z 8.5314 7.8962 9.2033

W6 8.5392 7.8945 9.2019

ROH=0.798 43 Å andf=74.44°
aug-cc-pVDZ 6.5506 6.5882 6.3591
aug-cc-pVTZ 6.7412 6.9167 6.4779
aug-cc-pVQZ 6.7992 6.9917 6.4969
aug-cc-pV5Z 6.8140 7.0104 6.4971
aug-cc-pV6Z 6.8186 7.0170 6.4985

W6 6.8241 7.0140 6.4977

ROH=1.118 43 Å andf=134.44°
aug-cc-pVDZ 9.1221 8.1242 14.4282
aug-cc-pVTZ 9.6855 8.7401 14.5577
aug-cc-pVQZ 9.8913 8.9632 14.5780
aug-cc-pV5Z 9.9506 9.0260 14.5813
aug-cc-pV6Z 9.9754 9.0552 14.5825

W6 9.9960 9.0707 14.5807

ROH=1.200 00 Å andf=180°
aug-cc-pVDZ 8.7185 8.7185 18.0821
aug-cc-pVTZ 9.6145 9.6145 18.2554
aug-cc-pVQZ 10.0518 10.0518 18.2857
aug-cc-pV5Z 10.1867 10.1867 18.2826
aug-cc-pV6Z 10.2609 10.2609 18.2845

W6 10.3388 10.3388 18.2866
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izabilities at different geometries. These calculations point
that linear response CCSD and orbital-relaxed finite field
CCSDsTd results are close within 0.8%, although this coin-
cidence cannot be extrapolated to other molecules. In Table
III we show an analysis of electron correlation corrected val-
ues at the experimental equilibrium geometry,R1=R2

=0.9572 Å andf=104.52°, using different coupled-cluster
models with W6, PA, and KT4 basis sets. It must be noticed
that orbital-unrelaxed CCSD and CCSDsTd static values are
also close within 0.8%. At the same time, it is also observed
in Table III that a higher quality coupled-cluster model than
CCSD and CCSDsTd such as CC3 yields larger dipole polar-
izabilities employing the orbital-relaxed finite field method.
Spelsberg and Meyer35 reported both static and dynamic at
l=514.5 nm values calculated with the single-excitation

multireference CIsSE-MRCId model, and static values for a
large number of correlation methods provided by the
MOLPRO program suite. They used a medium size basis set
s14s10p5d4f1g/13s4p3dd at a molecular geometry obtained
by averaging over the zero-point vibration,R1=R2

=0.9724 Å andf=104.63°. Their theoretical predictions are
presented with ours in Table IV. From a comparison of the
CCSDsTd results in Table IV, we can conclude that both
s14s10p5d4f1g/13s4p3dd and W6 basis sets have a similar
quality. For this reason, theab initio calculations published
by Spelsberg and Meyer35 help us as a guide about the accu-
racy of the electron correlation corrections obtained with the
CCSD model and linear response theory.

The third step was a study about basis set truncation
effects. With this intention, we have calculated orbital-
relaxed finite field static dipole polarizabilities using the
CCSDsTd model with POL1,36 uncontracted Nasa-ames-
ANO s13s8p6d4f2g/8s6p4d3fd,37 aug-cc-pVXZ sX
=D,T,Q,5d,34 daug-cc-pVXZ sX=D,T,Q,5d,34 KT3, KT4
PA, PA1, PA2, and PA3 basis sets. The results are shown in
Table V. It should be noticed that the aug-cc-pV5Z basis set
yields a lower electron correlation correction than the PA1
and KE4 basis sets although its SCF values are close to the
Hartree–Fock limit, Table I. This would explain the too low
theoretical estimation for the mean dipole polarizabilityā
=9.3 suggested by Feller.38 Another conclusion from Table V
is that aug-cc-pVXZ sX=D,T,Q,5d and daug-cc-pVXZ sX
=D,T,Q,5d series converge to neither similar dipole polar-
izabilities nor the values obtained with KT4 and PA1 basis
sets. On the other hand, the CCSDsTd static dipole polariz-
abilities calculated with W6 and PA basis sets are similar
because they were designed following the successful compu-
tational philosophy explained by Maroulis18,19,39,40 for ob-

TABLE II. DS1 sÅd, DS2 sdeg Åd, andDS3 sÅd, Eqs.s1d–s3d, dependence of the CCSD/W6 linear response and the CCSDsTd /W6 orbital-relaxed finite field
static dipole polarizability.

DS1 DS2 DS3

CCSD/W6 CCSDsTd /W6

axx ayy azz axz axx ayy azz axz

−0.339 −20.000 −0.339 7.186 7.527 6.592 −1.489 7.167 7.522 6.565 −1.480
−0.339 20.000 −0.339 7.238 7.772 6.894 −1.116 7.228 7.766 6.864 −1.113
−0.339 −30.000 −0.113 6.679 7.537 6.313 −0.513 6.658 7.538 6.292 −0.509
−0.226 −10.000 −0.226 7.815 8.145 7.396 −1.169 7.795 8.141 7.365 −1.163
−0.226 10.000 −0.226 7.843 8.284 7.628 −1.020 7.830 8.280 7.594 −1.016
−0.226 0.000 −0.113 7.670 8.220 7.336 −0.550 7.653 8.217 7.305 −0.547
−0.113 −30.000 −0.339 9.648 8.627 8.452 −2.235 9.610 8.621 8.418 −2.222
−0.113 30.000 −0.339 8.946 9.045 9.739 −1.474 8.931 9.033 9.691 −1.474

0.000 −30.000 −0.339 10.962 9.169 9.600 −2.597 10.913 9.163 9.562 −2.586
0.000 30.000 −0.339 9.801 9.646 11.692 −1.828 9.782 9.629 11.638 −1.832
0.000 0.000 0.000 9.631 9.329 9.990 0.000 9.600 9.324 9.941 0.000
0.000 40.000 0.000 9.757 9.828 10.944 0.000 9.741 9.816 10.874 0.000
0.113 −30.000 −0.339 12.351 9.706 10.893 −2.951 12.291 9.693 10.853 −2.944
0.113 30.000 −0.339 10.713 10.253 14.118 −2.254 10.685 10.226 14.064 −2.265
0.226 0.000 −0.113 12.059 10.475 13.984 −1.104 12.002 10.457 13.913 −1.103
0.226 −10.000 −0.226 12.562 10.362 13.498 −2.240 12.501 10.348 13.441 −2.240
0.226 10.000 −0.226 11.931 10.575 14.884 −2.114 11.883 10.553 14.815 −2.117
0.339 −30.000 −0.113 14.563 10.788 13.984 −1.242 14.448 10.766 13.923 −1.245
0.339 −20.000 −0.339 14.702 10.807 14.762 −3.609 14.640 10.773 14.720 −3.634
0.339 20.000 −0.339 12.871 11.252 19.145 −3.414 12.806 11.198 19.100 −3.445

TABLE III. Electron correlation corrected values of the static dipole polar-
izability of H2O with W6, PA sRef. 19d, and KE4 basis sets at the experi-
mental geometryR1=R2=0.9572 Å andf=104.52°.

axx ayy azz ā Da

CCSD/W6
a 9.6130 9.3212 9.9673 9.634 0.560

CCSDsTd /W6
b 9.6721 9.3904 10.0196 9.694 0.546

CCSD/W6
c 9.3646 9.0448 9.7579 9.389 0.619

CCSDsTd /W6
c 9.5821 9.3161 9.9183 9.606 0.523

CC3/W6
c 9.6440 9.3902 9.9610 9.665 0.495

CCSDsTd/PAc 9.5706 9.3126 9.9110 9.598 0.520
CC3/PAc 9.6321 9.3876 9.9537 9.658 0.492
CCSDsTd/KT4c 9.5578 9.2912 9.9006 9.583 0.529
CC3/KT4c 9.6153 9.3624 9.9386 9.639 0.500

aLinear response calculation.
bOrbital-unrelaxed finite field calculation.
cOrbital-relaxed finite field calculation.
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taining static dipole polarizabilities of Hartree–Fock quality.
However, the dipole polarizabilities obtained with these two
basis sets W6 and PA are a little larger than those calculated
with KT4 and PA1 basis sets since they can generate an
electronic distribution too diffuse. It can also be observed in
Table V that when we proceed to saturate PA basis set, as we
have done with PA2 and PA3 basis sets, dipole polarizabil-
ities begin to decrease to the values obtained with PA1 and
KT4 basis sets. Finally, from the calculations presented in
Table V we can state that well calibrated basis sets are
needed to obtain accurateab initio dipole polarizability sur-
faces with an acceptable computational effort; e.g., daug-cc-
pV5Z basis set would be an excellent choice but it has 373
contracted GTFs and it is not practical for calculating thea
andas514.5 nmd surfaces for the time being. Moreover, ba-
sis sets just optimized for ground electronic energies may
lead to rather poor dipole polarizabilities; see the results ob-
tained with the uncontracted Nasa-Ames-ANO basis set in
Table V.

As conclusion from this study about electron correlation
and basis set truncation effects, our linear response dipole
polarizabilities calculated at the CCSD/W6 level of theory
decrease slightly if we saturate well calibrated basis sets like
PA and increase slightly if we take into account high-level
electron correlation effects beyond the CCSD model: see
Table III. For these two reasons, and considering the results
reported by Spelsberg and Meyer35 with sophisticated corre-
lation models, there exists probably a cancellation of electron
correlation and basis set truncation errors. This circumstance
would mean that our linear response CCSD/W6 dipole po-
larizability values are close to the full-CI/CBS limit within
4%. Thus, the mean polarizabilities and anisotropies calcu-
lated at this level of theory could be accurate to ±2% and
±10%, respectively.

The last step in ourab initio calculations was to obtain
the linear response CCSD/W6 dipole polarizability surfaces
of water molecule atl=` szero frequencyd, a, and atl
=514.5 nm,as514.5 nmd, in a grid of 521 points along the

TABLE IV. Comparison of theoretical predictions for static and dynamic at 514.5 nm dipole polarizability of H2O. R1=R2=0.9724 Å andf=104.63°
saveraged zero-point geometryd.

l=` l=514.5 nm

axx ayy azz ā Da axx ayy azz ā Da

CCSDa 9.82 9.43 10.29 9.85 0.75 10.10 9.81 10.51 10.14 0.61
SE-MRCIc 9.72 9.30 10.29 9.77 0.86 9.97 9.65 10.51 10.04 0.75
CCSDsTdc 9.76 9.40 10.22 9.79 0.71
CCSDsTdb 9.79 9.42 10.23 9.81 0.70
CAS-CIc 9.66 9.22 10.17 9.68 0.82
CAS-ACPFc 9.77 9.23 10.22 9.74 0.86
MP4sSDQdc 9.62 9.19 10.12 9.64 0.81

aThis work, linear response calculation.
bThis work, orbital-relaxed finite field calculation.
cSpelsberget al. sRef. 35d.

TABLE V. CCDSsTd energies and orbital-relaxed finite field values of the static dipole polarizability of H2O
with POL1 sRef. 36d, Nasa-Ames-ANOsRef. 37d, aug-cc-pVXZ sX=D,T,Q,5d sRef. 34d, daug-cc-pVXZ sX
=D,T,Q,5d sRef. 34d, KT3, KT4, W6, PA sRef. 19d, PA1, PA2, and PA3 basis sets.R1=R2=0.958 43 Å and
f=104.44°.

Basis set axx ayy azz ā Da Energy

POL1 9.6629 9.4335 10.0565 9.718 0.546 −76.294 439 2
Nasa-Ames-ANOa 9.4120 8.9902 9.8461 9.416 0.741 −76.425 976 9

aug-cc-pVDZ 8.9761 8.6097 9.8077 9.131 1.063 −76.276 043 7
aug-cc-pVTZ 9.3708 9.0391 9.9093 9.440 0.761 −76.357 530 5
aug-cc-pVQZ 9.4656 9.1532 9.8874 9.502 0.638 −76.395 257 0
aug-cc-pV5Z 9.4890 9.1782 9.8705 9.513 0.601 −76.408 935 7

daug-cc-pVDZ 9.6056 9.4698 9.9918 9.689 0.469 −76.277 014 6
daug-cc-pVTZ 9.5901 9.3450 9.9494 9.628 0.527 −76.358 177 4
daug-cc-pVQZ 9.5416 9.2572 9.8990 9.566 0.557 −76.395 508 1
daug-cc-pV5Z 9.5398 9.2251 9.8796 9.548 0.567 −76.409 091 9

W6 9.6000 9.3241 9.9413 9.622 0.536 −76.381 166 4
KT3 9.5853 9.3156 9.9317 9.611 0.535 −76.399 236 8
PA 9.5880 9.3208 9.9336 9.614 0.532 −76.405 095 5
PA2 9.5824 9.3129 9.9278 9.608 0.534 −76.410 126 2
PA3 9.5726 9.3039 9.9168 9.598 0.532 −76.412 215 2
KT4 9.5690 9.2918 9.9190 9.593 0.544 −76.414 428 1
PA1 9.5635 9.2826 9.9137 9.587 0.548 −76.416 505 6

aUncontracteds13s8p6d4f2g/8s6p4d3fd basis set.
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symmetry curvilinear displacements defined by Eqs.s1d–s3d,
contained within a hypersphere centered around our refer-
ence configurationR1

0=R2
0=0.958 43 Å,f0=104.44°. To ob-

tain an accurate description of the dipole polarizability sur-
face valid for large amplitude motions of the nuclei,DS1 and
DS3 were varied between −0.452 55 Å and +0.452 55 Å and
Df between −50° and +70°. The Cartesian dipole polariz-
ability coefficients according to Eq.s4d are given in Tables
VI and VII. The standard deviations of the least-squares fits
of amn were,10−4.

B. Comparison with experimental data

In order to compare properly our theoretical predictions
with experimental data we need to have accurate rovibra-

tional wave functions for H2O, D2O, and HDO molecules.
They have been calculated from the diagonalization of a
complete rovibrational Hamiltonian41,42using the isotope de-
pendent potentials of Partridge and Schwenke,43 more details
can be found in previous work.14,15 With these wave func-
tions and the as514.5 nmd surface calculated at the
CCSD/W6 level of theory we have reproduced satisfactorily
all the experimental data of the molecular polarizability of
water molecule available to date:sid absolute value of the
dynamic at 514.5 nm mean dipole polarizability
ās514.5 nmd=10.343sobtained from the molar refractivity44

at low temperature and zero densityd, sii d depolarization ratio
r=s2.99±0.45d310−4 and coefficientR20=0.75±0.05 of the
rotational Raman spectrum of H2O,45 siii d rotational Raman

TABLE VI. Fitted coefficientsamn
ijk of Eq. s4d up to i + j +k=4 for the diagonal Cartesian components of theab initio linear response dipole polarizability of

H2O at the CCSD/W6 level of theory.

i j k

l=` l=514.5 nm

Unitsaxx
ijk ayy

ijk azz
ijk axx

ijk ayy
ijk azz

ijk

0 0 0 1.587 87 1.538 18 1.647 20 1.631 33 1.598 84 1.681 67 10−40 CV−1 m2

0 1 0 −0.076 14 0.083 61 0.247 30 −0.060 44 0.088 66 0.253 30 10−30 CV−1 m
1 0 0 1.607 10 0.828 63 2.393 94 1.697 39 0.907 06 2.496 18 10−30 CV−1 m
0 0 2 0.711 19 −0.042 32 0.895 49 0.793 81 −0.031 29 1.005 69 10−20 CV−1

0 2 0 0.133 31 0.056 66 0.039 54 0.145 06 0.062 10 0.046 42 10−20 CV−1

2 0 0 0.618 42 0.081 72 1.994 83 0.714 38 0.146 58 2.178 92 10−20 CV−1

1 1 0 −0.705 21 0.085 57 0.996 80 −0.688 59 0.102 76 1.032 61 10−20 CV−1

0 3 0 0.053 28 −0.002 71 −0.089 00 0.055 49 −0.003 25 −0.094 62 10−10 CV−1 m−1

3 0 0 −0.209 59 −0.118 92 0.536 19 −0.160 34 −0.065 20 0.737 44 10−10 CV−1 m−1

0 1 2 −1.082 01 −0.069 26 0.965 99 −1.145 51 −0.101 33 1.094 18 10−10 CV−1 m−1

1 0 2 0.356 24 −0.108 06 0.411 79 0.593 71 −0.046 83 0.768 23 10−10 CV−1 m−1

1 2 0 0.008 92 0.081 90 −0.082 90 0.028 55 0.106 69 −0.066 18 10−10 CV−1 m−1

2 1 0 −0.354 95 0.069 99 1.624 67 −0.319 77 0.111 17 1.737 83 10−10 CV−1 m−1

0 0 4 −0.221 79 −0.058 90 0.042 90 −0.182 52 −0.056 99 0.115 18 CV−1 m−2

0 4 0 −0.031 82 −0.008 00 −0.022 03 −0.034 86 −0.008 47 −0.022 22 CV−1 m−2

4 0 0 −0.517 09 −0.111 11 −0.629 16 −0.545 66 −0.062 40 −0.514 25 CV−1 m−2

0 2 2 0.346 44 0.129 95 −0.202 22 0.376 02 0.170 64 −0.161 39 CV−1 m−2

1 1 2 0.013 74 −0.091 19 3.293 20 −0.034 42 −0.178 70 4.052 48 CV−1 m−2

2 0 2 −1.259 79 −0.483 61 −2.275 59 −1.027 88 −0.343 93 −1.898 19 CV−1 m−2

2 2 0 −0.038 25 −0.030 88 0.159 71 0.016 97 0.021 00 0.210 50 CV−1 m−2

3 1 0 0.183 26 −0.094 11 1.205 26 0.245 90 −0.029 78 1.415 46 CV−1 m−2

1 3 0 0.174 26 0.059 92 −0.184 05 0.182 96 0.063 93 −0.200 08 CV−1 m−2

TABLE VII. Fitted coefficientsamn
ijk of Eq. s4d up to i + j +k=4 for thexz Cartesian component of theab initio

linear response dipole polarizability of H2O at the CCSD/W6 level of theory.

i j k
l=`

axz
ijk

l=514.5 mm
axz

ijk Units

0 0 1 1.179 04 1.243 22 10−30 CV−1 m
0 1 1 −0.377 00 −0.369 18 10−20 CV−1

1 0 1 1.855 59 2.068 01 10−20 CV−1

0 0 3 0.006 98 0.088 04 10−10 CV−1 m−1

0 2 1 −0.360 99 −0.354 36 10−10 CV−1 m−1

1 1 1 −0.002 02 0.080 85 10−10 CV−1 m−1

2 0 1 0.620 70 0.935 18 10−10 CV−1 m−1

0 1 3 0.530 70 0.605 96 CV−1 m−2

1 0 3 −0.642 52 −0.440 15 CV−1 m−2

1 2 1 −0.634 96 −0.581 08 CV−1 m−2

0 3 1 −0.128 23 −0.140 33 CV−1 m−2

2 1 1 1.403 56 1.714 45 CV−1 m−2

3 0 1 −1.240 44 −1.087 51 CV−1 m−2
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spectra of H2O, D2O, and HDO,14 sivd rotational-vibrational
Raman spectra of then2 band of H2O, D2O, and HDO,15 and
svd rotational-vibrational Raman spectra of the 2n2 andn1/n3

bands of H2O, D2O and HDO.16

The calculated magnitudes of the CCSD/W6 dipole po-
larizability at l=514.5 nm vibrationally averaged for the
ground state of H2O are r=3.28310−4, R20=0.70, and
ās514.5 nmd=10.243 and they compare well with the ex-
perimental ones. The same values have been calculated pre-
viously with theas514.5 nmd surface at the CCSD/aug-cc-
pVQZ level of theory, but the results were less satisfactory,
yielding r=4.69310−4, R20=0.68, and ās514.5 nmd
=10.089. This example further illustrate the sensitivity of the
dipole polarizability with respect to basis set quality.

The dipole polarizability surface beyond the “equilib-
rium” geometry has been tested through the vibrational Ra-
man spectrum, pointssivd andsvd above. The depolarization
ratios of then1 and n3 vibrational Raman bands of H2O,
D2O, and HDO proved especially difficult to reproduce be-
cause they are very sensitive to small changes of the Carte-
sian components of the dipole polarizability derivatives rela-
tive to each others. The CCSD/W6 as514.5 nmd surface was
able to reproduce all the rovibrational Raman spectra of the
isotopic species H2O, D2O, and HDO, including depolariza-
tion ratios. Previous attempts employing Møller–Plesset per-
turbation theory with the aug-cc-pVTZ and aug-cc-pVQZ
basis sets failed to reproduce them with the same precision.
It must be stressed that the simulation of the rotation-
vibration Raman spectra is a very tough test. These spectra
consist of hundreds of transitions for H2O at room tempera-
ture and correspondingly more for D2O and HDO,14–16while
the intensities spread over two orders of magnitude.

We have also calculated the Raman intensities and depo-
larization ratios, Eqs.s9d and s10d, of the n2, n1, and n3

vibrational bands of H2O molecule using theas514.5 nmd
surface at the CCSD/W6 level of theory. Mass-weighted nor-
mal mode coordinates were obtained from a GF analysis for
the H2O potential of Partridge and Schwenke.43 These inten-
sities and the experimental frequencies46 are presented in
Table VIII. They are also compared with theoretical predic-
tions at different levels of theory47–49 and the experimental
estimations determined by Murphy.50,51 The discrepancy be-
tween the theoretical predictions and the experimental esti-

mation of the total Raman scattering cross section ofn3 vi-
brational band has been discussed in Ref. 16 in some detail.

IV. VIBRATIONAL AVERAGES

We have calculated the vibrational averages to the dipole
polarizability for the six lowest energy vibrational states of
H2O, D2O, and HDO molecules. The vibrational average of
a molecular propertyP may be determined from its expecta-
tion value

kPl = kFuPuFl = Pe + kPlZPVC = Pe + kPlH
ZPVC + kPlA

ZPVC,

s11d

for the vibrational wave functionF=c0F0+c8F8, whereF0

is the main harmonic contribution toF. Pe is the value ofP
at the equilibrium geometry,kPlZPVC is the zero-point vibra-
tional correction of theF wave function to P. kPlH

ZPVC

=kF0uP−PeuF0l is the ZPVC due to the harmonic part of
wave function smechanical harmonicityd while kPlA

ZPVC

=kPl−Pe−kPlH
ZPVC is the ZPVC due to the anharmonic part

of the wave functionsmechanical anharmonicityd. The zero
vibrational point correctionskPlH

ZPVC calculated in this work
are not null since our dipole polarizability surfaces contain
second and higher derivatives ofa and as514.4 nmd with
respect to the normal mode coordinates. The vibrational
wave functions of the nonrotating molecule, obtained from
the diagonalization of the Watson Hamiltonian41 at J=0 us-
ing the isotope dependent potentials of Partridge and
Schwenke,43 are denoted here byuvJ=0l with v=0,1,2, . . .
increasing in energy. The six lowest vibrational wave func-
tions of H2O, D2O, and HDO are expanded in the harmonic
basis setuv1,v2,v3l like:

H2O

u0J=0ls0.000 cm−1d < + 0.9869u0,0,0l − 0.1509u1,0,0l,

s12d

u1J=0ls1594.777 cm−1d < + 0.9896u0,1,0l

− 0.1209u1,1,0l, s13d

TABLE VIII. Comparison of experimental and theoretical Raman intensity activity coefficientssÅ4/u.a.md and
depolarization ratiossin parenthesesd of n2, n1, and n3 vibrational bands of the H2O molecule calculated at
different levels of theory.

Frequencya scm−1d

l=` l=514.5 nm

SCFb CCSDb C1c KS-DFTd CCSDe Expt.f

n2 1594.746 1.0s0.75d 1.0s0.71d 1.1 1.0s0.59d 0.8s0.71d u0.9±2us0.74d
n1 3657.053 88s0.06d 111s0.04d 102 111s0.04d 119s0.04d 108±14s0.03d
n3 3755.929 25s0.75d 26s0.75d 31 25s0.75d 28s0.75d 19.2±2.1s0.75d
aExperimental frequencies by Tennysonet al. sRef. 46d.
bPOL1 basis setsRef. 36d, Perera and BarlettsRef. 49d.
cf5s4pd/5s1pg basis set, John, Backsay, and HushsRef. 47d.
dVTZP+ basis set, StirlingsRef. 48d.
eW6 basis set.
fFrom the dipole polarizability derivatives estimated by MurphysRefs. 50 and 51d.
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u2J=0ls3151.625 cm−1d < + 0.9761u0,2,0l

+ 0.1357u1,0,0l, s14d

u3J=0ls3657.041 cm−1d < + 0.1530u0,0,0l

− 0.1352u0,2,0l

+ 0.9125u1,0,0l

− 0.3111u2,0,0l

− 0.1055u0,0,2l, s15d

u4J=0ls3755.947 cm−1d < + 0.9431u0,0,1l

− 0.3019u1,0,1l, s16d

u5J=0ls4666.787 cm−1d < + 0.1069u0,2,0l

+ 0.9395u0,3,0l

− 0.1723u0,4,0l

+ 0.2190u1,1,0l. s17d

D2O,

u0J=0ls0.000 cm−1d < + 0.9904u0,0,0l − 0.1300u1,0,0l,

s18d

u1J=0ls1178.411 cm−1d < + 0.9925u0,1,0l

+ 0.1034u1,1,0l, s19d

u2J=0ls2336.843 cm−1d < + 0.9804u0,2,0l

− 0.1376u1,0,0l, s20d

u3J=0ls2671.655 cm−1d < − 0.1311u0,0,0l

+ 0.1387u0,2,0l

+ 0.9335u1,0,0l

+ 0.2713u2,0,0l, s21d

u4J=0ls2787.730 cm−1d < + 0.9580u0,0,1l

+ 0.2650u1,0,1l, s22d

u5J=0ls3474.305 cm−1d < + 0.9511u0,3,0l

+ 0.1423u0,4,0l

− 0.2260u1,1,0l. s23d

HDO,

u0J=0ls0.000 cm−1d < + 0.9889u0,0,0l + 0.1043u1,0,0l,

s24d

u1J=0ls1403.517 cm−1d < + 0.9911u0,1,0l, s25d

u2J=0ls2723.661 cm−1d < − 0.1026u0,0,0l

− 0.1949u0,2,0l

+ 0.9275u1,0,0l

+ 0.2694u2,0,0l, s26d

u3J=0ls2782.021 cm−1d < + 0.9614u0,2,0l

+ 0.1848u1,0,0l

− 0.1044u0,0,1l, s27d

u4J=0ls3707.471 cm−1d < + 0.1036u0,2,0l

+ 0.9319u0,0,1l

+ 0.1151u1,0,1l

+ 0.2774u0,0,2l, s28d

u5J=0ls4099.961 cm−1d < − 0.6179u0,3,0l

− 0.1084u0,4,0l

+ 0.7225u1,1,0l

+ 0.1943u2,1,0l

+ 0.1167u0,1,1l. s29d

The vibrational averages of the dipole polarizability for
H2O, D2O, and HDO molecules have been calculated by
means of Gauss–Hermite quadrature and they are reported in
Table IX. Both kPlH

ZPVC and kPlA
ZPVC vibrational zero-point

corrections are of the same order. For instance, we obtain the
following zero-point vibrational corrections ofa and
as514.5 nmd for the ground stateu0J=0l of H2O molecule:
kaxxlH

ZPVC=0.0990, kayylH
ZPVC=0.0292, kazzlH

ZPVC=0.1388,
kaxxlA

ZPVC=0.2111, kayylA
ZPVC=0.1056, kazzlA

ZPVC=0.3146,
kaxxs514.5 nmdlH

ZPVC=0.1079,kayys514.5 nmdlH
ZPVC=0.0341,

kazzs514.5 nmdlH
ZPVC=0.1506, kaxxs514.5 nmdlA

ZPVC=0.2235,
kayys514.5 nmdlA

ZPVC=0.1162, and kazzs514.5 nmdlA
ZPVC

=0.3294. As conclusion of these calculations, it is evident
that in order to obtain fair vibrational averages both high
quality dipole polarizability derivatives and wave functions
are required.

It is interesting to compare in Table X the vibrational
averages of the static dipole polarizability for the vibrational
ground state presented here for H2O molecule with the re-
sults obtained by Russell and Spackman,52 Rudd, Åstrand,
and Taylor,53 and Spelsberg and Meyer.35 Our calculated
ZPVCs corrections to the staticā andDa, Eqs.s5d and s6d,
for H2O, D2O, and HDO molecules are compared in Table
XI with those reported by Luiset al.54 at the CPHF/POL1
level of theory. Curiously, ther =kālZPVC/ āeq ratios for H2O
molecule are similar at the CCSD/W6 sr =0.032d, CPHF/
POL1 sr =0.030d,54,55 MP2/POL1sr =0.030d,52 and MCSCF/
ANO sr =0.030d53 levels of theory, but they are different to
the value obtained at the MCSCFsCAS1=4220
configurationsd/P3=f8s5p3d1f /4s2p1dg sr =0.037d sRef.
56d level of theory. Our mean static dipole polarizability av-
eraged for the vibrational ground state of H2O molecule is
k0J=0uāu0J=0l=9.94 and it compares relatively well with the
experimental estimationā=9.83±0.02 referenced by Russell
and Spackman.52 This latter value was obtained from an ex-
trapolation tol=` of gas-phase refractive index measure-
ments at different wavelengths less than 900 nm that did not
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take account contributions from the dipole-allowed transi-
tions at infrared and longer wavelengths.57 The contribution
of these neglected transitions is expected to be significant at
l.900 nm. Thus, it is arguable to distrust on the error mar-
gins of the experimental estimationā=9.83±0.02 by Russell
and Spackman.52 An example that would support this affir-
mation is the k0J=0uāu0J=0l=9.86 value at the MCSCF
sCAS1d/P3 level of theory reported by Luoet al.,56 close to
this experimental estimation. MCSCFsCAS1d is a lower or-
der electron correlation model than CCSD. At the contrary,
their u0J=0l vibrational wave function56 is almost identical to
that presented in Eq.s12d and both P3 and W6 basis sets have
a similar quality somehow.18 As conclusion, this good agree-
ment would point that the error margins for the experimental
estimation ofā should be larger than those published by
Russell and Spackman.52

V. CONCLUSIONS

We have presented static and dynamic at 514.5 nmab
initio linear response dipole polarizability surfaces of water
using the CCSD model with a basis set of near-Hartree–Fock
quality. The as514.5 nmd surface reproduced satisfactorily
all the experimental data of the molecular polarizability of
the water molecule available to date, though it could be due
to a cancellation of electron correlation and basis set trunca-
tion errors, as was discussed in Sec. III A. From the simula-
tions of the rotation-vibration Raman spectra, we have con-
firmed that basis set quality is a decisive factor to calculate
accurateab initio dipole polarizability surfaces with an ac-
ceptable computational expense. A detailed analysis of the
vibrational averages has been also carried out. This work
shows that the corrections due to the harmonic and anhar-

TABLE XI. Comparison of the ZPVCs to the mean and anisotropy of the
static dipole polarizability for the ground vibrational stateu0J=0l of H2O,
D2O, and HDO molecules.

CCSD/W6
a CPHF/POL1b

H2O kālZPVC 0.308 0.247
kDalZPVC 0.283 0.268

D2O kālZPVC 0.224 0.180
kDalZPVC 0.203 0.195

HDO kālZPVC 0.266 0.214
kDalZPVC 0.245 0.231

aThis work, linear response calculation.
bLuis et al. sRef. 54d.

TABLE IX. Vibrational averages to theab initio linear response CCSD/W6 dipole polarizability atl=` and atl=514.5 nm for the six lowest energy
vibrational statesuvJ=0l of H2O, D2O, and HDO molecules.ROH

eq ÞRDD
eq in HDO moleculesRef. 43d and there exists a slightxz contribution for the reference

axis system used in this work, Fig. 1.

l=` l=514.5 nm

kaxxl kayyl kazzl kaxzl kāl kDal kaxxl kayyl kazzl kaxzl kāl kDal

H2O
u0J=0l 9.932 9.460 10.433 0.000 9.942 0.843 10.217 9.843 10.669 0.000 10.243 0.716
u1J=0l 10.004 9.504 10.516 0.000 10.008 0.876 10.296 9.892 10.756 0.000 10.315 0.749
u2J=0l 10.074 9.549 10.597 0.000 10.073 0.907 10.374 9.941 10.842 0.000 10.386 0.781
u3J=0l 10.210 9.582 10.911 0.000 10.234 1.151 10.515 9.981 11.176 0.000 10.558 1.037
u4J=0l 10.236 9.572 10.833 0.000 10.214 1.093 10.540 9.968 11.094 0.000 10.534 0.975
u5J=0l 10.140 9.595 10.676 0.000 10.137 0.936 10.449 9.991 10.926 0.000 10.455 0.811

D2O
u0J=0l 9.847 9.423 10.304 0.000 9.858 0.763 10.125 9.801 10.531 0.000 10.153 0.634
u1J=0l 9.899 9.454 10.364 0.000 9.906 0.788 10.183 9.836 10.595 0.000 10.204 0.658
u2J=0l 9.950 9.486 10.424 0.000 9.953 0.812 10.239 9.871 10.659 0.000 10.256 0.683
u3J=0l 10.045 9.510 10.638 0.000 10.064 0.977 10.338 9.900 10.886 0.000 10.375 0.856
u4J=0l 10.067 9.503 10.587 0.000 10.052 0.939 10.358 9.891 10.832 0.000 10.360 0.815
u5J=0l 10.000 9.519 10.483 0.000 10.001 0.835 10.295 9.906 10.722 0.000 10.308 0.707

HDO
u0J=0l 9.890 9.442 10.369 0.033 9.900 0.805 10.171 9.823 10.600 0.036 10.198 0.678
u1J=0l 9.953 9.480 10.441 0.039 9.958 0.835 10.241 9.864 10.677 0.042 10.261 0.708
u2J=0l 10.090 9.526 10.678 −0.119 10.098 1.019 10.385 9.917 10.928 −0.129 10.410 0.904
u3J=0l 10.021 9.520 10.518 0.034 10.019 0.867 10.316 9.908 10.759 0.037 10.327 0.740
u4J=0l 10.183 9.557 10.802 0.262 10.180 1.169 10.484 9.953 11.060 0.283 10.499 1.077
u5J=0l 10.110 9.561 10.683 −0.036 10.118 0.974 10.411 9.954 10.933 −0.039 10.433 0.852

TABLE X. Comparison of the vibrational average of the static dipole po-
larizability for the ground vibrational stateu0J=0l of H2O molecule.

kaxxl kayyl kazzl kāl kDal

CCSD/W6
a 9.93 9.46 10.43 9.94 0.84

MCSCF/ANOb 9.52 9.05 10.09 9.55 0.91
MP2/POL1c 10.06 9.71 10.48 10.08 0.66
SE-MRCd 9.72 9.30 10.29 9.77 0.86

aThis work, linear response calculation.
bRudd, Åstrand, and TaylorsRef. 53d.
cRussell and SpackmansRef. 52d.
dSpelsberg and MeyersRef. 35d.
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monic contributions of the wave functions to the vibrational
averages of the dipole polarizability are of the same order in
H2O, D2O, and HDO molecules. Higher quality dipole po-
larizability surfaces might, in principle, be obtained using,
for instance, the CC3 iterative approximate coupled-cluster
single, doubles, and triples model58 with more complete ba-
sis sets than W6 ffor instance, PAsRef. 19d and PA1g, al-
though the computational effort would be very expensive for
the time being.
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