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Equilibrium structures are fundamental entities in molecular sciences. They can be inferred from
experimental data by complicated inverse procedures which often rely on several assumptions,
including the Born–Oppenheimer approximation. Theory provides a direct route to equilibrium
geometries. A recent high-qualityab initio semiglobal adiabatic potential-energy surfacesPESd of
the electronic ground state of water, reported by Polyanskyet al. fScience299, 539 s2003dg and
called CVRQD here, is analyzed in this respect. The equilibrium geometries resulting from this
direct route are deemed to be of higher accuracy than those that can be determined by analyzing
experimental data. Detailed investigation of the effect of the breakdown of the Born–Oppenheimer
approximation suggests that the concept of an isotope-independent equilibrium structure holds to
about 3310−5 Å and 0.02° for water. The mass-independentfBorn–OppenheimersBOdg
equilibrium bond length and bond angle on the ground electronic state PES of water isre

BO

=0.957 82 Å andue
BO=104.485°, respectively. The related mass-dependentsadiabaticd equilibrium

bond length and bond angle of H2
16O is re

ad=0.957 85 Å andue
ad=104.500°, respectively, while

those of D2
16O are re

ad=0.957 83 Å andue
ad=104.490°. Pure ab initio prediction of J=1 and 2

rotational levels on the vibrational ground state by the CVRQD PESs is accurate to better than
0.002 cm−1 for all isotopologs of water considered. Elaborate adjustment of the CVRQD PESs to
reproduce all observed rovibrational transitions to better than 0.05 cm−1 sor the lower ones to better
than 0.0035 cm−1d does not result in noticeable changes in the adiabatic equilibrium structure
parameters. The expectation values of the ground vibrational state rotational constants of the water
isotopologs, computed in the Eckart frame using the CVRQD PESs and atomic masses, deviate from
the experimentally measured ones only marginally, especially forA0 and B0. The small residual
deviations in the effective rotational constants are due to centrifugal distortion, electronic, and
non-Born–Oppenheimer effects. The spectroscopicsnonadiabaticd equilibrium structural parameters
of H2

16O, obtained from experimentally determinedA08 and B08 rotational constants corrected
empirically to obtain equilibrium rotational constants, arere

sp=0.957 77 Å andue
sp=104.48°.

© 2005 American Institute of Physics. fDOI: 10.1063/1.1924506g

I. INTRODUCTION

The Born–OppenheimersBOd approximation1–3 intro-
duces the separation of nuclear and electronic motions and is
the single most important concept in our understanding of
almost all of molecular sciences, especially that of chemistry.
This is due to the fact that the Born–Oppenheimer approxi-

mation defines the concept of an electronic potential-energy
shyperdsurface sPESd.4–6 Potential-energyshyperdsurfaces,
which in the standard approximation are mass-independent,
are mathematically defined as total energies of species with
respect to their geometric variables responsible for the inter-
nal motions. Adiabatic corrections7–11 to the BO-PES relax
the strict separation of electronic and nuclear degrees of free-
dom, defining an adiabaticsmass-dependentd PES. Many
molecular processes and properties, discussed routinely, only
have meaning within the Born–Oppenheimer approximation
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and for the resultingsadiabaticd PESs. The most important of
these is arguably the equilibrium structure, corresponding to
the molecular configuration at the very bottom of a potential
well.12–22 The equilibrium structure is the subject of the
present study, employing water, a triatomic molecule of
highest relevance, as an example. For a brief historical re-
view of some of the most relevant determinations23–32of the
mass-independent, and, in cases, mass-dependent equilib-
rium structure of the water molecule see Table I. It is clear
that by the 1940s, when Herzberg published his influential
epic on rovibrational spectra,24 the structure of water was
known with remarkable precision. Nevertheless, the arduous
task of moving beyond this precision has proved to be non-
trivial even for such a small and simple triatomic molecule.

In an excellent review entitled “Determination of reli-
able structures from rotational constants,”13 Demaison and
co-workers set the standards as “reliable structuresfareg
structures with an uncertainty less than 0.2° for the angles
and 0.002 Å for the distances.” This standard of accuracy
seems to be at least one order of magnitude less than the
expected precision of adiabatic equilibrium structures de-
duced from high-qualityab initio calculations. It is also well
known that there are intrinsic and sizable differences be-
tween the equilibriumsred structures and the experimentally
derived ra,ra ,rc,rg,rm,rs,rz, etc., structures.13,16–18,33Sev-
eral excellent summaries of the approximate relationships

between the large number of observable structures and the
equilibrium structure exist.13,18,33,34For example, one of the
best compromise when gas-phase electron diffractionsGEDd
and millimeterwavesMWd spectroscopy are used jointly for
structure refinement is a temperature-dependentrg structure.
Due to the fact that the approximates“diatomic”d relation
re−rg=s3/2d au2 holds reasonably well, wherea is the usual
Morse parameter16,35 and u is the vibrational amplitude of
the bond concerned, the difference between there and rg

distance types, as well as betweenre and any vibrationally
averaged distance type, is substantial, on the order of 0.01 Å.

To arrive at spectroscopic equilibrium structures an in-
verse, perturbative approach is widely employed.36 As part of
this procedure the accurately measured ground vibrational
state effective rotational constants are corrected, principally
by vibration-rotation interaction constants of different origins
and orders, and equilibrium geometries are deduced from the
resulting equilibrium rotational constants. This inverse pro-
cedure can be employed to fairly large molecules, see, e.g., a
recent study on the 17-atom amino acid proline.37 Neverthe-
less, the ultimate accuracy of this route to equilibrium geom-
etries, which starts from experimental observablesseffective
rotational constantsd and corrects them with appropriate con-
stants, has proved to be, in some sense, insufficient, as di-
atomic paradigms have shown.38–40

A direct, fully ab initio approach comes to the rescue. It
starts with first-principles computation of equilibrium geom-
etries. The ultimate accuracy of this direct approach has so
far been realizedssee, e.g., Refs. 19 and 38–40d only for
diatomic and few-electron triatomic41 cases due to the in-
completeness of most presently applicable computational ap-
proaches. Nevertheless, with recent significant advances in
electronic structure theory and computer hardware, the goal
of achieving high precision for mass-independentsBorn–
Oppenheimerd as well as mass-dependentsadiabaticd equilib-
rium structures has become possible even for many-electron
systems, as shown here.

In the direct approach comparison with experiment is
difficult, in fact, impossible if only the equilibrium structure
has been determinedab initio. If the same level of theory
was used to compute a PES, comparison between computed
and experimental transition frequencies, most importantly ro-
tational transitions on the ground vibrational state, becomes
feasible. Another possibility for comparison between theory
and experiment is provided at the level of vibrationally av-
eraged spectroscopic quantities, determined here as the ap-
propriate expectation values using variational vibrational
wave functions. The direct approach is helped in the latter
case by the fact that close-to-exact solution of the vibrational
motion problem, especially for triatomic species, is straight-
forward to achieve.42–44Both approaches for comparison are
pursued in this paper. One must remember, nevertheless, that
theory going beyond the diagonal Born–Oppenheimer cor-
rection, i.e., consideration of non-BO effects, is still in its
infancy and that the so-called experimental spectroscopic
constants are effective parameters, obtained through phe-
nomenological approaches which parametrize the Hamil-
tonian as flexibly as needed. The subtle relation between the
spectroscopic and the Born–Oppenheimer and adiabatic

TABLE I. Brief history of the mass-independent spectroscopic equilibrium
structure of water. Bond length,re, in angstrom; bond angle,ue, in degrees.

Year re ue Comment

1932 ¯ 115 Ref. 23a

1945 0.9584 104.45 Ref. 24b

1956 0.9572s3d 104.52s5d Ref. 25c

1961 0.9561 104.57 Ref. 26d

1976 0.9575 104.51 Landolt–Börnstein, Ref. 27e

1979 104.48 Ref. 28
1994 0.9578 104.48 Ref. 29
1994 0.957 85s3d 104.542s9d Ref. 30
1997 0.957 67 104.482 Ref. 31,ab initio PES
1997 0.957 83 104.509 Ref. 31, fitted empirical PES
2003 0.957 82 104.499 Ref. 32, fitted PES of H2

16O

aObtained from the fundamental frequencies of water assumed to be 5309,
1597, and 3742 cm−1 and through the use of an equation derived by Denni-
son fD. M. Dennison, Philos. Mag.1, 195 s1926dg.
bBased upon careful analysis of results due to Mecke and co-workersfR.
Mecke, Z. Phys.81, 313 s1933d; W. Baumann and R. Mecke, Z. Phys.81,
445 s1933d; K. Freudenberg and R. Mecke, Z. Phys.81, 465 s1933dg, Dar-
ling and DennisonfB. T. Darling and D. M. Dennison, Phys. Rev.57, 128
s1940dg, and NielsenfH. H. Nielsen, Phys. Rev.59, 565 s1941d; H. H.
Nielsen, Phys. Rev.62, 422 s1942dg.
cBenedictet al. sRef. 25d reported equilibrium structures not only for H2

16O
but also for HD16O and D2

16O, after inclusion of electronic motion effects
into the moments of inertia. The D2

16O structural parameters differ from the
equilibrium structural parameters of H2

16O by +0.0003 Å and −0.049°.
These differences are about an order of magnitude larger than those obtained
in the present studyscf. Table IVd.
dKuchitsu and Bartell reported structural estimates for D2

16O, as well, with
re=0.9570 Å and ue=104.43°. The results reported were obtained from the
rotational constants of Benedictet al. sRef. 25d and the vibration-rotation
interaction constants determined in Ref. 26.
eThese values are based on ground-state rotational constants from Cooket
al. fR. L. Cook, F. C. De Lucia, and P. Helminger, J. Mol. Spectrosc.53, 62
s1974dg and on vibration-rotation interaction constants from Ref. 25.
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equilibrium structures is not completely clear, as also exem-
plified in this study.

In a recent publication42 some of us presentedab initio
adiabatic PESs of the ground electronic state of water which
yielded, for the first time for a polyatomic and polyelectronic
molecule, so-called spectroscopic accuracy, 1 cm−1, on aver-
age forall measured rovibrational levels of all isotopologs
considered. This remarkable precision could not have been

obtained without the intrinsicab initio determination of
highly accurate, mass-dependent equilibrium structures of
water. In this paper we provide a detailed analysis of ourab
initio results for the equilibrium structures of watersTable
II d. Water is probably the only polyatomic molecule besides
H3

+ for which adiabatic PESs of almost ultimate accuracy
are available.

II. COMPUTATIONAL DETAILS

In this study the DOPI,43,45 where DOPI stands for dis-
crete variable representationsDd, Hamiltonian in orthogonal
sOd coordinates, direct productsPd basis, iterativesId diago-
nalization, and the DVR3D46 program suites, both employ-
ing a discrete variable representationsDVRd for all three
vibrational degrees of freedom, have been employed for the
determination of theJ=0, 1, and 2 rovibrational energy lev-
els. Highly converged wave functions were obtained during
the nuclear motion calculations, the rovibrational eigenval-
ues from the two programs, employing somewhat different
formalisms, agreed with each other to better than 10−3 cm−1.
The relevant input files employed for running the more
widely utilized DVR3D program are provided in the Supple-
mentary MaterialsEPAPS, Ref. 113d.

The nuclear masses employed in the variational nuclear
motion calculations are given in caption to Table III. For the

TABLE II. Born–Oppenheimer and adiabatic equilibrium structures of wa-
ter from ab initio electronic structure computations. Bond lengthsred in
angstrom, bond anglesued in degrees. The ICMRCI calculations are valence
only sfreezing the 1s core orbital of Od. CBS=complete basis set.

Level of theory/correction re ue Comment

aug-cc-pV5Z ICMRCI 0.958 75 104.387 Ref. 42
aug-cc-pV6Z ICMRCI 0.958 70 104.411 Ref. 42
CBS ICMRCI 0.958 62 104.422 Ref. 42
Core correlation −0.000 96 +0.134 Refs. 31 and 42
Relativistic Breit +0.000 16 −0.074 Refs. 42, 55, and 56
Quantum electrodynamics ,10−5 +0.003 Refs. 42 and 64
Best mass-independent

ab initio 0.957 82 104.485 This work, Ref. 42
Adiabatic correction

sH2
16Od +0.000 03 +0.015 Ref. 42

Best mass-dependent
ab initio sH2

16Od 0.957 85 104.500 This work, Ref. 42

TABLE III. J=1 and 2 rotational term valuessJKaKc
d, in cm−1, for the ground vibrational states of water

isotopologs. 1 cm−1=2.997 924 583104 MHz. Theab initio CVRQD PESs are taken from Ref. 42. The fitted
PESs for H2

16O, H2
17O, and H2

18O are due to Shirinet al. sRef. 79d. The fitted PES used for D2O is from
S. V. Shirin, N. F. Zobov, O. L. Polyansky, J. Tennyson, T. Parekunnel, and P. F. Bernath, J. Chem. Phys.120,
206 s2004d. Nuclear masses, in u, used in the calculations and in the determination of the adiabatic correction
surfaces: msHd=1.007 276, msDd=2.013 553, ms16Od=15.990 526, ms17Od=16.994 742, and ms18Od
=17.994 771.

H2
16O H2

17O

CVRQD Fitted Expt.a CVRQD Fitted Expt.b

101 23.795 23.794 23.7944 23.774 23.774 23.7735
111 37.138 37.137 37.1371 36.931 36.931 36.9311
110 42.372 42.372 42.3717 42.187 42.187 42.1869
202 70.094 70.091 70.0908 70.007 70.005 70.0047
212 79.499 79.496 79.4964 79.229 79.227 79.2273
211 95.178 95.176 95.1759 94.973 94.971 94.9705
221 134.903 134.901 134.9016 134.146 134.145 134.1453
220 136.166 136.164 136.1639 135.432 135.431 135.4312

H2
18O D2

16O

CVRQD Fitted Expt.c CVRQD Fitted Expt.d

101 23.756 23.755 23.7549 12.117 12.117 12.117
111 36.749 36.749 36.7486 20.257 20.258 20.258
110 42.024 42.023 42.0234 22.682 22.683 22.683
202 69.930 69.927 69.9274 35.877 35.878 35.878
212 78.991 78.989 78.9886 42.067 42.068 42.068
211 94.791 94.789 94.7886 49.337 49.338 49.338
221 133.478 133.476 133.4758 73.669 73.672 73.672
220 134.785 134.783 134.7830 74.135 74.137 74.137

aReference 75.
bReference 76.
cReference 77.
dReference 78.
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calculation of vibrationally averaged rotational constants
atomic masses have been used.

III. THE AB INITIO CVRQD POTENTIAL-ENERGY
SURFACE OF WATER

The high-accuracy semiglobal adiabaticab initio ground
electronic state PESs of the water isotopologs, utilized
heavily in this study, were first described in Ref. 42. Since
few details are provided in that publication, the potentials are
discussed here briefly, giving reference also to the codes em-
ployed in their computation. Components of thisab initio
potential, denoted as CVRQD throughout this paper, were
obtained as follows:sad the final PES is built upon aug-
mented correlation consistent polarized valenceX zeta
saug-cc-pVXZd,47,48 X=4, 5, and 6, valence-only internally
contracted multireference configuration interaction49

sICMRCId calculations, extrapolated to the complete basis
setsCBSd limit, over a grid containing more than 350 points,
employing the program packageMOLPRO;50 sbd added to this
is the core correlation correction surface of Partridge and
Schwenke31 determined at a different set of points at the
averaged coupled pair functional51 sACPFd level employing
the programMOLPRO; scd added to this is a relativistic cor-
rection surface obtained by first-order perturbation theory as
applied to the one-electron mass-velocitysMV d and one- and
two-electron Darwin termssMVD2d,52–56 calculated using
the program packagesACESII sRefs. 57 and 58d and
DALTON,59 supplemented by a correction obtained from the
inclusion of the Breit term in the electronic Hamiltonian and
using four-component Dirac–Hartree–Fock wave functions,
utilizing the program packageBERTHA;60,61 sdd added to this
is a correction surface due to effects from quantum electro-
dynamicssQEDd,62,63 in particular, the one-electron Lamb
shift, determined by a simple scaling procedure;64 and sed
finally, adding to this the adiabatic correction surface ob-
tained at the MRCI level.42 It should also be noted that a
nonadiabatic correction was also employed in Ref. 42 for
the calculation ofsrodvibrational band origins, based on a
two-term adjustment of the vibrational kinetic-energy
operator42,65 employing parameters taken from a ground-
breaking study by Schwenke.66

Because of an often favorable error compensation be-
tween incompleteness of the basis set and deficiencies in the
treatment of electron correlation, as well as the use of ap-
proximate Hamiltonians,6,54,67 lower-level electronic struc-
ture computations often result in surprisingly small errors for
a particular property. This useful practical approach is not
pursued here as, instead, this study focuses on the conver-
gence of electronic structure theory to obtain the best tech-
nically possible equilibrium geometries of the isotopologs of
water. Therefore, the large number of results from interme-
diate levels of theory, a few of which are given in Table II, is
not utilized directly in this study. Note finally thatab initio
computation of equilibrium geometries is a somewhat unbal-
anced procedure68 due to the almost complete cancellation of
two large terms of opposite sign, the approximate electronic
and the possibly exact nuclear first derivatives, contributing
to the vanishing forces at equilibrium.

IV. THE DIRECT COMPUTATIONAL ROUTE
TO BORN–OPPENHEIMER AND ADIABATIC
EQUILIBRIUM STRUCTURES

The direct route to the computation of accurate, con-
verged Born–Oppenheimer and adiabatic equilibrium struc-
tures employs systematically improved levels of electronic
structure theory. This is due to the fact that for polyelectronic
systems none of the limits ofab initio electronic structure
theory6 can be reached without some sort of extrapolation
and approximation. As detailed in Sec. III, the ultimate mass-
independentsBorn–Oppenheimerd equilibrium structure of
water, with an OH bond length ofre

BO=0.957 82 Å and a
HOH bond angle ofue

BO=104.485°, has been determined42

from a large set of often expensiveab initio electronic struc-
ture computations, relying in part on well-established ex-
trapolation and approximation techniques. These computa-
tions result in a point-wise representation of the ground
electronic state PES of water. Consequently, the Born–
Oppenheimer and adiabatic equilibrium structural parameters
of the water isotopologs, reported throughout this paper,
have been obtained by interpolations employing fitted
PESs.42 The use of this procedure means that six-digit accu-
racy in theab initio determination of the equilibrium struc-
tural parameters of the isotopologs of water cannot be ex-
pected.

The convergence of the valence-only ICMRCI treatment
with respect to the one-particle basis set expansion is rela-
tively fast scf. Table IId. Even more important for the pur-
poses of the present study are the incremental contributions
to the equilibrium structure of water, also listed in Table II.
The significant contribution of core correlation to the equi-
librium structure of water is not at all surprising.69,70 The
related results of Martin,70 obtained at a less complete level
of theory, seem to provide a slight underestimation of the
core correlation effect for the bond length. Accuracy on the
order of 10−4 Å in re can only be achieved if relativistic
effects are taken into account. Forue, due to the more sub-
stantial change in the electronic structure of water upon
bending, relativistic effects have more than half of the con-
tribution of core correlation. This is in line with what has
been observed during computational investigations of the
barrier to linearity of water.67,71,72Note also the opposite sign
of the core correlation and relativistic contributions, resulting
in an improved apparent accuracy of the valence-only treat-
ment. The adiabatic contribution, while almost negligible for
the equilibrium bond length, is substantial for the bond
angle. Even consideration of quantum electrodynamic ef-
fects, namely, the one-electron Lamb shift,64 has a noticeable
contribution to the bond angle, in the sixth significant digit,
at the border of the claimed precision of the present study. In
summary, the direct approach, though computationally ex-
pensive, provides a way to obtain highly accurate Born–
Oppenheimer and adiabatic equilibrium structures in a con-
trolled way.

Table IV summarizes the effects of isotopic substitution
on the equilibrium structures of the water isotopologs. It is
clear from this table, and from Table II as well, that the
concept of mass-independentsBorn–Oppenheimerd equilib-
rium structures seems to be valid for water to about
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3310−5 Å and 0.02°. It is also clear, and it reflects simple
intuition, that the effect of H to D substitution is much larger
than that accompanying the16O to 18O change. Note also
that the intrinsic adiabatic contributions to thers16OHd and
rs16ODd equilibriumbond lengths are positivesTable IId and
negativesTable IVd, respectively, and on the order of 10−5 Å.
Therefore, this intrinsic adiabatic effect is about two orders
of magnitude smaller than the easily explicable substantial
negativer0sOHd→ r0sODd change in the vibrationally aver-
aged distance.

Note, finally, that at the all-electron augmented correla-
tion consistent polarized core-valence quadruple zetasaug-
cc-pCVQZd coupled cluster singles, doublesstriplesd
fCCSDsTdg level, which gains its usual very high
accuracy73,74 from favorable error compensation, the opti-
mized structural parameters,re

BO=0.958 10 Å and ue
BO

=104.481°, deviate very little, 3310−4 Å and 0.004°, from
the ultimatere

BO andue
BO of this study.

Overall, we feel confident that theab initio structural
parameters of water, based on the CVRQD PESs of Ref. 42,
should be nearly exact in the Born–Oppenheimer and adia-
batic limits.

V. ROTATIONAL EIGENVALUES

As mentioned above, ultimately the accuracy of theab
initio equilibrium structuressd of water can be probed most
directly and meaningfully by computing the observable rota-
tional levels with the aid of the related PESs computed at the
same level of theory.

The CVRQD adiabatic PESs reproduce excellently the
lowest rotational levels for the isotopologs of water consid-
ered, H2

16O, H2
17O, H2

18O, and D2
16O. The levels corre-

sponding to the rotational quantum numbersJ=1 and 2 are
collected in Table III and exemplify this statement. TheJ
=1 term values deviate from the experimentally determined
ones75–78 by less than 0.001 cm−1. The maximum deviation
for the J=2 CVRQD term values is 0.003 cm−1. The related
mean and maximum deviations for the fitted potential of Ref.
79, obtained through elaborate adjustment of the CVRQD
PESs to all observed rovibrational levels of several isoto-
pologs of water to better than 0.05 cm−1, are very similar.
The minuscule differences between the CVRQDab initio
and the fitted rotational term values should not be regarded

as estimates of the uncertainty in theab initio prediction of
the structural parameters of the water isotopologs assad ad-
justment of the CVRQD PESs was performed with equal
weights for low- and high-energy regions and thus the fit was
affected very little by the lowest part of the PES; andsbd as
part of this work, direct inclusion of linear terms in the PES,
representing changes in the equilibrium structure of water,
was tested with using a variety of spectroscopic data; the fits
all proved to be divergent. The latter statement holds not
only for the adjustment of the CVRQD PESs but also for the
best previous spectroscopic PES of H2

16O.32 Furthermore,
note that many of theJ=2 CVRQD and fitted variational
results bracket the experimental term values. This means that
it is highly unlikely that any fitting attempt to reproduce the
rotational term values even more accurately by a fitted PES
will result in any significant change in the adiabatic equilib-
rium structures of water. To wit, 201 experimental levels for
the s000d, s100d, s010d, and s001d states of H2

16O, H2
17O,

and H2
18O were included in a separate fit that resulted in a

standard deviation of only 0.0035 cm−1. Since no linear
terms were included in the fit, the related adiabatic equi-
librium structural parameters are the same as in the
CVRQD PESs, namely,re

ads16OHd=re
ads17OHd=re

ads18OHd
=0.957 85 Å and ue

adsH16OHd=ue
adsH17OHd=ue

adsH18OHd
=104.500°.

Precision of theab initio prediction of higherJ transi-
tions by the CVRQD PESs is exceptionally good, as well.

VI. SPECTROSCOPIC EQUILIBRIUM STRUCTURES

Vibrationally averaged effective rotational constants are
the principal structural results obtained from fitting of appro-
priate effective rovibrational Hamiltonians80–86 to spectro-
scopic data. One can recover these effective constants from
theoretical rovibrational computations basically in two ways.
The traditional route goes through second-order vibrational
perturbation theorysVPT2d formulas and the lowest-order
vibration-rotation interaction constantsai, obtained from a
cubic force field expansion of the PES.35,87–91The difference
between the effective and the equilibrium rotational con-
stants is approximated in this indirect route as a sum of
vibration-rotation interaction constants. The resulting spec-
troscopic equilibrium structural parameters are denoted here
collectively asre

sp andue
sp, though, as detailed below, several

meaningful variants can be defined. Note that centrifugal dis-
tortion terms need to be considered before the experimental
rotational constants are converted into ground-state moments
of inertia for structure analysis.81,85 These corrected rota-
tional constants are usually referred to asA8, B8, andC8. In
the alternative, direct route one computes the effective rota-
tional constants as expectation values employing vibrational
wave functions from converged variational nuclear motion
calculations. It is important to emphasize that pure vibra-
tional wave functions for triatomic molecules can be deter-
mined with little numerical effort.43,45 Following the second
route provides thevibrational difference between effective
and equilibrium rotational constants. This second, direct
route is recommended for computation of vibrationally aver-
aged rotational constants whenever its use is feasible. To

TABLE IV. Isotopic effects, based on the CVRQD potential, on the equi-
librium structural parameters of water isotopologs. Bond lengths in ang-
strom, bond angles in degrees. The underlying mass-dependent equilibrium
structure of H2

16O is re
ads16OHd=0.957 854 Å andue

adsH16OHd=104.500°,
as given in Table II. The geometry parameters obtained from the empirical
potentialssee Ref. 79d are the same as those given above within the claimed
precision. It is basically meaningless to give further digits in the reported
geometry parameters as they would not represent the underlyingab initio
values accurately due to loss of precision caused by the fitting of the DBOC
surfaces.

Dre Due

H2
17O ,10−6 ,10−3

H2
18O ,10−6 ,10−3

D2
16O −0.000 019 −0.010
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obtain effective rotational constants following the second
route one should use coordinates given in the Eckart system
of axes since effective rovibrational Hamiltonians employed
during fitting of experimental spectra are derived this
way.92,93 In this case the inertia tensorI is not diagonal, and
the rotational constants are calculated by vibrational averag-
ing of the diagonal elements ofI −1. Consideration of the
Coriolis contribution results in change in only one of the
rotational constants,C.94 The significant difference between
the principal axes systemsPASd and Eckart coordinate sys-
tem vibrationally averaged rotational constants for water,
employing up to sextic force field representations of the PES,
has recently been demonstrated.43 First-principles vibra-
tionally averaged rotational constant results of this study, ob-
tained in the coordinates in the Eckart system and by inclu-
sion of the Coriolis contribution, are given in Table V.

It is instructive to compare the vibrational corrections
obtained from the direct variational approach to those com-
puted from the indirect, traditional approach, based on
VPT2. To facilitate this comparison we computed the VPT2
vibrational corrections to the ground-state rotational con-
stants of H2

16O from the best, empirically adjustedab initio
vibration-rotation interaction constants of Ref. 95, corre-
sponding to a refined anharmonic force field and thus repre-
senting an excellent set of physically meaningful constants
obtained through VPT2. These values as well as the spectro-
scopic results from Ref. 25 are also given in Table V. By
comparing the spectroscopic and theab initio DA, DB, and
DC values, where, e.g.,DB stands for the difference between
the vibrationally averaged and the equilibriumB values, it
becomes clear that the spectroscopic values25 are much
closer to the high-quality variational predictions of this study
than theab initio values derived from the vibration-rotation
interaction constants of Ref. 95. In fact, the largest discrep-
ancy between the spectroscopic25 and the presentab initio
CVRQD values is 560 MHz forDA, while it is 3270 MHz
between the spectroscopic and the perturbationalsVPT2d ab
initio results. Note that for prototypical semirigid molecules,
for which there is at least two orders of magnitude difference
between vibration-rotation interaction constants of consecu-
tive order, the vibration-rotation interaction constants can be
computed straightforwardly from the vibrationally averaged
rotational constants of the lowest vibrational states. How-
ever, for water, for which the corresponding difference is less
than tenfold, this procedure does not result in accurate
lowest-order vibration-rotation interaction constants.

The computed and measured ground-state inertia defects
sDpl

0 d of the planar water molecule exemplify further the dif-
ficulties in comparing measured and computed effective con-
stantssTable Vd. The inertia defect ofDpl

0 =0.050 64 uÅ2 cor-
responds to rotation-vibration constants obtained in Ref. 25.
The inertia defect corresponding to one of the most recent set
of effective ground-state rotational constants96 is
0.050 92 uÅ2 s0.0515 uÅ2 with the uncorrected rotational
constantsd. If the rotation constants are not corrected for dis-
tortion terms, the corresponding inertia defect is
0.051 49 uÅ2, in good agreement with the above number.
However, if the rotation constants are corrected for distortion
terms, the inertia defect becomes substantially smaller,

0.048 64 uÅ2.82 The computed CVRQD and VPT2 values
are 0.046 13 and 0.046 31 uÅ2, respectively. At the same
time the underlying computed CVRQD and VPT2DA and
DC constants deviate from each other substantially. The
CVRQD DA and the VPT2DC constants are close to their
respective spectroscopic counterparts while the remaining
two constants disagree by as much as 10%–20%. Note that
for water the largest contribution toDpl

0 , almost 90%, comes
from DC. The sizable differences between the VPT2 and the
variational CVRQDDA, DB, andDC values call attention to
the fact that the accuracy of semispectroscopic equilibrium
structures, i.e., those obtained through corrections of experi-

TABLE V. Effective ground-state rotational constantssA0, A08, B0, B08, C0,
andC08, in MHzd, ground-state inertia defectssDpl

0 , in uÅ2d, and differences
between effective and equilibrium rotational constantssDA, DB, andDC, in
MHzd, in the ground vibrational states of symmetric isotopologs of water.
1 cm−1=2.997 924 583104 MHz and h/8p2c=505 379 MHz uÅ2. Dpl

0 = Ic

− Ia− Ib, whereIa, a=a,b,c, is the appropriate moment of inertia. Atomic
masses have been employed in the calculations. Note that during the refine-
ment of the H2

16O PESms16Od=15.990 726 u has been employed.

Isotopomer H2
16O H2

18O D2
16O

MeasuredfspectroscopysRefs. 82–86dga,b

A0 835 839.9 825 367.32 462 292.4
A08 835 783.3
B0 435 354.5 435 353.81 217 979.9
B08 435 044.5
C0 278 133.3 276 950.50 145 303.3
C08 278 446.9
Dpl

0 0.048 64 0.051 64 0.066 43
DA 14 960 4887
DB −2248 −809
DC −7165 −2698
ComputedfCVRQD PESsRef. 42dg
A0 835 390.0 824 928.7 462 097.8
DA 14 400.4 14 162.2 5 463.5
B0 434 825.1 434 835.4 217 894.7
DB −2286.1 −2272.8 −866.3
C0 278 699.4 277 502.6 145 436.5
DC −6543.1 −6494.4 −2467.7
Dpl

0 0.046 13 0.046 31 0.061 88
ComputedfFitted PESsRef. 79dg
A0 835 433.6 824 971.1 462 006.6
DA 14 444.0 14 204.5 5390.5
B0 434 825.2 434 835.5 217 917.4
DB −2286.0 −2272.7 −835.0
C0 278 703.3 277 506.5 145 438.0
DC −6539.1 −6490.5 −2460.3
Dpl

0 0.046 13 0.046 31 0.061 87
ComputedfVPT2 sRef. 95dgc

DA 11 690
DB −2700
DC −7050
Dpl

0 0.046 31

aA08, B08, and C08 values are only available for H2
16O. For the other isoto-

pologs contributions from the centrifugal distortion terms have not been
removed, hindering direct comparison with the computed values.
bThe DA, DB, andDC values reported correspond to vibration-rotation in-
teraction constants taken from Ref. 25. The calc. IIDA, DB, andDC values
of Kuchitsu and BartellsRef. 26d are 10 500, −3300, and −7800 MHz for
H2

16O and 4500, −1200, and −2700 MHz for D2
16O.

cVPT2=second-order vibrational perturbation theory. The underlying
vibration-rotation interaction constants correspond to Set III of Table IV of
Ref. 95.
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mental rotational constants byab initio VPT2 vibration-
rotation interaction constants, an approach37,89,97 gaining
popularity, might be compromised when high accuracy is
sought, on the order of 10−4 Å for bond lengths, for small
and light species.

There are two plausible explanations for the small but
significant remaining discrepancies observed for the mea-
sured, the variationally computed, and the VPT2A0, B0, and
C0 constants of Table V. The first one recalls that the spec-
troscopic constants, though apparently of very high preci-
sion, are phenomenological in nature and incorporate several
“small” effects. It is clearly demonstrated by the data of
Table V thatDA, DB, andDC corrections computed from an
excellent cubic force field representation of the PES of
water95 are rather inaccurate. It is also clear that centrifugal
distortion effects are extremely large in water.36,82 The other
explanation suggests that the remaining differences between
the computed CVRQD and the spectroscopic ground-state
rotational constants are due to shortcomings of the theory,
related principally to three factors. First, though the CVRQD
PESs are of very high accuracy, they are still not the ultimate
adiabatic PESs of water isotopologs and minor improve-
ments of the adiabatic potentials are feasible. Second, no
account of the presence of electrons in the molecule is given,
coupling of the electronic angular momentum with the over-
all rotation of the nuclear framework98 has not been consid-
ered and, consequently, no electronic contributions to the ef-
fective rotational constants have been computed. Third, it
must be investigated whether nonadiabatic effects,65,66 not
considered so far explicitly and the hardest to ascertain, have
a noticeable contribution.

To investigate the first possible theoretical shortcoming
the latest semispectroscopic, fitted PES of water79 has been
employed in the expectation value calculations with results
presented in Table V. The smallness of the adjustments to the
lower part of the fullyab initio CVRQD PES is demon-
strated repeatedly in this study by the excellent agreement
between the CVRQD and the fitted effective rotational con-
stant results. The maximum unsigned deviation is only
90 MHz s0.003 cm−1d, while the mean deviation is only on
the order of 20 MHz. The small changes in the ground-state
rotational constants are due to the slightly different form of
the wave functionssee Sec. Vd. Therefore, further improve-
ment of theab initio PES of Ref. 42 through fitting to ob-

served transitions does not seem to hold promise in obtaining
significant changes in the values of the rotational constants.

Next, let us investigate the effects due to the presence of
electrons in the molecule. They can be approximated most
easily through changes in the masses of the nuclei, most
importantly that of H, in the nuclear motion calculations.
Two related comments. First, using atomic massesMb=mb

+Zbme or scaled atomic masses99 in computations, wheremb

andZb are the nuclear mass and atomic number of atomb,
respectively, andme is the electronic mass, corresponds to
absorbing some part of the nonadiabatic effect into the adia-
batic approximation. Second, atomic rather than nuclear
masses are employed in the analysis of molecular spectra.
Table VI contains equilibrium distances and angles of water
isotopologs obtained from using either experimentalA08 and
B08 or CVRQD ground-state effective rotational constants
corrected with the seemingly dependable CVRQD or experi-
mentalDA andDB constants.sDA andDB constants do not
depend noticeably on whether nuclear or atomic masses were
used during their evaluation.d The results obtained show that
the use of experimental versus CVRQD constants changes
the equilibrium structural parameters substantially,res

16OHd
by up to 0.000 24 Å anduesH

16OHd by up to 0.017°. The
best spectroscopic equilibrium structure of water isre

sp

=0.957 77 Å andue
sp=104.48°.

As to electronic contributions related to the rotationalg
factor,36,98they are usually regarded to be small. This general
wisdom can be checked for water as it is one of the few
polyatomic systems for which the electronic effect has been
known for quite some time100,101and the underlying98 rota-
tional g-tensor elements have been verified repeatedly.102,103

Based on the data in Refs. 100 and 101, the electronic
corrections to H2

16OsD2
16Od are as follows: DA

el

=294s91d MHz, DB
el=168s42d MHz, and DC

el=99s26d MHz.
The corrections are considerably smaller for D2

16O than for
H2

16O since they basically scale linearly both with theg
factors and with the effective values of the rotational
constants. This fact is partially responsible for the apparently
higher accuracy of the effective rotational constant
predictions of D2

16O as compared to H2
16O. These correc-

tions, when added to the computed CVRQDA0 and B0

constants, not affected by Coriolis effects, largely bridge
the experimental2computational deviations. To wit, for
H2

16OsD2
16Od the A0 deviations decrease from

TABLE VI. Spectroscopic equilibrium structural parameters for two isotopologs of water obtained using dif-
ferent ground-state rotational constantssA08 andB08d, rotational constant correctionssDA andDBd, and atomic
masses.

H2
16O D2

16O

A08, B08 DA, DB re ue re ue

CVRQD CVRQD 0.957 854 104.500 0.957 834 104.490
Expt.a CVRQD 0.957 618 104.499 0.957 567 104.483
Expt.a Expt.b 0.957 766 104.483

aReference 82 for H2
16O and Ref. 85 for D2

16O, see Table V for the numerical values. No correction for
centrifugal distortion effects is made in the case of the D2

16O rotational constants, so they do not correspond to
A08 and B08. Only theA0 and B0 combination is used here as these rotational constants are unaffected by the
Coriolis effectsfor further discussion see Tables 13.10 and 13.18 of Ref. 36d.
bReference 25.
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393s195d to 99s104d MHz, while theB0 deviations decrease
from 219s85d to 51s43d MHz. On the other hand, the elec-
tronic correction increases the deviation between the
measured and computed results forC0. Note that correct-
ing the rotational constants for electronic effects
changes res

16OH/16ODd by −0.000 24/−0.000 09 Å and
uesH

16OH/D16ODd by −0.017/−0.000°.
In summary, none of the factors considered so far seem

to be able to eliminate completely the gap between the varia-
tionally computed theoretical and the spectroscopic ground-
state rotational constants. Iterative refinement of the CVRQD
ab initio PES through fitting to observed rovibrational levels
does not seem to be able to reduce the discrepancies between
computed and experimental rotational constants. Consider-
ation of the electronic effects does not make the discrepan-
cies between theab initio and the spectroscopic ground-state
rotational constants vanish though serves to reduce them
substantially. Nevertheless, combination of these effects, es-
pecially centrifugal distortion correction of the experimental
effective rotational constants and electronic effects on the
computed rotational constants, makes the apparent discrep-
ancies between the exceedingly high-qualityab initio rota-
tional constant predictions and experiment comfortably
small.

Finally, one must address the effect of
nonadiabaticity38–40,104–107on the equilibrium structure of
water, though at present time, apart from H3

+ and perhaps
water, this can be done only for diatomics with substantial
confidence.

It has been shown for light diatomic hydrides, namely,
for LiH, BeH, BH, and CH+ sRefs. 38, 40, and 105d that the
nonadiabatic effect, defined in a somewhat strange sense as
the difference between the adiabatic equilibrium bond length
and that obtained from spectroscopy, i.e., from the experi-
mental fitted effective molecular rotational constant, is sub-
stantial for the equilibrium bond lengths. In fact, for BH and
CH+ the nonadiabatic correction is estimated38,40 this way to
be large and similar in magnitude, +0.002 34 and
+0.002 75 Å, respectively, while the well-defined adiabatic
corrections appear to be considerably smaller, on the order of
+0.000 65 Å. For the heavier hydrides the nonadiabatic dis-
tance correction seems to decrease in magnitude, e.g., for
NH it is estimated to be less than 0.000 70 Å.40 Nevertheless,
as widely appreciated, the adiabatic correction decreases just
as fast or faster, for NH the adiabatic correction onre

BO is
estimated to be +0.000 27 Å.40 Thus, based on the results on
these diatomic paradigms one can assume that the adiabatic
fdiagonal Born–Oppenheimer correctionssDBOCdg effect is
small forre of the diatomic radical OH and similarly in H2O.
This is supported by the results in Table II, where the adia-
batic correction forre of H2

16OsD2
16Od is only +0.000 03

s+0.000 01d Å.
One somewhat striking result forresOHd of water must

be mentioned. For the pairsXH/XD, with X=Be, B, C, and
N, it has been clearly established thatre

adsXHd. re
adsXDd.38–40

For example, re
ads12CHd=1.118 06 Å and re

ads12CDd
=1.117 92 Å,108 whereas re

BOs12CHd appears to be39

1.117 77 Å. The present calculations support this trend, in
water re

ads16OHd=0.957 85 Å versusre
ads16ODd=0.957 83 Å.

For the spectroscopic equilibrium bond lengths the trend for
the XH species appears to be the same, for example,39,108,109

re
sps12CHd=1.119 79 Å versusre

sps12CDd=1.118 88 Å. Nev-
ertheless, forre

sp one finds an opposite result for the OH
radical,110 re

sps16OHd=0.969 63 Å, re
sps16ODd=0.969 68 Å,

i.e., the16OD correction is +0.000 05 Å. As Table VI shows,
in water re

sps16ODd, re
sps16OHd in all cases considered. This

apparent discrepancy can be resolved by noting that the spec-
troscopic data for OH and ODsRef. 110d were determined in
different ways. New experimental work111,112and perhaps an
accurate computational determination of adiabatic correc-
tions tore should help clarifying this issue. In summary, the
nonadiabatic effect onres

16OHd seems to be significant, as
can be judged by comparingre

ads16OHd=0.957 85 Å and
re

sps16OHd=0.957 77 Å. No similar result can be derived for
res

16ODd as no corresponding experimentalA08 andB08 rota-
tional constants are available to us.

The diatomic paradigms provide no estimate for the
adiabatic equilibrium bond angle correction. Fortunately,
there seems to be very little uncertaintyscf. Table VId in the
equilibrium bond angle of the water isotopologs. The
changes inue occuring upon using different rotational con-
stants and correction factors are minuscule, the data pre-
sented in Table VI suggest that we do knowue of water for
almost five significant digits.

VII. CONCLUSIONS

Equilibrium structures are fundamental entities in mo-
lecular sciences yet they are inferred from experimental data
by complicated procedures which often rely on several as-
sumptions, including the Born–Oppenheimer approximation.
Theory provides a direct route to equilibrium geometries. In
this paper, on the example of water, we have explored the
direct computational route to the various equilibrium struc-
tures of nonlinear polyelectronic and polyatomic systems. In
accordance with the well-established diatomic paradigms,104

three equilibrium structure types have been deduced, namely,
Born–Oppenheimersmass-independentd, adiabatic smass-
dependentd, and spectroscopicsnonadiabaticd structures. The
former two equilibrium structure types have a clear physical
meaning, they are based on the concept of potential-energy
surfaces. Spectroscopic equilibrium structures are less well
defined and they correspond to effective spectroscopic con-
stants, derived by fitting an effective Hamiltonian, preferably
that given by Watson,80 to appropriate regions of the rovibra-
tional spectrum of water and corrected for centrifugal and
perhaps electronic distortion effects.

It is shown that state-of-the-art electronic and nuclear
motion calculations, when allowance is made for their cou-
pling, are capable of producing equilibrium structures for
polyatomic systems somewhat more accurate than any of the
experimental/empirical procedures. In particular, the mass-
independentsBorn–Oppenheimerd equilibrium structure of
the ground electronic state of water is found to bere

BOsOHd
=0.957 82 Å andue

BOsHOHd=104.485°. The concept of
mass-independent equilibrium structures seems to be valid to
about 3310−5 Å and 0.02° for water. The adiabatic, i.e.,
mass-dependent, equilibrium structural parameters are
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re
ads16OHd=0.957 85 Å and ue

adsH16OHd=104.500° for
H2

16O and re
ads16ODd=0.957 83 Å and ue

adsD16ODd
=104.490° for D2

16O. It is believed that these equilibrium
structural parameters should be nearly exact both in the
Born–Oppenheimer and adiabatic limits, conservative error
limits are ±0.000 10 Å and ±0.010°.

Our fully ab initio adiabatic CVRQD PESs,42 incorpo-
rating equilibrium geometries some of which are reported
above, reproduce theJ=1 and 2 rotational term values of
four isotopologs of water with an average accuracy of
0.002 cm−1. A laborious adjustment of theab initio CVRQD
PESs, with equal weights for the low- and high-lying rovi-
brational states, results in only a minuscule improvement of
these rotational frequency predictions. Inclusion of linear
terms of the PES in the fitting, representing changes in the
equilibrium structure of water, resulted in divergent refine-
ment attempts. These observations indicate that refinements
of the presently available high-accuracyab initio adiabatic
PESs of water,42 even if the refinement would be geared
toward the lowest-lying levels, are unlikely to offer improve-
ments on the underlying adiabatic equilibrium structural pa-
rameters. Adiabatic effects are small for the structural param-
eters of water. Nonadiabatic effects seem to be larger than
the adiabatic ones for the structures of isotopologs of water.
Therefore, the inverse route to Born–Oppenheimer or adia-
batic equilibrium geometries is seriously compromised.

Another possibility for judging the computed adiabatic
equilibrium geometries and the CVRQD PESs is offered by
comparison of computed and experimental vibrationally av-
eraged rotational constants. Spectroscopic vibration-rotation
interaction constants, though apparently of very high preci-
sion, are somewhat phenomenological in nature and do not
correspond very closely to the vibration-rotation interaction
constants that can be obtained from a cubic force field rep-
resentation of the PES via VPT2. The sizable differences
between the bestab initio and the spectroscopicDA, DB, and
DC values call attention to the fact that the accuracy of semi-
spectroscopic equilibrium structures obtained through cor-
rections of spectroscopic rotational constants byab initio
vibration-rotation interaction constants might be compro-
mised, at least for small and light species.

The quality of our results suggests that more studies of a
similar nature are to be performed if really accurate values of
Born–Oppenheimer, adiabatic, and spectroscopic equilibrium
geometry parameters are needed. This recommendation is
based on the fact that while the indirect,ssemidempirical
route cannot eliminate all errors, the direct route, when fea-
sible, is successful: theory is now capable of determining
physically relevant adiabatic equilibrium structures, in the
present case those of water, more accurately than can be
meaningfully derived from available experimental data.
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