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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-qualigb initio semiglobal adiabatic potential-energy surféP&S of

the electronic ground state of water, reported by Polyaretksl. [Science299 539 (2003] 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 3x10°A and 0.02° for water. The mass-independdiorn—-Oppenheimer(BO)]
equilibrium bond length and bond angle on the ground electronic state PES of Wa@‘? is
=0.95782 A andﬁSO: 104.48°, respectively. The related mass-dependediabati¢ equilibrium

bond length and bond angle of,HO is rgd:O.957 85 A andegd: 104.5Q°, respectively, while

those of B0 arer?’=0.957 83 A and#®=104.49°. Pureab 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? for all isotopologs of water considered. Elaborate adjustment of the CVRQD PESs to
reproduce all observed rovibrational transitions to better than 0.0% @mthe lower ones to better

than 0.0035 crit) 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, especiallAfoand B,. The small residual
deviations in the effective rotational constants are due to centrifugal distortion, electronic, and
non-Born—-Oppenheimer effects. The spectroscapmnadiabatizequilibrium structural parameters

of H,'0, obtained from experimentally determinég and B rotational constants corrected
empirically to obtain equilibrium rotational constants, af&=0.957 77 A andd’=104.48°.
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I. INTRODUCTION mation defines the concept of an electronic potential-energy
(hypepsurface (PES.*® Potential-energy(hypepsurfaces,

. . . 1-3 -

g Thfh Born—Or:penhfelmeltBO) a(g)prloxlmat_loﬁ tl_ntro- dwhich in the standard approximation are mass-independent,

uces the separation of nuciear and €lectronic motions an F\Sre mathematically defined as total energies of species with
the single most important concept in our understanding o

almost all of molecular sciences, especially that of chemistryreSpeCt to their geometric variables responsible for the inter-
i hal motions. Adiabatic correctiohg’ to the BO-PES relax

This is due to the fact that the Born—Oppenheimer approxi- X ; )
the strict separation of electronic and nuclear degrees of free-
2 — dom, defining an adiabatiémass-dependentPES. Many
Electronic mail: csaszar@chem.elte.hu | | d . di d inel |
Ypermanent address: Institute of Applied Physics, Russian Academy of sc/nolecular processes an properties, discussed routinely, only

ence, Uljanov Street 46, Nizhnii Novgorod, Russia 603950. have meaning within the Born—Oppenheimer approximation
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TABLE |. Brief history of the mass-independent spectroscopic equilibrium petween the large number of observable structures and the
structure of water. Bond length,, in angstrom; bond anglé,, in degrees. equilibrium structure exi§€’18’33’34For example, one of the
best compromise when gas-phase electron diffradt&ED)

Year le O Comment - iy

and millimeterwavgMW) spectroscopy are used jointly for
1932 115 Ref. 23 structure refinement is a temperature-dependgatructure.
1945 0.958 104.45 Ref. 24 Due to the fact that the approximatédiatomic”) relation
1956 0.957g3) 104.525)  Ref. 22 re—ry=(3/2) au? holds reasonably well, wheeeis the usual
1961 0.95¢ 104.57 Ref.26 -~ Morse parametéf® and u is the vibrational amplitude of
1976 0.9575 104.51 Landolt-Bornstein, Ref. 27 .
1979 104.48 Ref. 28 the bond concerned, the difference between rthandr
1994 0.9578 104.48 Ref. 29 distance types, as well as betwe%r_land any vibrationally
1994 095788)  104.5479) Ref. 30 averaged fjlstance type, is su_bstant.lz.il, on the order of 0.0.1 A.
1997 0.957 67 104.482 Ref. 3ab initio PES To arrive at spectroscopic equilibrium structures an in-
1997 0.957 83 104.509 Ref. 31, fitted empirical PES ~ Verse, perturbative approach is widely emplo%.els part of
2003 0.957 82 104.499 Ref. 32, fitted PES of*fD this procedure the accurately measured ground vibrational

®Obtained from the fundamental frequencies of water assumed to be 530§,tat? eﬁgctlve rOFathnal constants are Co”e‘?ted P””‘?'Pa”y
1597, and 3742 ci and through the use of an equation derived by Denni- DY Vibration-rotation interaction constants of different origins

son[D. M. Dennison, Philos. Magl, 195(1926]. and orders, and equilibrium geometries are deduced from the

b ;
Based upon careful analysis of results due to Mecke and co-wofRers resulting equilibrium rotational constants. This inverse pro-
Mecke, Z. Phys81, 313(1933; W. Baumann and R. Mecke, Z. Phy&i, 9 €q ) P

445 (1933; K. Freudenberg and R. Mecke, Z. Phd, 465 (1933], Dar- cedure can be employed to falrly_ Iarge_molecules, see, e.g., a
ling and DennisolB. T. Darling and D. M. Dennison, Phys. Re7, 128 recent study on the 17-atom amino acid proﬁﬁ&leverthe-
(1940], and Nielsen[H. H. Nielsen, Phys. Rew59, 565 (194); H. H.  |ess, the ultimate accuracy of this route to equilibrium geom-
Nielsen, Phys. Re62, 422(1942]. . . . .

. . - etries, which starts from experimental observalflffective
Benedictet al. (Ref. 25 reported equilibrium structures not only fop150 . . .

but also for HD®O and D,*°0, after inclusion of electronic motion effects rotational constanisand corrects them with appropriate con-
into the moments of inertia. The, 8O structural parameters differ from the  stants, has proved to be, in some sense, insufficient, as di-
equilibrium structural parameters of ,]O by +0.0003 A and -0.049°. gtomic paradigms have showh 20

These differences are about an order of magnitude larger than those obtained h P
in the present studgcf. Table I\V). A direct, fully ab initio approach comes to the rescue. It

dkuchitsu and Bartell reported structural estimates fot°D, as well, with  Starts with first-principles computation of equilibrium geom-
re=0.95% A and 6,=104.43°. The results reported were obtained from the etries. The ultimate accuracy of this direct approach has so
_rotation_al constants of Benqdiet _aI. (Ref. 25 and the vibration-rotation far been realizec(see, e.qg. Refs. 19 and 38—}4me for
interaction constants determined in Ref. 26. . . . 4 .
“These values are based on ground-state rotational constants frorTeCookd'atom|C and few-electron matomﬂccases due to the in-
al. [R. L. Cook, F. C. De Lucia, and P. Helminger, J. Mol. Spectr68c62 ~ completeness of most presently applicable computational ap-
(1974] and on vibration-rotation interaction constants from Ref. 25. proaches. Nevertheless, with recent significant advances in
electronic structure theory and computer hardware, the goal
and for the resultingadiabati¢ PESs. The most important of of achieving high precision for mass-independéBbrn—
these is arguably the equilibrium structure, corresponding t®ppenheimeras well as mass-dependéatiiabatig¢ equilib-
the molecular configuration at the very bottom of a potentialium structures has become possible even for many-electron
well.**?2 The equilibrium structure is the subject of the systems, as shown here.
present study, employing water, a triatomic molecule of In the direct approach comparison with experiment is
highest relevance, as an example. For a brief historical redifficult, in fact, impossible if only the equilibrium structure
view of some of the most relevant determinatfon¥ of the  has been determineab initio. If the same level of theory
mass-independent, and, in cases, mass-dependent equilibas used to compute a PES, comparison between computed
rium structure of the water molecule see Table I. It is clearand experimental transition frequencies, most importantly ro-
that by the 1940s, when Herzberg published his influentiatational transitions on the ground vibrational state, becomes
epic on rovibrational spect?ﬁ,the structure of water was feasible. Another possibility for comparison between theory
known with remarkable precision. Nevertheless, the arduouand experiment is provided at the level of vibrationally av-
task of moving beyond this precision has proved to be noneraged spectroscopic quantities, determined here as the ap-
trivial even for such a small and simple triatomic molecule. propriate expectation values using variational vibrational
In an excellent review entitled “Determination of reli- wave functions. The direct approach is helped in the latter
able structures from rotational constants,Demaison and case by the fact that close-to-exact solution of the vibrational
co-workers set the standards as “reliable structiees] motion problem, especially for triatomic species, is straight-
structures with an uncertainty less than 0.2° for the angleforward to achievé?**Both approaches for comparison are
and 0.002 A for the distances.” This standard of accuracyursued in this paper. One must remember, nevertheless, that
seems to be at least one order of magnitude less than thkeory going beyond the diagonal Born—Oppenheimer cor-
expected precision of adiabatic equilibrium structures derection, i.e., consideration of non-BO effects, is still in its
duced from high-qualityab initio calculations. It is also well infancy and that the so-called experimental spectroscopic
known that there are intrinsic and sizable differences beeonstants are effective parameters, obtained through phe-
tween the equilibriunir,) structures and the experimentally nomenological approaches which parametrize the Hamil-
derived r,r e, Mg, Il €tC., structure$>'**%%sev-  tonian as flexibly as needed. The subtle relation between the
eral excellent summaries of the approximate relationshipspectroscopic and the Born-Oppenheimer and adiabatic
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TABLE II. Born—-Oppenheimer and adiabatic equilibrium structures of wa-
ter from ab initio electronic structure computations. Bond length) in
angstrom, bond angl@,) in degrees. The ICMRCI calculations are valence
only (freezing the % core orbital of Q. CBS=complete basis set.

Level of theory/correction le O Comment
aug-cc-pV5Z ICMRCI 0.95875 104.387 Ref. 42
aug-cc-pVéZ ICMRCI 0.95870 104.411 Ref. 42

CBS ICMRCI 0.95862 104.422 Ref. 42

Core correlation -0.00096 +0.134 Refs. 31 and 42
Relativistic Breit +0.00016 -0.074 Refs. 42, 55, and 56
Quantum electrodynamics <107 +0.003 Refs. 42 and 64

Best mass-independent

ab initio 0.95782 104.485 This work, Ref. 42
Adiabatic correction

(H,*0) +0.00003 +0.015 Ref. 42
Best mass-dependent

ab initio (H,%0) 0.95785 104.500 This work, Ref. 42

J. Chem. Phys. 122, 214305 (2005)

obtained without the intrinsicab initio determination of
highly accurate, mass-dependent equilibrium structures of
water. In this paper we provide a detailed analysis ofalur
initio results for the equilibrium structures of wat@rable

II). Water is probably the only polyatomic molecule besides
H;" for which adiabatic PESs of almost ultimate accuracy
are available.

[I. COMPUTATIONAL DETAILS

In this study the DOP1***where DOPI stands for dis-
crete variable representatidD), Hamiltonian in orthogonal
(O) coordinates, direct produ¢P) basis, iterativel) diago-
nalization, and the DVR3f} program suites, both employ-
ing a discrete variable representatidDVR) for all three
vibrational degrees of freedom, have been employed for the
determination of th&=0, 1, and 2 rovibrational energy lev-
els. Highly converged wave functions were obtained during

equilibrium structures is not completely clear, as also exemthe nuclear motion calculations, the rovibrational eigenval-

plified in this study.
In a recent publicatio‘ﬁ some of us presenteab initio

ues from the two programs, employing somewhat different
formalisms, agreed with each other to better thar? ton .

adiabatic PESs of the ground electronic state of water whicffhe relevant input files employed for running the more
yielded, for the first time for a polyatomic and polyelectronic widely utilized DVR3D program are provided in the Supple-

molecule, so-called spectroscopic accuracy, I'con aver-
age forall measured rovibrational levels of all isotopologs

mentary MaterialEPAPS, Ref. 118
The nuclear masses employed in the variational nuclear

considered. This remarkable precision could not have beemotion calculations are given in caption to Table Ill. For the

TABLE IIl. J=1 and 2 rotational term value§ ),

in cnt, for the ground vibrational states of water

isotopologs. 1 cm=2.997 924 5% 10* MHz. The ab initio CVRQD PESs are taken from Ref. 42. The fitted
PESs for B0, H,*’0, and H®0 are due to Shiriret al. (Ref. 79. The fitted PES used for J® is from

S. V. Shirin, N. F. Zobov, O. L. Polyansky, J. Tennyson, T. Parekunnel, and P. F. Bernath, J. Cheni2Bhys.
206 (2004). Nuclear masses, in u, used in the calculations and in the determination of the adiabatic correction

surfaces: m(H)=1.007 276, m(D)=2.013 553, m(*?0)=15.990 526, m(}’0)=16.994 742, and m(*?0)
=17.994 771.
H,*%0 H,Y0
CVRQD Fitted Expf CVRQD Fitted Expf
1o 23.795 23.794 23.7944 23.774 23.774 23.7735
1, 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
21 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
2,1 134.903 134.901 134.9016 134.146 134.145 134.1453
220 136.166 136.164 136.1639 135.432 135.431 135.4312
H,0 D,*%0
CVRQD Fitted Expf CVRQD Fitted Expf
1o, 23.756 23.755 23.7549 12.117 12.117 12.117
1, 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
210 78.991 78.989 78.9886 42.067 42.068 42.068
21 94.791 94.789 94.7886 49,337 49.338 49.338
2,1 133.478 133.476 133.4758 73.669 73.672 73.672
220 134.785 134.783 134.7830 74.135 74.137 74.137

“Reference 75.
PReference 76.
‘Reference 77.
9Reference 78.
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calculation of vibrationally averaged rotational constantslV. THE DIRECT COMPUTATIONAL ROUTE
atomic masses have been used. TO BORN-OPPENHEIMER AND ADIABATIC
EQUILIBRIUM STRUCTURES

lll. THE AB INITIO CVRQD POTENTIAL-ENERGY The direct route to the computation of accurate, con-
SURFACE OF WATER verged Born—Oppenheimer and adiabatic equilibrium struc-
The high-accuracy semiglobal adiabadtz initio ground ~ tures employs systematically improved levels of electronic
electronic state PESs of the water isotopologs, utilizedstructure theory. This is due to the fact that for polyelectronic
heavily in this study, were first described in Ref. 42. SinceSystems none of the limits afb initio electronic structure
few details are provided in that publication, the potentials ardheory’ can be reached without some sort of extrapolation
discussed here briefly, giving reference also to the codes endd approximation. As detailed in Sec. Ill, the ultimate mass-
ployed in their computation. Components of tiib initio  independent(Born-Oppenheimerequilibrium structure of
potential, denoted as CVRQD throughout this paper, werdvater, with an OH bond length aff°=0.95782 A and a
obtained as follows{a) the final PES is built upon aug- HOH bond angle offf°=104.48°, has been determin&d
mented correlation consistent polarized valenéezeta from alarge set of often expensia® initio electronic struc-
(aug-cc-p\KZ),*"*8 X=4, 5, and 6, valence-only internally {Uré computations, relymg in part on well-established ex-
contracted  multireference  configuration interactfon trapolation and approximation techniques. These computa-
(ICMRCI) calculations, extrapolated to the complete basidions result in a point-wise representation of the ground
set(CBS) limit, over a grid containing more than 350 points, €/éctronic state PES of water. Consequently, the Born—
employing the program packageaLPRo;5° (b) added to this Oppenheimer and adiabatic equilibrium structural parameters

is the core correlation correction surface of Partridge an’ the water isotopologs, reported throughout this paper,
Schwenk&" determined at a different set of points at the have 42been obtame(_j by interpolations emp!OV'F‘g_ fitted
averaged coupled pair functioRalACPP level employing PESS_" The us_e_qf this pro_ced_ure means tha_tt_3|?<-d|g|t accu-
the programMmoLPRO; (c) added to this is a relativistic cor- racy in theab initio determination of the equilibrium struc-

rection surface obtained by first-order perturbation theory agural parameters of the isotopologs of water cannot be ex-

. pected.
applied to the one-electron mass-veloc¢i¥V ) and one- and
two-electron Darwin termgMVD2),52-%8 calculated using The convergence of the valence-only ICMRCI treatment

the program packagescesi (Refs. 57 and 58 and Wlth respect to the one-particle ba§|s set expansion is rela
. ) tively fast (cf. Table I). Even more important for the pur-
DALTON,” supplemented by a correction obtained from the . -
. ) . . . I poses of the present study are the incremental contributions
inclusion of the Breit term in the electronic Hamiltonian and I ) .
. . . "to the equilibrium structure of water, also listed in Table II.
using four-component Dirac—Hartree—Fock wave functions e -~ . .
s 60,61 .~ “The significant contribution of core correlation to the equi-
utilizing the program packageeRTHA; "~ (d) added to this

_ i face duo o effects { ; ectrolrium structure of water is not at all surprisifig’® The
IS a correction ngrgc.e ue 1o efiects from quantum elecliozy 0 results of Martif obtained at a less complete level
dynamics(QED),”“"? in particular, the one-electron Lamb

. . . . of theory, seem to provide a slight underestimation of the
shift, determined by a simple scaling procedtffaind (e) core correlation effect for the bond length. Accuracy on the

fir!ally, adding to this the2 adiabatic correction surface ob-Order of 104A in r, can only be achieved if relativistic
tained at the MRCI level? It should also be noted that a

i X k : effects are taken into account. F&;, due to the more sub-
nonadiabatic correction was also employed in Ref. 42 f0iantia change in the electronic structure of water upon

the calculation of(ro)vibrational band origins, based on a penging, relativistic effects have more than half of the con-
two-term ngjustmgnt of the vibrational kinetic-energy yipytion of core correlation. This is in line with what has
opera.to?' employing parameters taken from a ground-peen opserved during computational investigations of the
breaking study by SchwenKé. _ barrier to linearity of wate?”"*"*Note also the opposite sign
Because of an often favorable error compensation byt the core correlation and relativistic contributions, resulting
tween incompleteness of the basis set and deficiencies in thg gn improved apparent accuracy of the valence-only treat-
treatment of electron correlation, as well as the use of apment. The adiabatic contribution, while almost negligible for
proximate Hamiltonian§>*®" lower-level electronic struc- the equilibrium bond length, is substantial for the bond
ture Computations often result in Surprisingly small errors fOfang'e_ Even Consideration Of quantum e|ectrodynamic ef-
a particular property. This useful practical approach is nofects, namely, the one-electron Lamb sfifhas a noticeable
pursued here as, instead, this study focuses on the convefontribution to the bond angle, in the sixth significant digit,
gence of electronic structure theory to obtain the best techat the border of the claimed precision of the present study. In
nically possible equilibrium geometries of the isotopologs ofsummary, the direct approach, though computationally ex-
water. Therefore, the large number of results from intermepensive, provides a way to obtain highly accurate Born—
diate levels of theory, a few of which are given in Table II, is Oppenheimer and adiabatic equilibrium structures in a con-
not utilized directly in this study. Note finally thab initio  trolled way.
computation of equilibrium geometries is a somewhat unbal-  Table IV summarizes the effects of isotopic substitution
anced proceduf&due to the almost complete cancellation of on the equilibrium structures of the water isotopologs. It is
two large terms of opposite sign, the approximate electroniclear from this table, and from Table Il as well, that the
and the possibly exact nuclear first derivatives, contributingconcept of mass-independef@orn—-Oppenheimeérequilib-
to the vanishing forces at equilibrium. rium structures seems to be valid for water to about
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TABLE IV. Isotopic effects, based on the CVRQD potential, on the equi- a5 estimates of the uncertainty in thk initio prediction of

librium structural parameters of water isotopologs. Bond lengths in andihe structural parameters of the water isotopologSa}aad-
strom, bond angles in degrees. The underlying mass-dependent equilibrium

structure of B0 is rA4°0H)=0.957 854 A andé?{H®OH)=104.500°, Jus_tment of the CVRQD PESs was performed with gqual
as given in Table Il. The geometry parameters obtained from the empiricaveights for low- and high-energy regions and thus the fit was
potential(see Ref. 79are the same as those given above within the claimedaffected very little by the lowest part of the PES; dbjl as
precision. It is basically meaningless to give further digits in the reportedpart of this work, direct inclusion of linear terms in the PES,
geometry parameters as they would not represent the undedyirigitio representing changes in the equilibrium structure of water,

values accurately due to loss of precision caused by the fitting of the DBOC . N . . .
Y P y g was tested with using a variety of spectroscopic data; the fits

suraces. all proved to be divergent. The latter statement holds not
Arg Ab, only for the adjustment of the CVRQD PESs but also for the
HT0 —106 10 best previous spectroscopic PES 051?@.3_2 Furtherm_ore,
Hzlso 10 1% note that many of theJ:_2 CVRQD and fitted vgnaﬂonal
Dzleo —0.000019 PP 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-

intuition, that the effect of H to D substitution is much larger UM Structures of water. To wit, 201 experimental levels for
than that accompanying tH§0 to 180 change. Note also € (0010,} (100, (010, and (00)) states of H™O, H, 'O,
that the intrinsic adiabatic contributions to theé®OH) and ~ @nd HO were included in a separate fit that resulted in a

r(*0D) equilibriumbond lengths are positiv@able 1)) and standard dey|at|on of. only Q.0035 ch Since no I|_near .
negative(Table IV), respectively, and on the order of FGA. t_errps were included in the fit, the related adlabatlc_ equi-
Therefore, this intrinsic adiabatic effect is about two ordergPTium _structural parameters are athﬁ same as in the
of magnitude smaller than the easily explicable substantiat YRQD PESs, nanlelyl,rsed( OH)jrefi OH):ZG (180H)
negativer,(OH) —ro(OD) change in the vibrationally aver- =0.957 805 A and G(H™OH)=Z(H""OH)= F{H™OH)
aged distance. :104'5(5. ; - - . .

Note, finally, that at the all-electron augmented correla- . Precision of theab |n|t|o.pred|ct|o_n of higher) transi-
tion consistent polarized core-valence quadruple fata- tions by the CVRQD PESs is exceptionally good, as well.
cc-pCVQ2 coupled cluster singles, doublestriples

[CCSOT)] level, which gains its usual very high v spECTROSCOPIC EQUILIBRIUM STRUCTURES
accuracy®’* from favorable error compensation, the opti-

3x10° A and 0.02°. It is also clear, and it reflects simple

mized structural parametersr,gozo.958 10 A and 020 Vibrationally averaged effective rotational constants are
=104.48°, deviate very little, 3<10* A and 0.0Q°, from  the principal structural results obtained from fitting of appro-
the ultimater2° and ¢2° of this study. priate effective rovibrational Hamiltoniaffs® to spectro-

Overall, we feel confident that thab initio structural scopic data. One can recover these effective constants from
parameters of water, based on the CVRQD PESs of Ref. 42heoretical rovibrational computations basically in two ways.
should be nearly exact in the Born—-Oppenheimer and adiaFhe traditional route goes through second-order vibrational
batic limits. perturbation theory(VPT2) formulas and the lowest-order
vibration-rotation interaction constantg, obtained from a
cubic force field expansion of the PEZ ! The difference
between the effective and the equilibrium rotational con-

As mentioned above, ultimately the accuracy of #ie  stants is approximated in this indirect route as a sum of
initio equilibrium structurés) of water can be probed most vibration-rotation interaction constants. The resulting spec-
directly and meaningfully by computing the observable rota-troscopic equilibrium structural parameters are denoted here
tional levels with the aid of the related PESs computed at theollectively asrz” and 62\, though, as detailed below, several
same level of theory. meaningful variants can be defined. Note that centrifugal dis-

The CVRQD adiabatic PESs reproduce excellently thetortion terms need to be considered before the experimental
lowest rotational levels for the isotopologs of water consid-rotational constants are converted into ground-state moments
ered, B'%0, H,Y0, H,0, and B®0. The levels corre- of inertia for structure analysf&:®> These corrected rota-
sponding to the rotational quantum numbérsl and 2 are tional constants are usually referred toAls B’, andC’. In
collected in Table Il and exemplify this statement. The the alternative, direct route one computes the effective rota-
=1 term values deviate from the experimentally determinedional constants as expectation values employing vibrational
oned> "8 by less than 0.001 cth The maximum deviation wave functions from converged variational nuclear motion
for the J=2 CVRQD term values is 0.003 ¢t The related calculations. It is important to emphasize that pure vibra-
mean and maximum deviations for the fitted potential of Reftional wave functions for triatomic molecules can be deter-
79, obtained through elaborate adjustment of the CVRQDnined with little numerical effort>*° Following the second
PESs to all observed rovibrational levels of several isotoroute provides thevibrational difference between effective
pologs of water to better than 0.05 chare very similar. and equilibrium rotational constants. This second, direct
The minuscule differences between the CVR@D initio  route is recommended for computation of vibrationally aver-
and the fitted rotational term values should not be regardedged rotational constants whenever its use is feasible. To

V. ROTATIONAL EIGENVALUES
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obtain effective rotational constants following the secondTABLE V. Effective ground-state rotational constarté, Ag, Bo By, Co
route one should use coordinates given in the Eckart systef!dCo in MH2), ground-state inertia defectay, in uA?), and differences

i . ffecti ibrati IH iltoni | dbetween effective and equilibrium rotational constant8, AB, andAC, in
or axes since eilective rovibrational Hamiltonians employe MHz), in the ground vibrational states of symmetric isotopologs of water.

during fitting of experimental spectra are derived thisi cnri=2.997 924 5% 10* MHz and h/8m2c=505 379 MHz u’. A%=I,
way.92'93 In this case the inertia tensbris not diagonal, and  -1,-1,, wherel,, a=a,b,c, is the appropriate moment of inertia. Atomic

the rotational constants are calculated by vibrational averagrasses have been employed in the calculations. Note that during the refine-
ing of the diagonal elements df. Consideration of the Mentof the H'°0 PES(*%0)=15.990726 u has been employed.

Coriolis contribution results in change in only one of the
rotational constant<C.** The significant difference between
the principal axes systeifiPAS) and Eckart coordinate sys- MeasuredspectroscopyRefs. 82-8p*"

tem vibrationally averaged rotational constants for watero 835839.9 825 367.32 462292.4

Isotopomer H%0 H,%0 D,%0

employing up to sextic force field representations of the PESY 835783.3
has recently been demonstrafédFirst-principles vibra- g? ﬁg gijg 43535381 217979.9
tionally averaged rotational constant results of this study, obé0 )78 133'3 976 950.50 145 303.3
tained in the coordinates in the Eckart system and by inclu-cz 978 446.9 ' '
sion of the Coriolis contribution, are given in Table V. A9 0.048 64 0.051 64 0.066 43
It is instructive to compare the vibrational corrections aa 14 960 4887
obtained from the direct variational approach to those comaB -2248 -809
puted from the indirect, traditional approach, based omcC -7165 -2698
VPT2. To facilitate this comparison we computed the VPT2Computed CVRQD PES(Ref. 4]
vibrational corrections to the ground-state rotational cono 835 390.0 824 928.7 462097.8
stants of B0 from the best, empirically adjusteb initio 24 144004 141622 5463.5
vibration-rotation interaction constants of Ref. 95, corre-50 4_3;28815i1 4_324232554 2_1;619;"7
spoqd|ng to a refined anharmom_c force fleld_and thus repre(-:o 278 699.4 277 502.6 145 436.5
senting an excellent set of physically meaningful constants~ 65431 _6494.4 24677
obtained through VPT2. These values as well as the spectrae 0.046 13 0.046 31 0.061 88
scopic results from Ref. 25 are also given in Table V. BycomputedFitted PES(Ref. 79]
comparing the spectroscopic and tie initio AA, AB, and A, 835 433.6 824 971.1 462 006.6
AC values, where, e.gAB stands for the difference between AA 14 444.0 14 204.5 5390.5
the vibrationally averaged and the equilibridgnvalues, it  Bo 434825.2 434 835.5 2179174
becomes clear that the spectroscopic vafuese much 4B —2286.0 —2272.7 -835.0
closer to the high-quality variational predictions of this studyCO 2787033 2775065 145438.0
than theab initio values derived from the vibration-rotation ~° ~6539.1 ~6490.5 ~2460.3
. . . | 0.046 13 0.046 31 0.061 87
interaction constants of Ref. 95. In fact, the largest dlscrepé‘c’)rnpute qVPT2 (Ref. 95]°
ancy between the spectrosccfﬁiand the preserdb initio 5 11 690
CVRQD values is 560 MHz foAA, while it is 3270 MHz  »g ~2700
between the spectroscopic and the perturbatioviBll2) ab  ac -7050
initio results. Note that for prototypical semirigid molecules, A} 0.046 31

for which therells at Iea_St tV\,IO order_s of magnitude differenceg ,» Bj, and C; values are only available for #fO. For the other isoto-
between vibration-rotation interaction constants of conseCusoiogs contributions from the centrifugal distortion terms have not been
tive order, the vibration-rotation interaction constants can beemoved, hindering direct comparison with the computed values.
computed straightforwardly from the vibrationally averagedehe AA, AB, andAC values reported correspond to vibration-rotation in-

) . . i ken from Ref. 25. The caldA, AB AC val
rotational constants of the lowest vibrational states. How-teracno'n constants taken from Ref. 25. The cald Ml AB, andAC values

- . A ) of Kuchitsu and Bartel(Ref. 26 are 10 500, —3300, and -7800 MHz for
ever, for water, for which the corresponding difference is les$4,1%0 and 4500, 1200, and -2700 MHz for10.
than tenfold, this procedure does not result in accuratévPT2=second-order vibrational perturbation theory. The underlying
lowest-order vibration-rotation interaction constants. vibration-rotation interaction constants correspond to Set Ill of Table IV of
. . ef. 95.

The computed and measured ground-state inertia defects
(Ag,) of the planar water molecule exemplify further the dif- 0.048 64 u&.2? The computed CVRQD and VPT2 values
ficulties in comparing measured and computed effective conare 0.046 13 and 0.046 31 dArespectively. At the same
stants(Table V). The inertia defect OA&:0.0SO 64 u&k cor-  time the underlying computed CVRQD and VPTA and
responds to rotation-vibration constants obtained in Ref. 25AC constants deviate from each other substantially. The
The inertia defect corresponding to one of the most recent s&VRQD AA and the VPT2AC constants are close to their
of effective ground-state rotational constdfitsis  respective spectroscopic counterparts while the remaining
0.050 92 u& (0.0515 u®& with the uncorrected rotational two constants disagree by as much as 10%-20%. Note that
constants If the rotation constants are not corrected for dis-for water the largest contribution lztog,, almost 90%, comes
tortion terms, the corresponding inertia defect isfrom AC. The sizable differences between the VPT2 and the
0.051 49 u&, in good agreement with the above number.variational CVRQDAA, AB, andAC values call attention to
However, if the rotation constants are corrected for distortiorthe fact that the accuracy of semispectroscopic equilibrium

terms, the inertia defect becomes substantially smallestructures, i.e., those obtained through corrections of experi-
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TABLE VI. Spectroscopic equilibrium structural parameters for two isotopologs of water obtained using dif-
ferent ground-state rotational constafdg andB), rotational constant correctiofdA and AB), and atomic

masses.

H,0 D,0
A, By AA, AB le O le O
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? Expt? 0.957 766 104.483

®Reference 82 for KI°0 and Ref. 85 for B'°0, see Table V for the numerical values. No correction for
centrifugal distortion effects is made in the case of th&°0 rotational constants, so they do not correspond to
A} and B{. Only the A, and B, combination is used here as these rotational constants are unaffected by the
Coriolis effect(for further discussion see Tables 13.10 and 13.18 of Ref. 36

PReference 25.

mental rotational constants bgb initio VPT2 vibration-  served transitions does not seem to hold promise in obtaining
rotation interaction constants, an approgzit’i‘ﬁ'97 gaining  significant changes in the values of the rotational constants.
popularity, might be compromised when high accuracy is  Next, let us investigate the effects due to the presence of
sought, on the order of I6A for bond lengths, for small electrons in the molecule. They can be approximated most
and light species. easily through changes in the masses of the nuclei, most

There are two plausible explanations for the small buimportantly that of H, in the nuclear motion calculations.
significant remaining discrepancies observed for the meafwo related comments. First, using atomic massiésm?
sured, the variationally computed, and the VPAR2B,, and  +ZPm, or scaled atomic massasn computations, whergy’

C, constants of Table V. The first one recalls that the specand Z? are the nuclear mass and atomic number of agm
troscopic constants, though apparently of very high precirespectively, andn, is the electronic mass, corresponds to
sion, are phenomenological in nature and incorporate severabsorbing some part of the nonadiabatic effect into the adia-
“small” effects. It is clearly demonstrated by the data ofbatic approximation. Second, atomic rather than nuclear
Table V thatAA, AB, andAC corrections computed from an masses are employed in the analysis of molecular spectra.
excellent cubic force field representation of the PES ofTable VI contains equilibrium distances and angles of water
water® are rather inaccurate. It is also clear that centrifugalsotopologs obtained from using either experimer{aland
distortion effects are extremely large in walef? The other B} or CVRQD ground-state effective rotational constants
explanation suggests that the remaining differences betweatorrected with the seemingly dependable CVRQD or experi-
the computed CVRQD and the spectroscopic ground-statmentalAA and AB constants(AA and AB constants do not
rotational constants are due to shortcomings of the theorgepend noticeably on whether nuclear or atomic masses were
related principally to three factors. First, though the CVRQDused during their evaluationThe results obtained show that
PESs are of very high accuracy, they are still not the ultimatehe use of experimental versus CVRQD constants changes
adiabatic PESs of water isotopologs and minor improvethe equilibrium structural parameters substantially:°0OH)
ments of the adiabatic potentials are feasible. Second, noy up to 0.000 24 A andly(H*°*OH) by up to 0.017°. The
account of the presence of electrons in the molecule is giverbest spectroscopic equilibrium structure of water ri§
coupling of the electronic angular momentum with the over-=0.957 77 A anddP=104.48°.

all rotation of the nuclear framewotkhas not been consid- As to electronic contributions related to the rotatiogal
ered and, consequently, no electronic contributions to the efactor>®**they are usually regarded to be small. This general
fective rotational constants have been computed. Third, itvisdom can be checked for water as it is one of the few
must be investigated whether nonadiabatic effétf§not  polyatomic systems for which the electronic effect has been
considered so far explicitly and the hardest to ascertain, hadenown for quite some tim8%1%  and the underlyin%i3 rota-

a noticeable contribution. tional g-tensor elements have been verified repeatedff*

To investigate the first possible theoretical shortcomingBased on the data in Refs. 100 and 101, the electronic
the latest semispectroscopic, fitted PES of wétkas been corrections to H®O(D,*%0) are as follows: A%
employed in the expectation value calculations with results=29491) MHz, A§'=16&42) MHz, and Ag'=99(26) MHz.
presented in Table V. The smallness of the adjustments to thEhe corrections are considerably smaller fos'® than for
lower part of the fullyab initio CVRQD PES is demon- H,0 since they basically scale linearly both with tge
strated repeatedly in this study by the excellent agreemeritictors and with the effective values of the rotational
between the CVRQD and the fitted effective rotational con-constants. This fact is partially responsible for the apparently
stant results. The maximum unsigned deviation is onlyhigher accuracy of the effective rotational constant
90 MHz (0.003 cm?), while the mean deviation is only on predictions of B'°0 as compared to $°0. These correc-
the order of 20 MHz. The small changes in the ground-stat¢ions, when added to the computed CVRQ% and B,
rotational constants are due to the slightly different form ofconstants, not affected by Coriolis effects, largely bridge
the wave functionsee Sec. Y. Therefore, further improve- the experimentatcomputational deviations. To wit, for
ment of theab initio PES of Ref. 42 through fitting to ob- H,*0(D,%0) the A, deviations decrease from

Downloaded 06 Jun 2005 to 157.181.193.177. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



214305-8 Csaszar et al. J. Chem. Phys. 122, 214305 (2005)

393195 to 99104 MHz, while the B, deviations decrease For the spectroscopic equilibrium bond lengths the trend for
from 21985) to 51(43) MHz. On the other hand, the elec- the XH species appears to be the same, for exartipf&:1%°
tronic correction increases the deviation between theS(*?CH)=1.11979 A versusSA(*°CD)=1.118 88 A. Nev-
measured and computed results 4. Note that correct- ertheless, forr:P one finds an opposite result for the OH
ing the rotational constants for electronic effectsradical™® rS(**OH)=0.969 63 A<rsA(*°0D)=0.969 68 A,
changesr(**OH/**0D) by -0.00024/-0.00009 A and i.e., the’®OD correction is +0.000 05 A. As Table VI shows,
6.(H*OH/D**0D) by -0.017/-0.000°. in waterrsA(®0D) <rSA*®OH) in all cases considered. This
In summary, none of the factors considered so far seerapparent discrepancy can be resolved by noting that the spec-
to be able to eliminate completely the gap between the varidroscopic data for OH and O[Ref. 11Q were determined in
tionally computed theoretical and the spectroscopic grounddifferent ways. New experimental work'**?and perhaps an
state rotational constants. Iterative refinement of the CVRQIaccurate computational determination of adiabatic correc-
ab initio PES through fitting to observed rovibrational levels tions tor, should help clarifying this issue. In summary, the
does not seem to be able to reduce the discrepancies betweggnadiabatic effect ong(**0OH) seems to be significant, as
computed and experimental rotational constants. Considegan be judged by comparingt4*°0OH)=0.957 85 A and
ation of the electronic effects does not make the discreparfzX("°OH)=0.957 77 A. No similar result can be derived for
cies between thab initio and the spectroscopic ground-stater«(**0D) as no corresponding experimensg and B rota-
rotational constants vanish though serves to reduce theffpnal constants are available to us.
substantially. Nevertheless, combination of these effects, es- The diatomic paradigms provide no estimate for the
pecially centrifugal distortion correction of the experimentaladiabatic equilibrium bond angle correction. Fortunately,
effective rotational constants and electronic effects on théhere seems to be very little uncertairity. Table V) in the
computed rotational constants, makes the apparent discrepquilibrium bond angle of the water isotopologs. The
ancies between the exceedingly high-quadty initio rota-  changes ind, occuring upon using different rotational con-
tional constant predictions and experiment comfortablystants and correction factors are minuscule, the data pre-
small. sented in Table VI suggest that we do knéwof water for
Finally, one must address the effect of almost five significant digits.
nonadiabaticity?*>%*~1%on the equilibrium structure of
water, thpugh at present time, apgrt fro'ng+l-ar.1d perhaps' VIl. CONCLUSIONS
water, this can be done only for diatomics with substantial
confidence. Equilibrium structures are fundamental entities in mo-
It has been shown for light diatomic hydrides, namely,lecular sciences yet they are inferred from experimental data
for LiH, BeH, BH, and CH (Refs. 38, 40, and 103hat the by complicated procedures which often rely on several as-
nonadiabatic effect, defined in a somewhat strange sense sgmptions, including the Born—Oppenheimer approximation.
the difference between the adiabatic equilibrium bond lengtiTheory provides a direct route to equilibrium geometries. In
and that obtained from spectroscopy, i.e., from the experithis paper, on the example of water, we have explored the
mental fitted effective molecular rotational constant, is sub-direct computational route to the various equilibrium struc-
stantial for the equilibrium bond lengths. In fact, for BH and tures of nonlinear polyelectronic and polyatomic systems. In
CH* the nonadiabatic correction is estimatet this way to  accordance with the well-established diatomic paradib%s,
be large and similar in magnitude, +0.00234 andthree equilibrium structure types have been deduced, namely,
+0.002 75 A, respectively, while the well-defined adiabaticBorn—-Oppenheimer(mass-independent adiabatic (mass-
corrections appear to be considerably smaller, on the order afependent and spectroscopigonadiabatit structures. The
+0.000 65 A. For the heavier hydrides the nonadiabatic disformer two equilibrium structure types have a clear physical
tance correction seems to decrease in magnitude, e.g., fareaning, they are based on the concept of potential-energy
NH it is estimated to be less than 0.000 7d%Nevertheless, surfaces. Spectroscopic equilibrium structures are less well
as widely appreciated, the adiabatic correction decreases juséfined and they correspond to effective spectroscopic con-
as fast or faster, for NH the adiabatic correction r@f‘? is  stants, derived by fitting an effective Hamiltonian, preferably
estimated to be +0.000 27 R Thus, based on the results on that given by Watsofi° to appropriate regions of the rovibra-
these diatomic paradigms one can assume that the adiabational spectrum of water and corrected for centrifugal and
[diagonal Born—Oppenheimer correctiof@BOC)] effect is  perhaps electronic distortion effects.
small forr, of the diatomic radical OH and similarly inJ@. It is shown that state-of-the-art electronic and nuclear
This is supported by the results in Table Il, where the adiamotion calculations, when allowance is made for their cou-
batic correction forr, of H,'%0(D,0) is only +0.00003 pling, are capable of producing equilibrium structures for
(+0.000 02 A. polyatomic systems somewhat more accurate than any of the
One somewhat striking result fog(OH) of water must  experimental/empirical procedures. In particular, the mass-
be mentioned. For the paidéH/XD, with X=Be, B, C, and independent(Born—Oppenheimerequilibrium structure of
N, it has been clearly established th#(XH) >r3%XD).***°  the ground electronic state of water is found torf8(OH)
For example, r®{*CH)=1.11806 A and r®{*°CD) =0.95782 A and (E°(HOH)=104.485°. The concept of
=1.11792 A1® whereas rE°(*°CH) appears to €  mass-independent equilibrium structures seems to be valid to
1.117 77 A. The present calculations support this trend, irabout 3< 10° A and 0.02° for water. The adiabatic, i.e.,
waterr{*®0H)=0.957 85 A versus?(*®0D)=0.957 83 A. mass-dependent, equilibrium structural parameters are
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