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We report rearrangement mechanisms and new stationary points for the water tetramer and deduce
the associated tunneling splitting patterns and nuclear spin weights when different processes are
assumed to be feasible. The basis sets employed faltheitio calculations are double-zeta plus
polarization(DZP) and DZP with additional diffuse function®ZP+diff), and results have been
obtained within both the Hartree—Fo@dF) and density functional theory frameworks employing

the Becke exchange and the Lee—Yang—Parr correlation functigBaP). The results are
compared with those found for a relatively sophisticated empirical rigid-body intermolecular
potential. One direct degenerate rearrangement of the cyclic global minimum was characterized in
the HF calculations, but disappears when density functional theory is applied. The latter mechanism
involves a larger barrier than pathways mediated by higher index saddle points belonging to the
torsional space. In principle, doublet splittings could result from tunneling via a number of possible
routes, and further calculations will be needed to elucidate the dynamics for this systet®970
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I. INTRODUCTION intrinsic flips which accompany the bifurcatidnin each
case, the bifurcation mechanism is predicted to produce ad-
Far-infrared vibration-rotation tunnelingFIR-VRT)  ditional closely spaced quartet splittings.
spectroscopy* has recently led to a flurry of experimental Further analysis of the trimer spectrum suggested that
and theoretical investigations of small water clusters. For theéhe bifurcation mechanism is indeed responsible for the quar-
water, trimer experiment and theory are generally in goodet splittings® In the most recent work, further study of the
agreement. Experimenit$ reveal the facile nature of the 87.1 cni® band for (H,0); has revealed that some of the
single “flip” rearrangement for the cyclic global minimum, quartets are further split into doublets, and has provided an
which leads to tunneling splittings of order 10chin  assignment for each lin€.The latter work includes a rigor-
(H,O); and a vibrationally averaged symmetric top spectrumgous derivation of a Hamiltonian for the constrained three-
Much smaller regularly spaced quartet splittings of each linelimensional torsional space of the free hydrogens and pro-
are found at high resolution. To explain such tunneling split-vides explicit expressions for the effective moments of
tings, theory must characterize the underlying rearrangemeiriertia and for the Coriolis coupling operator between the
mechanisms, and in the present work we focus upon reainternal and overall rotation's. The results indicate that the
rangements of the water tetramer. We will first provide agenerator for the bifurcation mechanism must contain the
brief overview of recent results for the water trimer and pen-inversion operation, and are consistent with our recent sys-
tamer, as far as they are relevant to the present study. Furthgsmatic study of the bifurcation pathways, which revealed
details and references can be found in our recent accounts tifat the three generators associated with only regular quartet
rearrangement mechanisms in the water trimend  splittings all contain the inversiohSingle flip and bifurca-
pentamer® tion mechanisms have also been reported for the water
Pugliano and Saykally originally suggested three pentamer1®
mechanisms to account for the observed tunneling splittings There have been a number of calculations aimed at fur-
in the trimer. The first of these was the single flip processther characterization of the dynamics of the water trimer,
previously characterized by Owickit al!! for an empirical  including the derivation of a rigorous Hamiltonigrand cal-
potential. Anab initio pathway for this process was subse- culations of torsional potential energy surfaces and vibra-
quently reported by Wale€,and the transition state was also tional wave function$®-2? Diffusion Monte Carlo(DMC)
found by Fowler and Schaefét.Wales characterized two calculations have also been performed to calculate vibra-
other relatively low energy rearrangements for the trimer; thedionally averaged rotational constants and to estimate tunnel-
first resembles the “donor tunneling” rearrangement of wa-ing splittings?*?* The DMC approach enables all the inter-
ter dimef* and involves a transition state with a bifurcated molecular degrees of freedom to be included, but difficulties
geometry where one water molecule acts as a double donarise for the tunneling splitting calculations in finding a suit-
and another as a double acceptor. This mechanism is therable empirical potential which reproduces the correct mecha-
fore referred to as “donor” or “bifurcation” tunneling. nisms and in positioning the nodal surface for the excited
Fowler and Schaefttalso located the corresponding transi- vibrational wave functions. Nevertheless, agreement with
tion state in their study, and in a recent systematic treatmerdbserved rotational constants is good, and tunneling split-
we have found that there are six possible distinct degeneratings also seem to be generally reasonable, although direct
rearrangements of this type, depending upon the number @omparison with experiment is not possible. For the water
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pentamer, both DMC calculatioffsand a simple perturba- is added to each hydrogen atom and diffssand p func-
tion treatment predict observable splittings for the flip whichtions with exponents 0.0823 and 0.0651, respectively, are
probably lie outside the range scanned experimentally tadded to each oxygen atom. Previous work suggests that
date® The estimated splittings probably agree within theDFT may be capable of producing results comparable to
rather Iarge error bounds for these difficult calculations. Hartree—Fock/MP2 Ca|cu|atio??g?3when basis sets of simi-
The water tetramer is expected to behave rather differtar quality are employed, and may be subject to less basis set
ently from both the trimer and the pentamer. The globalsyperposition errdf (BSSE. There is also evidengewhich
minima of the latter systems have cyclic odd-memberedy,ggests that inclusion of diffuse functions in the basis set
rings, where two neighboring free hydrogen atoms must lig.an hep to reduce the BSSE. Geometry optimizations on the

on the same side. These clusters are therefore frustrated, aegunterpoise-corrected surfaces were deemed too computa-

this is rgflec.ted in the existence of a low energy single ﬂ'ptionally expensivé® and unnecessary for the present pur-
mechanism in each case. For the water tetramer, on the oth

[ .
) o . oses. In the present DFT calculations, we used the Becke
hand, the cyclic global minimum is not frustrated, and the8 P

) . . nonlocal exchange functiorfaland the Lee—Yang—Parr cor-
single flip process does not constitute a degenerate rearrange-

ment. Experimentallg®?” doublet splittings of order elation function?8 (referred to collectively as BLYP The
10~ cm L have been reported féD,0), and the object of CADPAC packag@ \{va{s u§ed to calculate all the de_rlvatlves,
the present article is to seek a mechanistic explanation fg#"d 9eometry optimization and L)Oathway calculations were
this observation. Although DMC calculations have revealedP€formed with our programpTiv.™ Numerical integration
a splitting for one empirical potentiat,the interpretation of ~Of the BLYP functionals was performed on a grid between
this result does not seem to be straightforward, as discussé@e CADPAC “MEDIUM” and “HIGH” options containing a
in Sec. IV. maximum of 130 000 points after removal of those with den-
We first discuss the results of geometry optimizationssities below the preset tolerances.
and calculations of rearrangement pathways for two basis Further details of the geometry optimizations and path-
sets using both Hartree—Fock and density functional theoryvay calculations can be found elsewhéteThe optimiza-
approaches. Schuet al?® have previously reported exten- tions were deemed to be converged when the rms gradient
sive ab initio calculations within the torsional space of the fell below 10 ¢ atomic units* ensuring that the largest
tetramer, including unrestricted geometry optimizations with“zero” frequencies of the stationary points were generally
aug-cc-pVDZP basis séfsand second order Mier—Plesset less than 0.5 cmt for the HF optimizations. Since deriva-
(MP2) correlation corrections. Our results are in good agreetives of the grid weights were not included in the DFT cal-
ment with the latter study except for one high lying station-culations the zero frequencies can be as large as 20 fon
ary point. However, we have also found a number of addithese stationary points for the same convergence limit. It
tional stationary points involving bifurcated molecules, was, in fact, necessary to include the grid weight derivatives
including true transition states. We report extensive pathway g use theADPAC HIGH accuracy integration grids to char-

calculations, harmonic vibrational intensities, counterpoise,ierize thuuud)minimum and the associatéddup)tran-

0 . B .
corrected” interaction energies, and analyze the effectivegjion state in the DZPdiff/BLYP calculations. At this level

molecular symmetry groups and tunneling splitting patterns,; theory, the two stationary points are very similar indeed,
expected when various mechanisms are considered to be fe

; o ; Adicating thauuud)has only marginal stability in this case.
sible. We also compare theh initio results with those ob- ng ( ) y 9 Y

. : . - . We estimat®’ that the errors in the BLYP energies due to the
tained for a relatively sophisticated rigid monomer intermo-

Al ; =1
lecular potential which should be similar to that employed bynumvflr(':il;c;e%rzgor;fuzif doir?édgt};{)g;rtﬁg S(ng:na) .rigi d

Gregory and Clary in their DMC calculatioR®.The inter- i : , n e
monomer intermolecular potential of the anisotropic site po-

molecular potential does not support the only direct degen-""" X o X
erate rearrangement that we have found for the tetramer gld€ntial (ASP) form due to Millot and Stoné&’ The particular

bal minimum: in fact, this mechanism also disappears wher@arametrization differs from the original version in the dis-
density functional theory is used. The topology of the HFPersion terms, the induction damping, and the inclusion of
potential energy surfacéPES differs systematically from charge transfer—precise details of this complex functional

the density functional theor¢DFT) and empirical surfaces, form will be omitted here. Our results are for ASP-W2,
as described in the f0||owing sections. which includes distributed muItipoIé"Sup to rank 2 to de-

scribe the charge distribution. The first order induction en-

ergy without iteration was used, since the results obtained for
Il. STATIONARY POINTS FOR THE WATER this potential for the water pentamer with and without itera-
TETRAMER tion were very similatt® and iterating the induced moments

Two basis sets were employed in the presamtiniio 0 convergence is quite time consuming. We note that an
calculations, namely double-zétaplus polarization(DzP), ~ ASP potential produced the best results for tunneling split-
with polarization functions consisting of a single setpf tings of the water dimer in previous wotk All the calcula-
orbitals on each hydrogei@exponent 1.)) and a single set of tions involving the ASP-W2 potential were performed with
six d orbitals on each oxygen(exponent 0.8 and our programorIENT3*

DzP+diff where a diffuses function with exponent 0.0441 Stationary points from the torsional space, i.e., those
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TABLE |. Total energieghartree of the water tetramer stationary points found in this study with the ASP-W?2
intermolecular potential and at various levelsatif initio theory. The Hessian indethe number of negative
Hessian eigenvalugss given in square brackets. Blank entries indicate that the corresponding optimization was
not attempted.

Minimum ASP-W2 DZP/HF DZPR-diff/HF DZP/BLYP DZP+diff/BLYP
{udud S, —0.034 935 0] —304.229 75[0] —304.23947[0] -—305.7601(0] —305.788 2§0]
{uudd C; —0.033 733 fi0] —304.228 23f0] —304.238110] -—305.757 760] —305.786 280]
{uuug C,  —0.031903 [l0] —{udud —305.754 0P0] —{udud

{uuug C,  —0.029 815 £0] —{udud —305.757 400] —305.786 1€0]
{udug C;, —0.033170 1] —{uudp} —305.757 181] —305.786 1¢1]

{uupd C,  —0.032615[1] —304.22800RL] —304.237 98Kl] —305.756 281] —305.785 381]
{uudg C, —0.032596 B1] —304.22801f1] —304.23798F1] —305.756 301] —305.785 301]

{uuug C, —0.031673 [1] —{uudpg —{uuud
{updgd C, —0.031726 ] —304.22787[R] —304.23782[] —305.755262] —305.784 6§2]
{udpg C, —0.031614 2] —304.227 95f2] —304.237 98[P] —{udug
{upug C,  —0.031 450 [2] —{upud —{uuud
{uupg C,  —0.030 596 §2] —{updg —305.752 9[2] —305.783 172]
{uppg C;,  —0.029 815 #3] —{udppg —{uudp}
ipppg C4n —0.027 673 B4] —304.226 38p4] —304.236 80p4] —305.749 2p4]  —305.781 2p4]
{uubd C; —0.031 638 81] —{udbd —305.750 561] —305.780 3[1]

{udbg C, —0.032262pl] —304.22548Fl] —304.23541F1] —305.7518P1] —305.781171]
{bpbg C,, —0.032746 §2] —304.22238f2] —304.232 44F2] —305.7459f2] —305.776 1§2]
{bbpg C,  —0.027 691 73] —304.21981/8] —304.22996[2] —305.74158] —305.772 58]
{bbbg C.  —0.025440 B4] —304.21459B3] —304.2247913]  >100 steps

{bbb S,  —0.020426 B4] —304.207 20p4] —304.217 49p4] —305.725084] —305.756 284]
{bbbl C,, —0.020 064 5] —304.206 97[5] —304.217 32f5] —305.724185] —305.756 1(5]

tslCy —0.031542 91] >100 steps —304.229 66[11] —{uupd —{uupd
ts2C, —0.027 967 1] —304.217 88pl] —304.22954(1] —305.7423p1] —305.771651]
ts3C;y —0.032 987 11] >100 steps >100 steps

ts4C, —0.028 613 1] —304.217 395l] —304.229 76Bl] —305.74191] >50 steps
ts5C, —0.030 842 1] —{udbd

ts6 C, —0.031 818 1] >100 steps

which can be represented principally in terms of hydrogercounterpoise-correctétinteraction energies, are collected in
atom flips, were constructed following Sahwet al?® Our  Table II, and further parameters and vibrational frequencies
results agree with the conclusions of the latter authors, in thaif the (udud) minimum are given in Tables Il and Tables
no true transition state for a direct degenerate rearrangemehit, for comparison with previous work. The harmonic fre-
of the global minimum was found in this set of structurgs. quencies of the other stationary points are omitted for
degenerate rearrangement is one in which the two minimarevity*® Xanthea®® has recently emphasized the impor-
differ only by permutations of atoms of the same elem#&ht. tance of including monomer relaxation in the counterpoise
Here we adopt Murrell and Laidler’s definition of a true tran- correction, but found that the effect was rather small for the
sition state as a stationary point with a single negative Heswater dimer. We have calculated the counterpoise-corrected
sian eigenvalu&’ We therefore searched for further transi- interaction energies both with and without monomer relax-
tion states outside the torsional space, particularly imation and generally find differences of only around 0.5 mh.
structures containing bifurcated water molecules. The total'he tabulated values include the monomer relaxation.
energies of all the resulting stationary points are summarized The firstab initio calculations to consider the cyclic tet-
in Table I. Here we have used the helpful notation introducedamer were probably those by Del Bene and PSpand
by Schiz et al!® where the water monomers in a cyclic Lentz and Scherag&. The report of simulations by Briant
structure are identified according to whether the frenhy-  and Burtori? using a pair potential does not include any
drogen bondedhydrogen is “up,” “down,” or “planar,” structural results, but the stability of the cyclic structure was
which we labelu, d, and p, respectively. In the present noted by Kistenmacheet al>® in their efforts to develop an
work, we will identify bifurcated water molecules as'”’ intermolecular pair potential based upab initio calcula-
The cyclic global minimum may therefore be denoted astions. Owicki et al!! found nine local minima for the tet-
(udud).The order of the molecules in brackets can be used toamer with their empirical potential using electrons and nu-
distinguish different isomers; the convention is that hydrogerclei (EPEN potential, but a tetrahedral structure was found
bond donation proceeds from left to right within the brack-to lie below the(udud)minimum. Kim et al>* compared the
ets. Curly brackets are used to denote the set of permutdatter results with those obtained from their Matsuoba—
tional isomers based upon a particular structure. All the sta€lementi—YoshimindMCY) potential and a nhew parametri-
tionary points are illustrated in Fig. 1. zation including three- and four-body terms. In this case, the
Properties of selected stationary points including(udud)minimum was found to lie lowest, in agreement with
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results obtained by Vernoet al> who considered four al- SchraleP’ employed a reparametrized version of the EPEN
ternative empirical potentials. Koehlet al>® exploited the  potential QPEN/B2, and reported 12 local minima with the
S, symmetry of the(udud) structure to perform geometry (udud) structure lying lowest. Honegger and Leutwyfer
optimizations up to the 6-31G/MP3 level, and analyzed performed full geometry optimizations up to the 6-318F
the cooperative nature of the intermolecular forceslevel, with the principal aim of performing normal coordi-

(uuud) (udup) (uupd)

(uuup) (updp)

(udpp) (upup) (uupp)

(uppp) (pppp) (uubd)

(bbpp)

FIG. 1. Stationary points found for the water tetramer in the present work. See also Table I. These graphics were produced using M&béma8tisith

the hydrogen bonds specified by a distance cut off. Where the same structure exists at different levels of theory, the geometries are generally indistinguishable
by eye. However, the transition states denoted by the lbehanged significantly between reoptimizations; we have chosen to illustrate the ASP-W2
structures in each case.

J. Chem. Phys., Vol. 106, No. 17, 1 May 1997



D. J. Wales and T. R. Walsh: Theoretical study of (H,O),

(bbbp)

(bbbb) S,

FIG. 1. (Continued)

7197

nate analysis and studying frequency shifts. They argued thatsai and Jorda have characterized a number of minima
this level of theory should give a reasonably good descripand transition states fofH,O), using TIP3P and TIP4P
tion of the structure and vibrations. Herndon andpotentials$®® Xantheas and Dunnifiyand Xanthea¥ have
Radhakrishnan reached similar conclusidhs. performed full geometry optimizations for ti{@dud) mini-

A systematic search for the global minimum of the MCY mum in the aug-cc-pVDZ bagi$using Hartree—Fock and
potential by Pillardyet al®° succeeded in finding th@idud)  density functional theory, respectively. Our DEZBiff/HF
minimum. Bertagnolfit has speculated about the signifi- and DZP+diff/BLYP frequencies and infrared absorption in-
cance of this structure for the behavior of bulk water, whiletensities are compared with their results in Table IV. The

TABLE II. Counterpoise-corrected binding energies including monomer relax&ion and properties of
various water tetramer stationary points calculated at the-B#ffHF (DZP-+diff/BLYP) levels of theory u
is the magnitude of the dipole moment in debye. The results for the DZP basis are omitted for brevity.

Minimum Binding energy Rotational constants/GHz )
{udud S, 36.0 (51.9 3.3113.3111.687 (3.6743.6741.867 0.00 (0.00
{uudd C; 34.8 (49.5 3.310 3.271 1.658  (3.666 3.627 1.849  0.00 (0.00
{uuud C, (49.1 (3.718 3.582 1.857 (2.13
{uupd C; 34.8 (48.9 3.3333.246 1.665 (3.7953.494 1841 0.94 (1.38
{uudpg C; 34.8 (48.7 3.3393.241 1.663 (3.792 3.498 1.840  0.98 (1.3
{updp C; 34.7 (48.2 3.438 3.149 1.653  (3.9433.3691.833 0.00 (0.00
{udppg C; 34.8 3.297 3.282 1.668 0.92

{uuppg C; (46.5 (3.616 3.606 1.819 (3.30
{ppp@ Can 334 (45.7) 3.2703.2701.635 (3.5853.5851.793  0.00 (0.00
{udbd C; 324 (44.4 3.448 3.081 1.645 (3.611 3.485 1.799 1.13 (0.9)
{bpbg C,; 30.0 (39.9 3.6852.846 1.629 (3.6303.2811.791  0.00 (0.00
{bbpg C¢ 27.8 (36.3 3.300 2.922 1.571  (3.536 3.119 1.682 212 (1.95
{bbbg Cg 23.0 3.169 2.745 1.500 145

{bbbl} S, 16.1 (20.8 2724 2.724 1.450 (2.829 2.829 1.492  0.00 (0.00
{bbbl} C,4y, 16.1 (20.5 2.695 2.695 1.380 (2.803 2.803 1.438  0.00 (0.00
ts1Cy 27.1 4332 1.861 1.584 (3.796 3.493 1.841 1.83 (1.37
ts2C, 27.0 (36.4 4527 1.790 1.513  (6.8751.4741.226 2.94 (1.02
ts4 Cy 27.2 4.664 1.713 1.454 3.41
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TABLE Ill. Comparison of parameters obtained for tfiedud) global minimum. Distances are in A and
equilibrium rotational constant#y, B, C in GHz. The dipole moment always vanishes due to symmetry. I:
present work, DZR-diff/HF; Il present work, DZP-diff/BLYP; Ill: Ref. 58, 6-31G/HF; IV: Ref. 56,

6-31G™ /HF; V: Ref. 64, aug-cc-pVDZ/HF; VI: Ref. 64, aug-cc-pVDZ/MP2; VII: Ref. 32, aug-cc-pVDZ/
BLYP; VIII: Ref. 67, large Gaussian basis with a gradient-corrected exchange-correlation functional; IX: Ref.
65, plane wave basis with a gradient-corrected exchange-correlation functional. The optimized parameters
obtained at the aug-cc-pVDZ/MP2 level in Ref. 28 agree with the equivalent calculations in Ref. 64. Ranges of
values are reported in Refs. 65 and 67, presumably due to incomplete geometry optimization—the average
values are given below.

I Il 11l \ \% \! \ii Vil IX
O---0 2.857 2.711 2.825 2.831 2.880 2.743 2.743 2.734 2.668
O-H--0 0.955 1.006 0.960 0.955 0.953 0.985 1.000 0.998
Free O-H 0.944 0.976 0.947 0.944 0.965 0.973 0.971

(udud) global minimum was also located in DFT calcula- ancy arising for the relatively unimportant high energy
tions by Laasoneret al,®® Lee et al,®® and Estrinetal®”  (uuuu) structure. We located &, symmetry (uuuu) mini-

The contribution of many-body terms to the bonding in thismum with the ASP-W?2 potential, but this structure collapsed
cluster has been further analyzed by Xantté&as. when it was used as the starting point for DZP/HF and

The most extensive previow initio survey of the tet- DZP+diff BLYP optimizations. Table | indicates that the

ramer PES is clearly that of Sctziet al.?® who explored the  ASP-W2 surface probably contains more stationary points
torsional space of cyclic structures. Within this space, outhan any of theab initio surfaces, which seems to be a com-
results are in good agreement with theirs, the only discrepmon observation for empirical potentials. Moreover, the

TABLE |V. Comparison of calculated harmonic frequencies in~énfor the cyclic global minimum of

(H,0), with previousab initio results. Intensities in km molé are given in brackets. The present DZP results

are omitted for brevity. |: present work, DZ2RIiff/HF; 1l: present work, DZP-diff/BLYP; Ill: Ref. 58,
6-31G*/HF; IV: Ref. 64, aug-cc-pVDZ/HF; V: Ref. 64, aug-cc-pVDZ/MP2; VI: Ref. 32, aug-cc-pVDZ/BLYP.

VII: Ref. 67, large Gaussian basis with a gradient-corrected exchange-correlation functional. Note that the
quality of the geometry optimization can be assessed to some extent by the accuracy of the degeneracy in the
states ofE symmetry.

[ [ i Y v, VI Vil
490) 61(0) 44(0) 51(0) 52 500)
77(3) 1033) 67(3) 792) 90 892)
180(0) 220(0) 162(82) 200(46) 210 2210)
181(105) 247(58) 1690) 211(0) 223 23124)
1992) 264(11) 187(16) 237(61) 248 254125
1992) 264(11) 187(16) 23759 248 25566)
209(1) 2823) 198214 255(197) 259 266145
214(256) 293272 198214 255199 259 268167
214(256) 293272 1991) 261(0) 264 27742)
266(0) 3420) 2430) 291(0) 297 2841)
360(0) 4430) 34000) 4030) 413 4220)
37823 484(19) 35721) 43521) 451 46221)
411(42) 500(50) 38530) 451(40) 464 46523
411(42) 500(50) 38530) 451(39) 464 46621)
718(459 837240 660(320 754171 756 756130
727(296) 903200 684(225) 826(166) 836 856161)
727(299) 903200 684(225 826(166) 836 8594165
8880) 10800) 834(0) 996(0) 1005 104%0)
1768126 1589106) 1856 176899) 163781) 1583 161%89)
1774137 160849 1856 1769103 165347) 1601 163041)
17980) 160849 1856 1769103 165347) 1601 163242)
39630) 16480) 1873 17890) 16830) 1632 16600)
4008824) 30830) 3855 39360) 33910 3111 31246)
4008824 32101857 3915 3986756) 34841349 3226 32381554
40298) 32101857 3915 3986756) 34841349 3226 32451549
4237154 326017) 3943 40049) 352220) 3269 328655)
4239185 374860) 4143 4208135 3886102 3723 372031)
4234185 374870) 4143 4204169 3887126 3724 372141)
42390) 374870) 4143 4204169 3887126 3724 372836)
42390) 37490) 4144 420%0) 38870) 3724 372840

J. Chem. Phys., Vol. 106, No. 17, 1 May 1997



D. J. Wales and T. R. Walsh: Theoretical study of (H,0), 7199

TABLE V. Rearrangement mechanisms mediated by true transition statels),. The energies are relative
to the (udud) global minimum rounded to the nearest thwithout zero point corrections. Mjnis the lower
minimum, A, is the higher barrier, ts is the transition state, andis the smaller barrier corresponding to the
higher minimum Min. S is the path length in bohD is the displacement between minima in bohr, gnd
the cooperativity index. All these quantities are defined in Sec. Ill.

Min, Aq ts A, Min, S D y Description
DZP/HF
(udud) 382 (uudp) 49 (dduu) 4.8 3.4 3.1 double flig2a
(udud) 385 (uupd) 52 (uudd) 5.3 34 3.1 double flig2b)
(udud) 937 (udbd) 937 (udud) 11.0 4.3 5.1  bifurcatiofflip (2¢)
DZP+diff/HF
(udud) 327 (uudp) 29 (uudd) 4.4 3.3 3.1 double flig2a
(udud) 327 (uupd) 29 (uudd) 4.9 3.3 3.1 double flig2b)
(udud) 891 (udbd) 891 (udud) 10.6 4.3 5.1 bifurcationflip (20
DZP/BLYP
(udud) 645 (udup) 49 (uduu) 3.3 2.3 5.0 single flig2d)
(uudd) 320 (uudp) 242 (uudu) 3.9 25 4.9 single flig2e
(uudd) 325 (uupd) 247 (uuud) 3.8 25 4.9 single flig2f)
(udud) 1806 (udbd) 1211 (uddd) 11.0 4.3 5.1 bifurcatiori2g)
(uudd) 1577 (uubd) 1450 (uuud) 8.2 4.1 5.3  bifurcatiori2h)
DZP+diff/BLYP
(udud) 448 (udup) 0.6 (uduu) 2.3 17 5.1 single flig2d)
(uudd) 195 (uudp) 176 (uudu) 3.9 2.7 4.1 single flig2e
(uudd) 200 (uupd) 178 (uuud) 4.0 2.7 4.0 single flig2f)
(udud) 1545 (udbd) 1099 (uddd) 10.4 4.3 5.3 bifurcatiori2g)
(uudd) 1309 (uubd) 1288 (uuud) 8.8 4.3 4.9  bifurcatiori2h)
ASP-W2

(udud) 387 (udup) 85 (uuud) 4.0 2.6 9.9 single flig2d)
(uudd) 250 (uudp) 211 (uudu) 4.0 3.0 9.4 single flig2e
(uudd) 245 (uupd) 207 (uuud) 4.2 3.0 9.3  single flig2f)
(udud) 284 (udbd) 587 (uddd) 7.0 3.8 5.8  bifurcatior{2g)
(uudd) 460 (uubd) 421 (uuud) 5.9 4.0 5.7  bifurcatiori2h)

(uuud) minimum could not be located in our HF calcula- ASP-W2 potential. Since an empirical potential which repro-
tions, but is supported by the BLYP functional. Most station-duces the pertinent mechanisms is required for DMC calcu-
ary points found in our HF calculations are preserved whetations of tunneling splittingé® these comparisons are of
the BLYP functional is employed. However, the topology of some interest. Characteristics of the pathways are summa-
the potential energy surfaces is different, and this has implirized in Table V, and the mechanisms are illustrated in Fig.
cations for our interpretation of the observed tunneling split-2. Note that the barrier heights are uniformly larger in the
ting, as discussed in following sections. The higher energBLYP calculations, a feature that we view with suspicion.
transition states bearing the labets” were first obtained Three additional parameters are included in Table V.
for the ASP-W2 potential and all involve disruption of the The first is the integrated path length, which was calcu-
cyclic structure. The latter geometries changed significantlyated as a sum over eigenvector-following steps as in previ-
between geometry reoptimizations at different levels ofous work!%'2 The second is the distance between the two

theory. minima in nuclear configuration spad®, The third is the
moment ratio of displacemefi,y, which gives a measure of
lll. TOPOLOGY OF THE POTENTIAL ENERGY the cooperativity of the rearrangement:
SURFACES
0. 4
Schiiz et al?® have previously described the connectiv- _ N2i[Qi(9)~Qi(M)]

ity of their PES within the torsional space in some detail. T EIQe-QmP?
Our HF surfaces basically agree with theirs within this set of
stationary points. However, there is no direct connection bewhere Q;(s) is the position vector in Cartesian coordinates
tween different permutational isomers of the global mini-for atomi in minimums, etc., andN is the number of atoms.
mum through a single true transition state in this space. Iif every atom undergoes the same displacement in one Car-
was this observation, and the discovery of doublettesian component thep=1, while if only one atom has one
splittings® in the FIR-VRT spectrum of(D,0),, which  nonzero component thep=N, i.e., 12 for(H,0),. Hence it
prompted us to perform the present study. is clear from Table V that the single flip mechanisms are the
We first consider the three pathways corresponding tenost localized and have the shortest paths. The calculated
the true transition states found in both the HF and DFT calenergy profiles corresponding to the five DZP/BLYP path-
culations, and compare these with the results for thevays described in Table V are shown in Fig. 3.
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FIG. 2. Rearrangement mechanisms calculateéhitio for (H,0),. (a) Asynchronous double flip for th@iudp)transition statédDZP/HF). (b) Asynchronous
double flip for the(uupd)transition statd DZP/HF). (c) Degenerate rearrangement(afiud)via a bifurcatedudbd)transition statdDZP/HF). (d) Single flip
for the (dudp) transition state(DZP/BLYP). (e) Single flip for the (uudp) transition state(DZP/BLYP). (f) Single flip for the (uupd) transition state
(DZP/BLYP). (g) Bifurcation rearrangement for transition stételbd) (DZP/BLYP). (h) Bifurcation rearrangement for transition stéteibd) (DZP/BLYP).

The pathways are represented graphically by three omay be chosen at appropriate points along the two sides of
nine snapshots, depending upon the complexity of thehe path to give a better idea of the mechanism. In addition,
mechanism. The two end points are the two minima and the suitably scaled transition vector is superimposed on each
center structure is the transition state; three other geometri¢gnsition state; this displacement vector is paraibelanti-
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FIG. 3. Calculated energies as a function of the integrated path leBgthr five pathways characterized at the DZP/BLYP level of theory. See also Table
V.

paralle) to the(nonmass weightedHessian eigenvector cor- mum involving a single true transition state. This point was
responding to the unique negative eigenvalue. All of theappreciated by Schziet al,?® who therefore suggested that
pathways were calculated by eigenvector—following inthe tetramer dynamics would be more difficult to explain
nonmass-weighted coordinates; different definitions for reacthan the dynamics of the trimer. Previous attempts to ratio-
tion pathways have been compared for the watenalize the doublet splitings observed experimentaft§for
trimerelsewherd. All our pathways are for the Born— (D,0), therefore appear to invoke either tunneling via the
Oppenheimer surface, and do not include any zero-pointigher index saddle poir{pppp)or a stepwise process via a
effects—the barriers corrected for zero-point energies can b@udd) minimum. It is not clear to us how the nodal surface
obtained from the authors on requét. was arranged in previous DMC calculaticisor what the
Table V and Fig. 3 show how the three transition statesalculated energy difference in that work corresponds to
(uupd), (uudp), and (udbd) mediate different rearrange- mechanistically.
ment mechanisms for the HF and DFT calculations; the to- It is perhaps worth discussing the topology of the tet-
pology for ASP-W2 is the same as for the DFT potentialramer PES further in the light of the Murrell-Laidler
energy surfaces for these pathways. The difference is due theorent!’ which states that if two minima are linked via a
the presence of th@uuud)structure as a local minimum on higher index saddle point then there must be a path between
the DFT and ASP-W?2 surfaces. We did not locattuaud) them of lower energy which involves only true transition
stationary point in our HF calculations, and Sthet al?®  states(saddles of index one This does not mean that the
were also unable to find it in their study. Hence, when atwo minima need to be connected via a single transition
single flip occurs for(udud)on the HF surfaces, the system state, although this is often the case. Hence, even if we re-
finds itself in an unfavorable configuration. A second flip onstrict our attention to the torsional stationary points, the theo-
a neighboring molecule is therefore necessary to reach @em is not violated, since the two permutational isomers that
(uudd)-type minimum. Figures @) and 3b) clearly show are linked by the(pppp) saddle point can be reached via
how the double flips mediated by the H&upd)and(uudp) transition states(uudp) and (uupd) and the intermediate
transition states actually occur almost one at a time via aninimum (uudd) (on the HF surfacgsA schematic view of
single transition state. The two pathways therefore involvehe resulting connectivity is shown in Fig. 4, in which we
highly asynchronous counter rotation of two free hydrogenselaborate upon the octahedral representation suggested by
not synchronous as suggested by Sztet al?® Two addi-  Schiiz et al?®

tional pathways associated with tifieuud) minimum were As we see from Table V and Fig(@, there is, in fact, a
also located in the DFT calculatiorisee Table V and Fig. true transition state connecting permutational isomers of the
2). global minimum on the HF potential energy surfaces. How-

Hence, if we restrict ourselves to the stationary pointsever, this direct connection disappears in the DFT calcula-
within the torsional space of cyclic structures, there is nations and is also absent for ASP-W2. The mechanism can be
direct link between permutational isomers of the global mini-described as a bifurcation followed by a single flip of the
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(duud)

> (uddu)

FIG. 4. Schematic view of the rearrangement pathways mediated by permu-
tational isomers of the true transition statesi@lp) and (uupd)which con-

nect two distinct permutational isomers of the global minimum via four
permutational isomers of th@iudd) minimum. The two different sorts of
rearrangement are indicated by solid and broken lines and a consistent or-
dering has been maintained in our descriptions of the water monomers as
u, d, orp.

same monomer, which interchanges the roles of the two hy-
drogens bound to this molecule. On the HF surface, the ini-
tial bifurcation rearrangement leads to(@ud}type struc-
ture, for which there is no corresponding minimum, and a
further flip is required, as for théuudp) and (uupd) path-
ways. For the DFT and ASP-W2 potentials, {neud)struc-
ture is a minimum, and so no further rearrangement occurs.
The HF (udbd) process is an asymmetric degenerate rear-
rangement, since the two sides of the path are inequiv&lent.
The implications of all these mechanisms are discussed in
Sec. IV.

The (udbd)transition state generally lies either above or
close to thgpppp)and(udpp)and Updp saddles in thab
initio calculations, and the latter saddles of index two lie
below (pppp). The other saddle points involving bifurcated
molecules are unlikely to play a role in the tunneling dynam-F'G- 5. Pathways for higher energy transition states calculated at the

. - . . ZP/HF level.(a) Rearrangement from a triangtéerminal minimum(en-
ics because they are so high in energy. However, if th rgy — 304.219 7%) to the global minimum vias2. (b) Rearrangement

(pppp) saddle is under consideration as a candidate for thgom (uudd)to (udud)via ts4. This is a very long and convoluted process.
tunneling pathway, then for consistency we should also con-
sider the possibility of tunneling via other higher index
saddles. Scha et al?® have illustrated the relative positions ways corresponding to transition states labeled “ts.” We
of all the stationary points in torsional space, and noted thahave made no attempt to search exhaustively for such fea-
the (udpp)and (updp) saddles actually do not lie far above tures, and we have only calculated the actual pathways cor-
the (uudp)and (uupd)transition states. Given the choice be- responding to these transition states at the DZP/HF level.
tween tunneling via thépppp)saddle, the index two saddles Here we find that ts2 links théudud) minimum to a high
or the stepwise route involving true transition states it isenergy triangle-terminal minimum, as shown in Fig.(&.
unclear what the consequences will be for the dynamics. Iis4 actually connects the global minimum tquaudd) struc-
fact, Schiz et al?® concluded that the ground state should beture, but does so via a very long and convoluted path which
“well localized within the global minimum.” These uncer- passes through a configuration with a tetrahedral arrange-
tainties may also cause problems in defining the nodal sument of water molecules. Nab initio stationary points were
face to calculate the first excited vibrational level by D¥fC. identified in the present study corresponding to such a tetra-
We will only comment briefly on the higher energy path- hedral structure.

J. Chem. Phys., Vol. 106, No. 17, 1 May 1997



D. J. Wales and T. R. Walsh: Theoretical study of (H,0), 7203

IV. MOLECULAR SYMMETRY GROUPS AND erators corresponding to the feasible rearrangements are
TUNNELING known then the splitting pattern for any rovibronic energy
level is largely determined by symmetry. However, the mag-
We now consider the implications of the tunneling path-nijtude of the splittings depends upon tunneling matrix ele-
ways discussed above in terms of the effective moleculaments which are generally difficult to calculate for a multi-
symmetry group, as in previous studies of the waterdimensional tunneling problem. Simple estimates can be
trimer’*? and pentamet? We will continue to use the nota- obtained rapidly using a perturbation framework, as de-
tion of Boneet al.”* where a structure specifies a particular scribed elsewher® We do not expect these estimates to be
geometry which is associated with a number of versions thajccurate to better than a couple of orders of magnitude, but
differ only in the arrangement of labeled atoms of the sameghey should still be useful in eliminating some mechanisms
element. Tunneling splittings occur when the rovibronicfrom consideration.
wavefunctions associated with neighboring potential wells  As Schitz et al?® have shown, within the torsional space
interfere with each other, and are generally associated with gorresponding to a cyclic structure with fixed hydrogen
low energy degenerate rearrangement mechanism betweg@nds, there are two versions of thedud) minimum, four
permutational isomers. Large effects result from low, narrowyersions of thguudd) minimum, and eight versions each of
barriers and small effective masses. An observable effect ahe (uudp) and(uupd)transition states, as shown in Fig. 3.
the resolution of some given experiment means that the aprhere are also four versions of thefdp) and eight ver-
propriate wave functions are linear combinations of the losjons of the(udpp)index two saddles, but only one version
calized functions from all the different permutational isomersof the index 4(pppp)saddle.
linked by a complete reaction graph corresponding to the |f we assume that tunneling occurs between the two ver-
mechanism in question. It may be helpful to consider thesions of (udud) in this torsional space, then the effective
analogy with the construction of molecular orbitals from lin- molecular symmetry group and the splitting pattern do not
ear combinations of atomic orbitals when atoms are broughepend upon the tunneling path. For tunneling via the index
together within bonding range. The full molecular Hamil- 4 (pppp) saddle, the {pdp) or (udpp) saddles, or via the
tonian is invariant to all permutations of identical nuclei andtransition stateguupd)and (udp) with intervening(uudd
to inversion of all coordinates through the space fixed originminima, the molecular symmetry group contains eight ele-
and the group of all these operations is called the completgents, as described by Cruzanal?® who denoted it by
nuclear permutation inversioGil€NPI) group. The symmetry  C,,(M) in view of an isomorphism to th€,,, point group.
adapted linear combinations of localized functions are thereFurthermore, a doublet splitting pattern would result, in
fore those which transform according to particular irreduc-agreement with experimef. For each possible path, the
ible representationdR’s) of the CNPI group. same generator Pl results if we consider the overall effect of
The full CNPI group grows in size factorially with the stepwise pathways in terms of a Pl applied to the reference
number of equivalent nuclei, and rapidly becomes unwieldyversion’®> Suitable generators for this group include
To alleviate this difficulty, Longuet—Higgins introduced the (ABCD)(1357)(2468), E* and (AC)(BD)(15)(37)(26)
concept of a “feasible” mechanisi, i.e., one which pro-  x(48)*, where the cycle notation indicates that oxygers
duces an observable tunneling splitting at the experimentakplaced by oxyge® etc., and hydrogen 1 by hydrogen 3,
resolution in question. The effective molecular symmetryetc., for the first generatoE denotes the identity permuta-
(MS) group is the subgroup of the CNPI group formed fromtion and the asterisk indicates inversion of all coordinates
the permutation inversion€!’s) corresponding to the fea- through the space-fixed origin. The permutation inversions
sible rearrangements of a given version and a set of PI'§* and (ABCD)(1357)(2468) ofC,,(M) correspond to
which form a group isomorphic to the rigid molecule point point group operations and C, of C,4,. The doublet split-
group. The MS group has proved to be very useful in clasting of the ground state then corresponds to wave functions
sifying the rovibronic energy levels of nonrigid molecul@s. of Ay andB, symmetry at energies ¢, and— S;, respec-
The construction of MS groups, reaction graphs, adjacenctively, whereg; is the appropriate tunneling matrix element,
matrices, and splitting patterns has been automated usingim agreement with Cruzaet al?’
simple computer program which takes as input a minimal  The fact that none of the above paths constitutes a con-
number of generator permutation inversidfs? ventional one-step process via a true transition state
For (H,0),, the CNPI group has dimension prompted the present search for further possible mecha-
2X41x8!=1935 360. However, if we include only PI's in nisms. The only realistic candidate for an alternative tunnel-
which the same hydrogen atoms are always bound by covang path is that corresponding to tifedbd)transition state,
lent bonds to the same oxygen atoms, then we define 2520r which a suitable generator is the permutatit8), as we
subgroups of the CNPI group of dimensionK2!x (2!1)* see from Fig. &). This mechanism on its own produces an
= 768 each. The set of all feasible rearrangement mechavS group of order 64G(64), and when combined with a
nisms of(H,0), that do not break covalent bonds must there-generator for the effective “quadruple flip” a group of order
fore define an MS group which is a subgroup of the group ofL28, denoted5(128), is obtained with a simple direct prod-
order 768. Since th@udud)global minimum has point group uct structure, as shown in Table VI. The character table for
S,, the largest number of versions which could be connectethe G(64) subgroup is the top left-hand block of the
without breaking covalent bonds is 768/ 192. If the gen- G(128) table, and representative operations from each class
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TABLE VI. Character table for the groug(128). The number of operations in each class is given and a representative member of each can be found in Table
VII.

[N
[N
N
N
N
IN
N
N
o)
o)
o]
o)
e}
-
-
N
IN
N
N
N
N
e}
e}
o]
o)

8

Ay 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
By 1 1 1 1 1 1 1 1 1-1 -1 -1 -1 1 1 1 1 1 1 1 1 1-1 -1 -1 -1
Ay 1 1 1 -1 1 -1 1 1 -1 1 -1 -1 1 1 1 1-1 1 -1 1 1 -1 1 -1 -1 1
By 1 1 1 -1 1 -1 1 1 -1 -1 1 1 -1 1 1 1 -1 1 -1 1 1 -1 -1 1 1 -1
Agg 1 1 1 1 1 1-1 -1 -1 1 1 -1 -1 1 1 1 1 1 1-1 -1 -1 1 1 -1 -1
By 1 1 1 1 1 1-1 -1 -1 -1 -1 1 1 1 1 1 1 1 1-1 -1 -1 -1 -1 1 1
Ay 1 1 1 -1 1 -1 -1 -1 1 1 -1 1 -1 1 1 1 -1 1 -1 -1 -1 1 1 -1 1 -1
By 1 1 1 -1 1 -1 -1 -1 1 -1 1 -1 1 1 1 1-1 1 -1 -1 -1 1 -1 1 -1 1
By 2 2 2 0 -2 0 2 -2 0 0 0 0 0 2 2 2 0-2 0 2 -2 0 0 0 0 0
Eyy 2 2 2 0 -2 0 -2 2 0 0 0 0 0 2 2 2 0-2 0 -2 2 0 0 0 0 0
Gy 4 -4 0 2 0 -2 0 0 0 0 0 0 0 4 -4 0 2 0 -2 0 0 0 0 0 0 0
g 4 —4 0 -2 0 2 0 0 0 0 0 0 0 4 -4 0 -2 0 2 0 0 0 0 0 0 0
Gy 4 4 -4 O 0 0 0 0 0 0 0 0 0o 4 4 -4 0 0 0 0 0 0 0 0 0 0
A, 1 1 1 1 1 1 1 1 1 1 1 1 1-1 -1 -1 -1 -1 1 -1 -1-1 -1 -1 -1 -1
By, 1 1 1 1 1 1 1 1 1-1 -1 -1-1-1 -1 -1 -1 -1 -1 -1 -1 -1 1 1 1 1
Ay 1 1 1 -1 1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 1 -1 1 -1 -1 1 -1 1 1 -1
By, 1 1 1 -1 1 -1 1 1 -1 -1 1 1-1 -1 -1 -1 1 -1 1 -1 -1 1 1 -1 -1 1
A, 1 1 1 1 1 1-1 -1 -1 1 1-1-1 -1 -1 -1 -1 -1 -1 1 1 1 -1 -1 1 1
By, 1 1 1 1 1 1-1 -1 -1 -1 -1 1 1-1 -1 -1 -1 -1 -1 1 1 1 1 1-1 -1
Ay 1 1 1 -1 1 -1 -1 -1 1 1 -1 1 -1 -1 -1 -1 1 -1 1 1 1 -1 -1 1 -1 1
By 1 1 1 -1 1 -1 -1 -1 1 -1 1 -1 1 -1 -1 -1 1 -1 1 1 1 -1 1 -1 1 -1
Ein 2 2 2 0 -2 0 2 =2 0 0 0 0 0-2 -2 =2 0 2 0 -2 2 0 0 0 0 0
B,y 2 2 2 0 -2 0 -2 2 0 0 0 0 0-2 -2 -2 0 2 0 2 -2 0 0 0 0 0
Gy, 4 -4 0 2 0 -2 0 0 0 0 0 0 0-4 4 0 -2 0 2 0 0 0 0 0 0 0
G,, 4 -4 0 -2 0 2 0 0 0 0 0 0 0-4 4 0 2 0 -2 0 0 0 0 0 0 0
Gy, 4 4 -4 0 0 0 0 0 0 0 0 0 0-4 -4 4 0 0 0 0 0 0 0 0 0 0

are given in Table VII. The nuclear spin weights for is partitioned into 12 domaif$containing 16 versions each.
(H,0), and (D,0), in Cy,(M), G(64), andG(128) are The splitting pattern is
given in Tables 8, 9, and 10, respectively.
For the (udbd) bifurcationt+flip mechanism alone, each 4B2(A1),  2B2(Gy), O(Gs®Ey),
version of the(ludud)minimum is adjacent to four other per- C28,(Gy),  —ABy(Ay)
mutational isomers and each set of 192 versions of this struc- 2 =2k 2\men

ture which can be obtained without breaking chemical bondgyhere we have omitted thg/u labels which are irrelevant

for G(64) and B, is the appropriate tunneling matrix ele-
ment. The accidental degeneracy is typical of ckl
TABLE VII. Representative permutation-inversion operations for classescaICU|at'on57' anq t.he largest spllt_tlngs at4,82.3|mply re-
1-13 of the groupG(128) [and G(64)] in the same order as in Table 1I. flect the connectivity of the reaction graph. Since every en-
Cycle notation is used, so thaABCD)(1357(2468 means that oxygen ergy level\ has a partner with energy A we can also de-

A is replaced byB, B by C etc., hydrogen 1 by hydrogen 3, 3 by 5 and so gyce that the reaction graph contains no odd-membered
forth. Cycles of unit length are omitted for clarity. The operations in classesr

14-26 of G(128) are the same as those in 1-13, respectively, with anmgs' Since the dlp0|e moment operator trar.]SformSB@S
additional factor ofE* . In G(64) the selection rule for allowed transitions between
nondegenerate statesAs—B,,. However,B; is contained

Class Operations Representative Pl

1 1 E
2 1 (12)(34(56)(78) TABLE VIIl. Absolute nuclear spin weights calculated for the molecular
3 2 (12)(56) symmetry groupC,u,(M) for (H,0), and (D,0),. Tunneling levels have
4 4 12 been labeled to coincide with the notation of Cruedral. (Ref. 27 except
5 4 (12)(34) that we uset subscripts to distinguish the two components of EhERs to
6 4 (12(34)(56) avoid confusion with thé&e; andE, IRs of G(64) andG(128).
7 4 (AC)(BD)(1526(3748
8 4 (AC)(BD)(15)(26)(37)(48) Irreducible
9 8 (AC)(BD)(1526(37)(48) representations (H,0)4 (D0)4

10 8 (ABCD)(13682457*

11 8 (ABCD)(1357(2468* Ag A, 70 1665

12 8 (ADCB)(17642853" Bg.By 66 1656

13 8 (ADCB)(1753(286%* Eg Eg EFES 60 1620
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TABLE IX. Absolute nuclear spin weights calculated for the molecular hetween the global minimum and the highest energy station-

symmetry groupG(64) for (H,0), and(D;0),. ary point on the path. The path length is assumed to be the
Irreducible same for the pgths mediated bydpp, (updp, and
representations (H,0), (D,0), (uupd/(uudp) via (uudd), and equal to roughly &;. For

the effective mass, we assume that the system can be sepa-

A1,By 1 666 rated into two parts, i.e., the moving hydrogen deuterium
Az,B; 45 45
As.Bs 0 630 atoms and the rest, and employ the formutam,/(m;
A, B, 36 36 + m,). Considering the largest number of H/D atoms mov-
E, 6 306 ing at any one time along the pathway, we takgto be the
E; 12 342 mass of 4, 2, and {H/D) atoms for pppp), (updp), and
gl 6 1296 (udbd), and Uupd/(uudp), respectively. The path length
) 54 324 R .
G, 18 348 for the (udbd)mechanism is taken to be the distance between
the (udud) isomers in nuclear configuration space for this
path, i.e., 4.3,.

The predicted splittings increase in the ord@ppp
in the direct products of all the degenerate IR’sGii64), < (updp <(uupd/(uudp) for the stationary points in the
and so doublet splittings are not expected in this case. torsional space because the mechanism becomes more asyn-
If both the bifurcation-flip and effective quadruple flip chronous in this direction, leading to smaller barriers and
mechanisms are feasible, then the MS groupGi&l28) smaller reduced massddy assumption The estimated
whose character table is given in Table VII. Each set of 192nagnitudes ofB in wave numbers foH,0),/(D,0), are
versions of thqudud)structure which can be obtained with- then5x 10 8/6x 10711, 3x 10" 4/3x 107%,1072/6 X 104,
out breaking chemical bonds is then partitioned into 6and 2<10 410°® for the (pppp, (updp),
domaing® containing 32 versions each. The ground statguupd)/(uudp), and(udbd)paths, respectively. The agree-
splitting pattern is then ment of our estimate for theuQpd)/(uudp) pathway for
(D,0), with experiment is fortuitous; it is more significant
4Bzt Bi(Asg), 282t B1(Gag)s  Br(Gsg®Eag), that the latter pathway gives estimated splittings that are sig-

—2B2+ B1(Gog)s  —4B2F Bi(Azg), nificantly larger than for the other mechanisms. The direct
route through the index fopppp)saddle has a high barrier

4B2= Bu(Aw), 2B B1(Gru)y —Br(Gau®Ea), and all the hydrogens must move together, which we have

—2B,—B1(Goy)y  —4Bo—B1(Asy). assumed to result in a large reduced mass. (Tldéd) path

_ . has an even higher barrier, but a significantly shorter path

The dipole moment operator transforms lig, in G(128)  ang presumably a smaller reduced mass because only two
and so doublet splittings would not be expected. hydrogens need to exchange places.

~ We have estimated the magnitude of the tunneling ma-~ Thg apove considerations are all based on the topology
trix element for the possible pathways using the simple gpserved in the HF calculations. For the ASP-W2 potential
perturbation theory described elsewhéfée emphasize anq for the BLYP exchange-correlation functional, the pres-
that these estimates are only expected to be accurate 10 @Qce of(uuud)type minima would entail more steps in path-
order of_ magnltude_z at best, but may be helpful in comparingyays involving either the true transition states or the index 2
the merits of the different paths. We have employed the folsaqgles. For example, if only true transition states are in-
lowing assumptions in these estimates. First, we take thgoyed, then the four hydrogen flips occur sequentially, as
barrier heights to be the DZRIIff/HF energy differences for the HF pathways, but there would be three intervening
minima, i.e., two of type(uuud) and one of type udd).
Our assumptions in the previous paragraph would lead us to

TABLE X. Absolute nuclear spin weights calculated f8¢128) when both .
P 9 (128) assign the same path lengths and reduced masses to such

the effective quadruple flip an@dbd)bifurcationt+flip mechanism are fea-

sible, for (H,0), and (D,0),. pathways, leading us to the same conclusion that the path-
_ way mediated by true transition states seems likely to con-
Ireducible tribute most to tunneling. Although these paths may look
representations (H0)4 (D;0)4

somewhat convoluted, we note that the observed splitting for

Ay .Byy 1 336 (D,0), is small?® and so a facile, low-barrier mechanism
Big.Aw 0 330 should perhaps not be expected.
Agg.Bay 21 21
Bog . Agy 24 24

ABQ -B3g 1A3u rBBu 0 315 V CONCLUS'ONS

Aug.Bag . Asy By 18 18
Eig.Eiu 3 153 We have optimized geometries and calculated rearrange-
EZQ’EZU g ézg ment pathways for the water tetramer with DZP and
Glg’Glu 7 162 DZP+diff basis sets using both Hartree—Fock and density
Giz Gzﬂ 9 324 functional theory with the BLYP exchange-correlation func-

tional. We have also compared these results with those ob-
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