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The far-infrared vibration—rotation—tunneling spectruni@§O), has been measured in the spectral
region near 2.04 THz. Observation of additional transition doublets with a constant 5.6 MHz
spacing in a parallglc-type) spectrum extends the first detailed study of this clus®erence271,

59 (1996]. Three possibilities are explored for the origin of this small splitting: tunneling between
degenerate equilibrium structures via facile torsional motions analogous to those observed in the
water trimer, tunneling between nondegenerate structural frameworks, and tunneling made feasible
only through excitation of a specific vibrational coordinate. The degenerate tunneling scheme best
accounts for the spectral features, although the precise dynamics responsible for the observed
spectral features cannot be uniquely established from the present data. A further doubling of spectral
features, observed only in th€=2 manifold of transitions forJ=3, is symmetric about the
unperturbed symmetric top energy levels and shows an approxithdependence of the spacing.

The origin of these additional splittings, which are shown to be present in both upper and lower
vibrational states of the spectrum, is likely to be due to an interaction between overall rotational
angular momentum and the type of internal motigpseudorotation’) that gives rise to a manifold

of low energy states in water trimer. The measured interoxygen separatiddgdy, (n=2,3,4,5

are analyzed in order to quantify the contribution of many-body forces in bulk water. An
exponential contraction of this property toward the value found in ordered ice is observelR9®
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I. INTRODUCTION tunneling fine structure of weakly bound systems. The
ground states and a few intermolecular vibrational modes of

In an effort to understand the complicated behavior ofg a1 water clustefé=27 and other important prototypical

condensed water on a molecular scale, much effort has bees?/stemég'w have now been examined in detail using this
undertaken to study small isolated aggregates of watefieihoq. FIR-VRT spectra and other data have been inverted

mol_eculesl. The water Q|mer has proven an exceptional %o produce spectroscopically accurate IPS for such weakly
perimental and theoretical challenge in this regard for more Jind clusters as AH.02° Ar.NH, 2 (HCN,. 2 and
2% : 3 2

than two decadesDetailed experimental studies of larger
water clusters have only become possible within the last fe
years. The principal aim of these studies has been to extra
accurate, detailed representations of the multidimensional i
termolecular potential energy surfacg@®S of (H,0),, in-
cluding both pairwise and cooperativémany-body
interactions’ and to quantify the nature of hydrogen bond
formation—bond breaking dynamics. . i i
Classical simulatiorfs® have characterized liquid water ~ugliano and Saykalf§ reported the first detailed ex-
as a continuous hydrogen bonded network of closed polyP€rimental study of the water trimer using FIR-VngT Spec-
gons dominated by 5-8 membered rings. Belch and “Ricell0SCOPY- 38|29ce then considerable exper;méﬁfﬁr and
have shown that relaxation of the hydrogen bond network igheoretical®** work has augmented that initial study. Re-
slow compared to the time scale for intermolecular vibra-Cently, FIR-VRT spectra of the perdeuterated forms of the
tions inside a localized cluster, which correspond to monoWater tetramef and pentaméf were reported. Vibrationally
mer translational and librational motions. Water polygonsaveraged structures for both were found to agree with theo-
have also been associated with aqueous solvation procesd&éically predicted cyclic, quasiplanar equilibrium structures,
via clathrate formatiofr® and by the formation of hydropho- analogous to that of the trimgFig. 1). A three-dimensional
bic group “caps” in several studies of biological cage form of the water hexamer has been characterized as
macromolecule&®!! In the latter case, these polygons havewell.*® With these data one can now begin to examine in
been shown to be localized over the long time scales of x-ragiuantitative detail the effects of hydrogen bond cooperativity
diffraction experiments. on water cluster structures and binding energies. The average
Far-infrared (FIR) vibration—rotation—tunnelingVRT) interoxygen separatiofiRyo) is an experimentally accessible
spectroscopy has emerged as a valuable"t8dbr measur- measure of the degree of hydrogen bond cooperativity in
ing both the bound intermolecular vibrations and rotation—cyclic water clusters. In a recent study of cooperative forces

NH;),.2® Recent work* on Ar,-HCI has used Hutson’s ac-
Curate ArHCI potential in conjunction with VRT daté&?5:26

C . .
on the ternary complex to quantify the nature of cooperative
r"forces in that cluster. Coupled with recent advances in com-
putational methodolog¥, FIR-VRT studies have now put a
detailed determination of the six-dimensional water dimer
IPS within reach.
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minating with the pentamer, where near linear hydrogen
bonding angles produce the minimum geometric strain. In-
deed, the stable cyclic pentamer is the essential building
block of water clathrate structur@dn each casén=3-5),
cyclic structures are significantly favored over three-
dimensional structures. In contrast, Jordan and co-watkers
have calculated 44 low energy water hexamer structures, in-
cluding cyclic, and two- and three-dimensional forms, lying
within 3.2 kcal mol'* of the global minimum(less than one
E;% hydrogen bond stabilization enepgyOtherab initio calcu-

lationg"#4=46-55have produced similar results. Both cases—
clusters with isolated cyclic structures and larger clusters
wherein the zero-point energies may well be above the bar-
FIG. 1. CalculatedRef. 38 cyclic, quasiplanar equilibrium structures of the ne_r; to rearrangement between Stru“Ctura"X distinct IPS
water trimer, tetramer, and pentamer. The illustrated “flipping” coordinate Minima—present a challenge to the “usual” methods of

is a key component of the observed VRT dynamics in the water trimer an(hnajyzing the conseguences of hydrogen bond network rear-
pentamer, and is likely to be an important component of the tetramer dy?angemems in the VRT spectra

namics as well. The water tetramer equilibrium structure$ygsoint group hi ) i Ivsis of th
symmetry and is therefore rigorously a symmetric top by symmetry. Note In this paper, we present a detailed ana ysis of the water

that alternative quasiplanar structures have been predicted to lie near i€tramer, built on an augmented set of measurements of a
enre]_rgi/ to rt:rfétfitgut%tl”s;?esthsct;:tJflerxvifgtefif)j;fnznn?iEzf]tzm::nae'tsr?c VRT spectrum centered near 2.0 THz. Due to several instru-
?gtolrsI di):e to the fIipSing moti?)n WhicrtJ vibruationally gverages thg unboundment.a_I |mprovement_s, the number of obser(/BgO)4 VRT
proton positions to lie within the plane of the oxygen atoms. transitions reported in Ref. 16 has been doubled. Three sce-
narios are described which could lead to the observed tun-
neling doublets. A vibrational assignment is given in light of

in water, Xanthea® predicted an exponential decrease inrecentab initio harmonic frequency calculations, and trends
Roo With increasing cluster size for cyclim=3,4,5 water  in the values oRqo, the vibrationally averaged interoxygen
clusters, converging to the bullordered icg value byn=5  separation estimated from the data, are analyzed in terms of
or 6, for rotationally cold clusters. The growing body of their implications on the magnitude of cooperative forces in
VRT data on larger water clusters now allows direct com-bulk water. An additional doubling of spectral features, ob-
parison to such theoretical results. served exclusively in th& =2 manifold, is interpreted in

In the case of the water dimer, all possible hydrogenterms of a coriolis-type coupling of internal motions and
bond network rearrangementsiBNR) among equivalent overall rotational angular momentum, similar to that which
minima on the six-dimensional IPS have been observed thas been proposed for the water trimié??
give rise to spectral effectsFurthermore, it is a relatively
straigh';forward matter to assign th_e s_plittings bas_ed UPOR  Ev PERIMENT AND RESULTS
approximate barriers to the respective interconversions. The
water tetramer presents a more challenging problem. For The tunable FIR laser sideband spectrometers used in
larger water clusters, the extra stabilization energy gainethis work have been described in detail elsew@réaere-
from hydrogen bond network cooperativity, and relaxation offore only the details relevant to this work will be given here.
the hydrogen bond strain present in smaller rings, appears Water clusters were formed in supersonic expansions,6f D
restrict the observable HBNR dynamics. The characteristi¢Cambridge Isotopes, 99.96% pujiseeded in Ar, N&70%
quartet tunneling splitting patterns observed in bg#hO);  with He), or He. Two nozzle expansion sources were used in
and (D,0); FIR-VRT spectra, arising from an exchange of this work. The first was a 10 cr0.0013 cm continuously
the bound and free protons of one monortiifurcation” operated planar nozzleused with typical backing pressures
or “donor” tunneling), have not been observed in either the of 1 atm. The second, a pulsed planar jet of our own dé&3ign
tetramer or pentamer spectra. From group theoretical argwith similar dimensions, allowed for operation at higher
ments, these motions might be expected to give rise to a®—6 atn) backing pressures. Tenfold signal-to-noise ratio
many asn+1 resolved spectral components. Coupled withenhancements were realized using the pulsed jet over the cw
the increasing complexity of the multidimensional IPS de-source. The increase, when scaled for the lgsfactor of
scribing larger systems, the HBNR dynamics responsible fol00) in detection duty cycle inherent in a pulsed beam de-
spectral splittings have become more difficult to specify. tection scheme, indicates that the pulsed nozzle is a superior

Theoretical calculatioi&4'~>*of the properties of small source of clusters, presumably due to the increase in colli-
(n<20) water clusters have so far indicated two structuralsion frequency in the cluster forming region of the jet, which
regimes. Clusters smaller than the hexamer appear to hageales with the stagnation pressure. Two optically pumped
unique equilibrium structures, corresponding to quasiplanaFIR laser transitions were used to record all of the data in
rings, as observed for the trimer, tetramer, and pentamer. gis work: 2027.7526 GHZCH;NH,) and 2058.1418 GHz
monotonic decrease in hydrogen bond strain with ring size i$CH;OD).
predicted to increase the per monomer binding energy, cul- The optical multipass design of Herrittthas been
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imp|emented in the spectrometers used in this work and haBABLE I. The observed VRT transitionMHz). Residuals(observed—
been found to be quite satisfactory at refocusing the diver(_:alculated transitionsare from the least-squares fit of the data to @4, as

. - described in the text. Missing low transitions are due to small laser cov-
gent FIR sideband radiation over many passes through t age gaps. Each frequency is the average of a 5.6 MHz tunneling doublet or
jet. The expansions in this work were typically probed by of two in the case of th&=2 transitions.
multipassing the FIR laser 22 times, 0.5—-2 cm in front of the:

nozzle aperture yielding absorption path lengths of over 2 m . —J  Frea/MHz  Residual J,,—J,, Freq/MHz Residual

a threefold improvement over the previous desiyn. 798, 1984 117.6 01 111, 20327300 -05
As a result of these improvements, the numbeipD), 7,—8,  1984101.6 0.0

transitions observed was doubled from that of Ref. 16. A 7,8, 1984054.1 0.4 #4, 2032866.0 -338

total of 113 FIR-VRT transitions belonging to a parallalK 73—8 19839748 09  $-5 20329130 -04

=0) band of a symmetric oblate rotor have now been re- ;“Hg“ iggg 3%‘2 _0648 6—6, 20329480 -2.0

, i ot 85 ) . F7s 2032979.0 -0.6

corded in the spectral region near 2.04 T88 cm ~). The 88, 20330020 -0.2

observed transitions are listed in Table |. Each transition was 6,7, 1990 100.1 02 99, 20330170 -0.8
observed as a doublet of lines with nearly equal intensity and 6,—7, 1990 084.2 02  18-10; 2033027.0 0.7

spaced by 5.60.1 MHz with noJ or K dependence of the  62—7. 19900336 —2.6
spacing, indicative of tunneling splittings in either or both Os—75  1989957.7 11 4, 20329130 -39
L . . 6,—7, 19898466 15 55 20329910 -08

the vibrational ground or excited states. Figure 2 shows the 6.7,  1989703.9 21
observed spectrum and representative doublet transitions res,. 7, 19895255 -1.0 4,0, 2038874.2 24

corded with the pulsed nozzle source.

In order to confirm the identity of the absorber, carrier 56  1996108.3 0.2 &1, 20450812 18
gas and isotopic substitution experiments were performed. 26 19960925 02 2-1, 20450650 12
) ) . 5,—6, 1996 042.0 0.3 F6, 2076472.4 0.0
Because the signals were observed in expansions,@f D 5.6, 19959656 -2.5 76, 20764572 02
seeded in He, Ne, or Ar, the cluster was assumed to contain54H64 1995 854.3 0.6 76, 2076 410.9 0.2
only D,O. The number of monomers was determined by 5.6, 1995711.3 0.5 F-6; 2076334.2 0.6
measuring the intensities of several signals as a function of 74—6, 20762262 0.6
D,O concentration in an y0+D,0 mixture. As described ~ 4<% 2002 1422 03  4-6; 20760876 08
previously®? several mixtures were analyzed and the rela- 41:51 2882 é?g'g 8'2 ¢-6 20759178 07
tive intensities of a few doublet transitions were least-squares 43H5§ 2002 000.6 15 87, 20828202 0.0
fit to the expression IhE) = 2n In(XDzo), wherel 4 is the 4,5, 2001889.0 0.9 87, 20828048 —0.1
relative intensityn is the number of water monomers in the 8y—7,  2082758.7 0.0

_ ) ; . 3,—4, 20081846 —0.7
cluster, ands(Dzo is the mole fraction of BO in the mixture. 8,7, 20826817 -0.1

The slope of a linear plot of several data points from such an 2. 3,  2014285.6 0.0 87, 20825742 0.1
analysis has yielded reliable measurements &r (D,0),, 2,+-3, 2014 269.8 0.0 875 20824357 0.1
n=2, 3, 5, andH,0),, n=2, 3, 6, as well as a variety of 2—3 20142225 01 &7 20822265 0.1
mixed trimer isotopomer Interestingly, these results seem 87, 20820661 -0.3
to indicate that, within the ability of the experiment to pre- Ll 20326940 =31

X " ) L = 2,2, 2032704.0 5.1 $-8, 20891902 -0.4
cisely measure intensity changes, kinetic isotope effects doz.. 3, 20326930 -0.7 9.8 20891751 —-0.1
not play a significant role in the formation of small water 4,4, 2032682.0 0.4 $-8, 2089129.1 -0.1
clusters in a free expansion. The most significant evidence 55  2032662.0 -0.5 %—8; 20890523 -0.2
for the origin of the spectrum lies in the fitted rotational %<8 20326360 -04 98, 20889449 -01
parameters, which are precise to within a few megahertz and fr=f; 20326030 —02 &8 20888066 03

. 85—8;  2032564.0 06  §8 20836380 —0.1
cannot be explained by any other absorber or any reasonabley g 20325160 -05 98, 20884384 -03

impurity. 98 2088207.7 —0.8
The VRT data were least-squares fit to the simple sym-10,,—10,, 20324620 -0.6
metric top energy level expression 11,,+-11;; 2032402.0 0.2 =2 20513108 -0.2
12,12, 2032334.0 0.0 32, 20512957 0.3
E, Kzg(3+1)+(C_B_)K2 13,5-13;; 2032260.0 0.8 32, 20512485 —0.2
' 14,,—14,, 2032178.0 0.4
—D3J2(J+1)2— D, J(I+1)K?2, (1) 15,5—15,; 2032 089.0 0.1 #-3, 20575659 -—0.5

16,5—16,, 20319930 -0.3 43, 20575503 -0.5
Each datum in the fit was the average of the two tunnelingl7,,—17,; 2031891.0 0.2 4-3, 2057503.7 -0.5

doublet line positions. Thi& =2 transitions, for which addi- 18—18s 20317810 -03 4—3; 20574231 -34

tional doubling of the lines was observed, were included int®s—1%s 20316650 0.1

initial fits by averaging the split doublet centdi®., by av- %4 20638445 0.7

initial y ging the sp ut - DY 3,3, 20327710 -1 54, 20638291 —0.62
eraging the four observed line positign¥able Il shows the 44, 20327910 —0.4 54, 20637839 07
rotational and centrifugal distortion parameters obtained 5,5, 2032802.0 -1.6 Bye—4; 20637051 —0.6

from the regression to Eql) using the averageld =2 line 6;—6;  2032812.0 31 $4, 20635959 -12

positions. Some of th& =2 R-branch splittings are illus- 198‘_38 gggg ;gé-g :i-? s 20701480 16
trated in Fig. 3, and the splitings are given in Table 1. %% : : &% : :
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TABLE I. (Continued) TABLE Il. Rotational and centrifugal distortion parametéiis MHz) ob-
tained from least-squares fit of the data in Table (Xp The vibrational
‘]P’CH\]&,, Freq./MHz  Residual JP;,H.]”,, Freq/MHz Residual  band origin isy,=67.8031 cm?.

6,5, 2070133.3 1.4 19-9, 20955214 —0.4 Constant/MHz
6,—5, 2070 086.8 1.3 19-9; 20954453 0.0
655, 2070 009.2 1.1 18-9, 2095338.2 0.0 vy 2032 688.3833)
10:—j9s 2095 200.6 0.1 "=B" 3079.51236)
6,5, 2069 901.2 1.3 18-9; 2095032.5 0.4 Dj 0.008404)
6555 2069 762.2 15 19-9, 20948335 0.3 Dy —-0.017707)
10;—9, 2094 603.7 0.0 A'=B’ 3091.72631)
10,9, 2095583.2 0.2 19-9, 2094 344.3 0.8 D} 0.009203)
10,9, 2095567.7 0.0 D)« —0.018106)
c'-c” —3.477167)

Removal of theK =2 transitions from the fit had no effect on
the rotational or centrifugal distortion constants to within theyyhjle the splittings themselveslifferences in transition fre-
uncertainties given in Table I, therefore it was assumed tha(ﬁuencie$ were included, but weighted by an uncertainty of
the splitting was symmetric about the unperturbi€ec2 500 kHz or roughly one-half a linewidth-1 MHz full width
VRT levels. Additionally, the observation that tie and gt half-maximum, Doppler limited Such small splittings are
R-branch spacings were different as a function of lower anchot susceptible to the long term instrumental drift that causes
upper stated (Fig. 4) was taken as evidence that this splitting the larger uncertainty of more separated lines. Fits assuming
occurred in both upper and lower vibrational states. Becausg)| possible combinations of selection rules, i.e., those for
the compacQ-branch region of the spectrum was congestedyhich the observed splittings would be the sum of or the
(Fig. 2), and because th€=2 Q-subbranch intensities decay gifference between the upper and lower stéte2 doublets,
rapidly as a function ofl, it is unclear whether such split- \yere performed. The best results, those which produced the
tings were present iQ-branch transitions. Trial fits of the gmallest residuals and most well-determined valuess,of
K =2 data were performed by assuming a symmetric splittingyere obtained by fitting to Eq2) with a=1 and assuming a
about the unperturbed levels given by selection rule scheme for which the observed splitting re-
EJi,K:fEJ,KzziB[J(JJrl)]“, 2 flects the sum of the upper and lower stéte-2 doublet

. levels. This fit yieldedf=0.025-0.003 and 0.0630.004
where Ej«_, are the upper and lower components of the

perturbation doublei3 is an adjustable parameter, andvas
set to values of 1 and 1/2. The transitions were weighted by

the squared reciprocal of the spectral uncertai2yMHz)
R(5,)
A. Calculated Spectrum i D. F
R(6,) ‘\/\/\V\/
660 665 670 675 680 685 69.0 695
Wavenumber / cm’™'
B. Calculated Q-Branch
-.'..!.!.l..... Ll R(7)
C. Observed Q-Branch
',Illl',l ‘H |.|!||—.|—.'—l—“!l.—. R(55) R(8;
2031.8 2032.0 20322 20324 20326 20328 20330
Frequency / GHz
FIG. 2. (A) The (D,0), spectrum calculated from the measured rotational 10 MHz

parametergTable 1). A Boltzmann rotational temperaturé % K was used

and the resulting intensity envelope was modified with symmetric top line

strength(Honl—-London factors.(B) Blowup of the compacQ-branch re-  FIG. 3. Additional splitting of the =2 R-branch transitionsR(5)-R(8).
gion in (A). (C) Experimentally observe® branch.(D) A typical 5.6 MHz The additional splitting could either be due to a coriolis-type interaction of
tunneling doublet transitiof65<5s) recorded with the pulsed planar nozzle internal torsional motions with the overall rotation or to quantum tunneling
described in the text. between nonstructurally degenerate minima on the tetramer IPS.
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TABLE II!. The K=2 splittings(MHz). The uncertainty in these splittings |ng a C|ose|y spacedK =0 Q-branch progression, where the
is approximately 500 kHzsee the tejt relative energies do not depend upBnthen fit the strong
"=K" progression, characteristic of an oblate rotor spec-

Transition Splitting/MHz

trum, to a Boltzmann distribution using the measured tem-
j:g (1)'8 perature and appropriate symmetric top line strerggiinl—
5.4 30 London factors. This strategy has proven moderately
65 54 successful in the recent analysis of,0)s spectrunf! Un-
76 8.2 fortunately, in the tetramer spectrum any singl& =0
87 12.0 Q-branch progression is short and does not yield as precise
9-8 16.8 an estimate of the rotational temperature as a longer progres-
45 2.9 sion might. Fits of theK=1 andK =3 Q-subbranch relative
56 5.4 intensities, which are also dependent on fluctuations and
?H; 11-3 variations of the FIR laser power, to a Boltzmann distribu-

tion yield a rotational temperature ©f,,=5*1 K. Fits of the
J=K Q-branch progression to this temperature range show a
steep dependence of,,, and yield a best estimate of

MHz for the lower and upper states, respectively, althougf=1500=250 MHz. Nevertheless, this value is consistent

the resultant fit residuals were, on average, twice those of th#ith theoretical predictior’§ that C~B/2.
initial fit to Eq. (1). Interoxygen separations were estimated for the tetramer

as well as the trimer and pentamer by assumingathénitio
monomer angular orientations of Xantheas and Dunffing,
and varying the distance of each water molecule from the
The moments of inertia along the symmetric top symme-center of mass of the cluster until the resultidgr B value
try axis (the C inertial axis of an oblate rotprcannot be matched the measured value. In principle, the currently
determined separately from the transitions in a parallel bandavailable VRT data alone are insufficient to accurately deter-
transitions withAK==*1 are necessary to fix the absolute mine the interoxygen separations in either trimer, tetramer,
values of those parameters. Only the difference between thar pentamer, particularly since an experimer@atotational
upper and lower stat€ constants could be determined from constant is not yet available for the latter two. However, the
the fit of the VRT data to Eq(l). Relative transition inten- data for all three clusters strongly support #teinitio mini-
sities, however, are dependent upon the magnitude o€the mum energy structures when the effects of vibrational aver-
constant in the lower state and can therefore provide a gooaging(predominantly in the facile “flipping” coordinajeare
estimate ofC". A strategy for estimating & constant would taken into account. Theoretically calculated structural details
be to determine the experimental rotational temperature uge.g., monomer orientationsan then aid in constraining
some of the geometrical degrees of freedom. Since the rota-
tional constants are much more sensitive to the relative oxy-
gen positions than to the orientations of the individual water

IIl. STRUCTURAL ANALYSIS

15 ] ® P-branch O monomers about their respective centers of mass, it is rea-
] o R-branch sonable to simply vary the monomer coordinates while pre-
102 o o serving theab initio monomer orientations to obtain an av-
. o) erageRyp estimate. The results of such calculations for the
] 8 tetramer and pentamer yieRbo values of 2.78 and 2.75 A,
N 5— ‘ . .ao
I ® O respectively. Lid” has recently performed a Monte Carlo
S5 0o vs. upper state J simulation of the water trimer using the diffusion Monte
§ Carlo constrained wave functions of Gregory and Claty
& w1 o determine a vibrationally averag&,, value consistent with
E 1 the measured rotational constants of {B80O); band at 98
] o [ cm™ L. This more rigorous treatment of the average geometry
0y o sampled by the experiment yielded a valueRgf,=2.85 A
] ] for the trimer. Figure 5 shows a comparison of #iginitio
5t c e and experimental trends iRy and R;,, as a function of
o o e cluster size. The trimer value &g is strongly supported by
L T — more recent work on isotopically mixed trimefs?
20 40 60 80 As shown by Xanthea¥® Roo can be modeled to follow
J(J+1) an exponential contraction with cluster size, which can be
given by
FIG. 4. Plots of the&k =2 splittings(see Table Il vs J(J+ 1) for both lower
and upper state rotational quantum numbgrSince theP- and R-branch RM=R®™) + pAg=Cn (©))
splittings lie on different lines, the splittings must occur in both upper and ) ) )
lower vibrational states. HereR(" is the interoxygen separation for clusigt,0),,
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A Degenerate B. Nondegenerate C. Vib. assisted

v=i B Grﬁu ——— Structure 2 B ?r‘A“ A

1 i Structure 1 5.6 MHz
gat Bg ¥
o .: b
Sotr —
% T
g 1 A Bu Structure 2 A
F Water 25 C@-———=—==———=—=== Sa(M —RAg —_ Structure 1
\8 I v=0 M m S4(M)
o

] FIG. 6. Three possible scenarios which could explain the 5.6 MHz tunneling
T : ) L L splitting observed in théD,0), VRT spectrum(A) Degenerate rearrange-

4 5 6 ments occur in both the upper and lower vibrational states. Tunneling split-
(D,0) tings are the sum or difference of upper and lower state splittitigjs.

2+/n Tunneling between IPS minima supporting nondegenerate frameworks. This
. ) . type of tunneling is not likely to give rise to splittings constant as a function
FIG. 5. Comparison of theoreticdRef. 38 and experimental values of o rotation.(C) Tunneling possible through excitation in a given vibrational
Roo. the average interoxygen separation of water dimer, trimer, tetramergqordinate which effectively lowers a barrier to degenerate rearrangement.

and pentamer. The methods of calculatiRg, andR., are outlined in the |, this case the observed spectral splitting is the energy level splitting in the
text. Solid lines are the results of fits of E®) to the trends. upper vibrational state.

2.70 2.75 2.80 2.85 2.90 2.95 3.00 3.05

R™ is the bulk (ordered icg separation, an€ and A are . _ _
adjustable parameters. Given that the theoretical results reg- A brief group theoretical analysis of the water tetramer
resent the equilibrium separation, while the measured sepd/nneling dynamics was given in Ref. 16. However, since the

rations are vibrationally averaged, only the trends toward th&tructures of larger cyclic water clusters may be more rigid
bulk value can be compared. Kim and co-work&rsave due to cooperative H-bonding effects and decreased H-bond

shown that no less than the MP?2 levelaff initio calcula-  Strain(e.g., no evidence of tunngling involving breaking of
tion, with large basis sets, is required to reproduce the exhydrogen7 bonds was observed in the water pentamer FIR
perimentally observed properties of the water dimer, inclugSPectrum’), and since the connectivity of structurally degen-
ing the dipole moment. Therefore it is appropriate to€rate and nodegenerate minima on the associated IPS be-
compare the measurd,g trend with Xantheas's MP2 re- COMeS exponentially more complicated as the dimensionality

sult only. The measured and calculated trends are quite simfOWS, caution must be observed in rationalizing the origin
lar in degree of curvature, which represents the relative im®f SPectral splittings in these complex systems. In the follow-
portance of many-body potential energy terms as cluster sizZ89 sections, three possible scenarios will be considered in

increases. The MP2 curve predicts convergence to the of"der to account for the observed 5.6 MHz tunneling split-
dered ice value by=6 or 7, while the experimental curve tings: tunneling between degenerate IPS minima supporting

indicates a slightly more rapid convergencerby4 or 5. the S, equilibrium structure, tunneling between nonstructur-
ally equivalent IPS minima, and tunneling between degener-

ate upper state structures facilitated by excitation along a
specific vibrational coordinate. Hypothetical energy level
In order to account for all the features observed in thediagrams for these scenarios are shown in Fig. 6. The origin
VRT spectrum of the water tetramer, it is convenient to de-of the additionaK =2 splittings will be addressed in Sec. V.
velop a group theoretical description of the hydrogen bondA D te t i
formation—bond breaking processes, which generates a de- egenerate unheling
scription of the quantum tunneling dynamics that is consis- The dominant motion observed in water trimer VRT
tent with ab initio tunneling pathway calculations, and pro- spectra is the “flipping” of one unbound proton from one
vides the vanishing integral properties that also rationalizeside of theO—O—Oplane, to the otheffFig. 1). In the trimer,
other observations, such as te=2 splittings(and the ab- this motion has been calculafédo lie below the cluster
sence of such splittings in oth#r state$. Such descriptions, zero-point energy ir(H,0); and very nearly so ifD,0);.
employing permutation-inversiofPl) group theor§® have  The facility of this motion accounts for the fact that ho-
been used successfully to rationalize the VRT spectra of sewnoisotopic trimers, with equilibriunC; geometric symme-
eral cluster systems wherein dynamical effects such as quatry, are observed as vibrationally averaged symmetric tops
tum tunneling are observable in the spectra, viz. the watewith K being a good(or very nearly goodl quantum
dimef*®® and trimer*>%” the ammonia dimel® and other number'® and for the fact that several low frequency
complexe€?® In many of these systems, nearly free rotationtorsional-mode VRT transitions have been obseritetalo-
of the monomer constituents has given rise to experimentajous to the case of cyclopentaifdt is reasonable to begin
manifestations of all possible internal motions via tunnelingany dynamical study of a cyclic water cluster by considering
splittings or energy level shifts. this motion. A single unbound proton flip yields a structure

IV. TUNNELING SPLITTINGS
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6640 Cruzan et al.: Spectrum of the water tetramer

Sa(M) Can(M) inclusion of breaking and reforming of chemical O—H bonds.
E 2 ‘B 6 Since the point grougS,) of the equilibrium structure is of
R? K ER";ch f order 4, the 18-dimension@nonomer geometries fixgdet-
7 M., i 'g" 5, ramer IPS actually contains 192 structurally degenerate
8""'“:.5 3¢B"'"4 L, minima corresponding to thg, framework, which may or
‘i" T 1\;_\“ may not be separated by barriers penetrable by quantum tun-
. —tcob —f— neling. In practice, we seek the smallest subgroup of the MS
(ABCD) 8 {(ABCD) 4 group that is suff|C|ent_ to explain the observables. .
RY2 E ?R%nlz;o_h ! The smallest po§S|bIe MS_group of the water tetrgmer is
P g < Va, S,(M), the PI group isomorphic to the point gro&p which
epc?, Az 2lma] “cuille would describe a rigid, quasiplanar tetramer. The first col-
‘3\3."1 ’ 7‘0”'5’ umn of Fig. 7 shows that each of ttf8&(M) Pl operations
% . A rotate one labeled tetramer structure into another but do not
i 8 permute the nuclear labeling. Since tunneling doublets are
(AC)(BD) & (AC)BD)" 2 observed in the VRT spectra, it is necessary to include Pl
R2 ‘,.!‘5 : Reon WA operations which interconvert two or more forms.
4|||,,B(3 “oulle 5 s»off 1"’344 Inclusion of the PI operations which describe simulta-
Mg 5 “,3’ neous flipping in water tetramer generates the subgroup
ﬁ g C4n(M) of the MS group. The flipping operations are shown
2 i 5 in the right-hand column of Fig. 7, and the character table of
(ADCB)* 2 {(ADCB) &8 Csn(M) is given in Table IV. In what follows, it will be
R¥™? E‘ R;0n ‘!‘ most convenient to work with the operations &f{M) and
2>A'1‘. “ots | o 0,5 7“.AI“"2 generalize to th€,,(M) case as necessary. Since the char-
o 5 : '-.3\ R acter table of5,(M) is contained within that o€ ,,(M), the
‘2‘ i x correlation ofS,(M) states withC,,(M) states is easily ob-
7 3 tained:

FIG. 7. The effects of the operations of the PI gro@eéM) (left column) A:Ag@ B,; B= Bg@AU !

and C4n(M) on the water tetramer. The labe#sB,C,D denote oxygen (4
atoms and 1,2,...,8 label protons or deuterons. The cyclic permutation E1:Elg@ Eoy; EZZEZQ@ Eq-

(ABCD) is shorthand for ABCD)(1357(2468, and so on. All operations

preserve the bound and free status of the protons of each monomer. Each Pl h h individually label th blv d
operation on the left-hand side can be represented by an equivalent rotati ere we have chosen to individually label the separably de-

about thec principal axis of inertia(the z axis), while those on the right- generateE states ofS,(M) and C,,(M), which are degen-
hand side are represented by a similar rotation followed by a reflectiorerate only by time(momentum reversal symmetry. Each

through theO-0—0O-Oplane. rovibronic state of the rigid tetramer then, should split into a
doublet upon degenerate tunneling betw&nPS minima,
with each level being labeled by an irreducible representa-

degenerate with the equilibrium configuration in water trimertion of C4y(M) as given in Eq/(4). The electric dipole se-

or pentamekor any odd numbered cyclic water clugtesut  lection rules I'y—T', indicate that the VRT transitions
produces a nondegenerate tetramer structure. For an anafflould occur in tunneling doublets between any two states,
gous motion to interconvert degenerate tetramer structure®ith overall selection rulesAg—A,, BB, E1g—Ey,

simultaneous flipping o#ll four unbound protons across the and Exg—E;,. Nuclear spin statistical weights are deter-
O_O_O_Op'ane' ana'ogous to the ammonia inversion, ismlned from the number of H or D nuclear spin functions

required. In this section, we present a group theoretical racompatible with the ground state rovibronic wave functions.

tionalization of the VRT spectrum in terms of a proposedThe results for (H,0),[(D;0),] yield statistical weights

simultaneous flipping pathway between degenerate minimg@3185] for Ag,A,; 33184] for By,B,, and 30180] for

on the tetramer IPFFig. 6(A)]. Much of the group theoreti- Eq,E, states. Therefore the symmetry operations of the tet-

cal analysis presented here can also be of use in examinidg@mer CNPI subgrou@4,(M) predict rovibronic transitions

the other scenarios. in doublets with nearly equal intensity. This is precisely what
The largest molecular symmettilS) group of the wa- IS observed in the VRT spectra fr#2.

ter tetramer, without allowing for chemical bond breaking, ~ Equivalent rotations of the Pl operations $f(M) are

consists of the 768 Pl operations given by the direct produc@lso shown in Fig. 7. By considering the effect of each

S,X(S,)*X € whereS, and S, are the groups of all opera- €quivalent rotation on the Euler angles of the rigid tetramer,

tions permuting four oxygen atoms and two protodeuter- rotational state labels can be obtained. The character of an

on9 respectively, and is the inversion grougE,E*}. The  Su(M) operation as a function of the symmetric tdpquan-

effect of E* is to invert all coordinates of the wave function tum number is given by

through the cluster center of mass. The much larger complete ,

nuclear permutation-inversiofCNPI) group is required for RY|3, £ |K[,m)=e*" "3, = |K[,m), (5
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TABLE IV. The character table o€,,(M). The operations and character table}{M), a subgroup of

C,n(M), are contained within the dotted lines. The irreducible representation lab8jgMf) are obtained by
dropping theg subscript. The permutation&B CD) are shorthand forABCD)(135%(2468, whereA,B,C,D

label oxygen atoms, and where odd and even numbers label hydrogen-bonded and free protons or deuterons
respectively(Fig. 7). In this group, the roles of donor and accepinfH) atoms of one monomer are never
reversed. The effects of the cyclic permutations are defined as in Ref. 63.

ca(M) E (ABCD* (AC)(BD) (ADCB)* | (ADCB) (ABCD) E* (AC)(BD)*
A 1 1 1 1 1 1 1 1
B, 1 -1 1 -1 -1 -1 1 1
= 1 i -1 [ i i 1 -1
= 1 [ -1 —i —i [ 1 -1
A, 1 -1 1 -1 1 1 -1 -1
B, 1 1 1 1 -1 -1 -1 -1
= 1 [ -1 —i i —i -1 1
= 1 i -1 [ —i i -1 1

whereR,” is a rotation ofy radians about the(C) axis.  water monomer in the ring structure accompanied by one or
Since all equivalent rotations i§,(M) are about the mol- two flips on adjacent monomers, has been shown to lead to
ecule fixedz axis (Fig. 7), the rotational state labeling is characteristic quartet splitting patterns in each vibration—
independent of]. Rotational state labels und&;(M) are rotation transitior?® Simple extension of the group theoreti-
then: K==*4n, A; K==*=(4n+2), B; K=+(4n+1), E;; cal analysis which rationalizes this result in terms of degen-
K=-(4n+1),E,; K=+(4n+3),E,; K=—(4n+3), E,, erate tunneling leads to the result that each rovibrational
wheren=0,1,2,... The correlation t€,,(M) states is again level of a cyclic water clustefH,0),, splits inton+1 levels
obtained from Eq.4). From the character table, the total which can be connected by electric dipole transitions and
wave function of(H,0), must transform as either ti&, or ~ might be expected to yield more complicated splitting pat-
B, irreducible representations dof,,(M), while that of ternsinthe VRT spectrum. Inclusion of this donor tunneling
(D,0)4 must transform as eithek, or A, in order to obey motion into the tetramer MS group generates a group of
the Pauli principle. With these labels, it is possible to deter-order 240(G,,, and we expect to see fivefold splitting pat-
mine the types of VRT transitions that can be observed agerns in the VRT spectra as a result of feasible bifurcation
suming this tunneling scheme. Paralleltype) VRT spectra  tunneling. Attempts to observe substructure in the measured
would be expected for transitions to upper vibrational state¥ RT doublets have indicated no such effects. Neither was
of B=By® A, symmetry, while perpendiculda-type) tran-  any evidence of bifurcation tunneling apparent in the VRT
sitons would connect the ground state to states obpectrum of water pentam&rTherefore, if bifurcation tun-
E=E4@E, vibrational symmetry. Vibrational transitions to neling is occurring in these larger systems, the spectral split-
upper states oA=A,® B, symmetry would yielcc-type ro-  tings must be less than thel MHz experimental line width,
tational transitions originating from odd states(E state$  at least insofar as the present data indicates.
only. From these results it is clear that a parallel VRT spec- Theab initio tetramer geometry optimizations of S¢hu
trum with transitions allowed in ak manifolds is possible if and co-worker¥ predict that an asymmetric cyclic structure
the vibrational upper state transforms as eithgror By in (Fig. 8 with C; point group symmetry lies just 0.86
Cun(M) [B in S,(M)]. kcal mol™ higher in energy than thg, global minimum. A
Schiiz and co-workef¥ have recently published sym- group theoretical analysis completely analogous to the above
metry assignments of tetramer normal mode harmonic freean be performed for that structure as well. Adopting the
quenciegalso calculated by Xanthe®s In that work, anA, shorthand of Scha et al., where the unbound protorideu-
mode of (D,0), was predicted to lie at 142 cm, with By terong are described by ti” for above, “d” for below, and
modes at 77 and 247 cm The former two modes are pre- “p” for in the plane of the oxygens, the secondary minimum
dominantly torsional vibrations, i.e., in the flipping coordi- structure can be interconverted between fouwundd; forms
nates. Sinceab initio harmonic vibrational frequencies are by the direct product of the Pl operatiofABCD)
often too high by factors of 2 for these weakly bound sys-(135% (2468 with {E,E*}, which forms a group of four PI
tems, it seems unlikely that the spectrum measured in thisperations isomorphic t€,,,C,,(M). The results of such
work belongs to the lower frequen®j, mode, although we an analysis predict that each VRT state of the riGidtet-
cannot explicitly rule out the possibility. Hence, we tenta-ramer should again split into two components of nearly equal
tively assign the present vibration to the calculated 142’tm intensity. EachA state inC; correlates toA;@B,, while
A, torsional mode. eachB level correlates td\,® B, . The nuclear spin statisti-
Larger subgroups of the MS group, describing othercal weights are §3865] for A; andA,, and 63364 for B,
types of structural rearrangements, must also be considereand B,, for (H,0),(D,0),]. Therefore, in this degenerate
In the water trimer, “donor” or “bifurcation” tunneling, tunneling scheme involving fwofold flipping motion, dou-
involving an exchange of bound and free protons of oneblets of nearly equal intensity are again predicted. Careful
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6642 Cruzan et al.: Spectrum of the water tetramer

2 2 ergy barriers separating degenerate upper state structures.
H Y For example, those authors found that excitation in the pre-
7A‘1 —E . ."A\k dicted 222 cm? B, normal vibration leads to théppppt
8""'0:. P U 8D JBmila stationary structure, the transition state for the simultaneous
Sn® ‘s\c..~3 flipping motion discussed in Sec. IV A, effectively lowering
A % the potential barrier to that motion. Interestingly, in such a

case, the measured tunneling splitting would lkract mea-
FfIGH 8. A rearrangement Igf therudd: IOWS Iyritrlg stztionary r|3(0int Rst;uiiture sure of the upper state VRT splitting, rather than a sum or
ot e v . iference a5 n case) and perhaps case) (Fig. 6. Mea
mum. surement of the splitting would, therefore, provide a direct
estimate of the effective barrier to simultaneous flipping. The
group theoretical discussion given in Sec. IV A would apply
intensity measurements made on several of the tunneling this case as well, producing the same selection rules, dou-
doublet transitions in this spectrum reveal that the small difblet splitting pattern and intensity ratios.
ferences in the predicted intensity patterns for $@ndC;
cases transcends the experimental capability. Fluctuations n, THE K=2 SPLITTINGS
the intensity measurements are too large to distinguish be-

tween these two cases at the present signal-to-noise level. The additional doublet splittings observed in thie=2

stateqTable Ill and Fig. 3 are plotted in Fig. 4 as a function
of both the lower and upper state rotational quantum number
J. Figure 4 indicates that this splitting occurs in both the
Wale$® has examined several reaction paths producingipper and lower vibrational states, since the splittingsFfor
tunneling splittings in small clusters and has found that, inandR branches differ as a function df Previous experience
addition to tunneling between degenerate structures, tunnelith the water trimet*!> has shown that vibration—rotation
ing between nondegenerate structures separated by a retmupling can lead to significant perturbations in the VRT
tively low barrier and having near resonant bound state enspectra, even to the degree that the spectra are unassignable
ergies, can lead to observable splittings in the VRT spectrausing standard rigid-rotor assumptiofisThese perturba-
Figure B) illustrates such a scheme, which is tantamount taions, while not yet fully quantified, appear to arise from the
observing two structures simultaneously, each undergoing fact that the internal torsional motions and overall rotational
similar vibrational motion. Such a possibility cannot be ex-angular momentum can couple to produce both energy level
plicitly ruled out in the present case, however it seems unsplittings and/or shifts from the normal semirigid rotor pat-
likely that such a scenario would lead to splittings which aretern. Recent work by van der Avoird and co-workers has
independent of rotational quantum number, as nondegenerapeovided a satisfying rationalization of extra splittings in the
wells on the IPS would almost certainly support differently 82 cm * (H,0); VRT spectrum in terms of kinetic coupling
spaced rotational state manifolds. Nevertheless, it is imporef bifurcation tunneling, flipping, and the overall rotation.
tant to note that Wales and co-work€rave extensively Those splittings are quite similar to those observed in the
probedab initio IPS pathways for the water tetramer and findtetramer data, in that they increase approximately%and
many more nondegeneratestructural rearrangement path- are observed only in a limited subset Bf and R-branch
ways separated by first-order saddle points on thel 1BS  transitions.

B. Nondegenerate tunneling

than degeneratgathways. Efforts to interpret the complicated perturbations in the
Schitz and co-workef¥ predict small energy differ- trimer spectra are ongoing and have included detailed reac-
ences between a variety of torsional variants andSjmini-  tion pathway calculations in order to assess the possible dy-

mum energy structure. They find stationary pointsnamics, and kinetic and potential energy couplings between
[CCSOT)] calculations, aug-cc-pVDZ basis petfor  them. It seems clear at this point that a fundamental under-
{pppp}, {uuud, {uudd}, and{udpd tetramers, all lying standing of the torsional motions and couplings in the trimer,
within about 10% of the total binding energy23.8 along with similar reaction pathway calculations for the tet-
kcal mol'Y) of the {udud; form. The {pppp stationary ramer, will be a necessary precursor to understanding the
structure is the transition state for simultaneous flipping andrigin of the K=2 water tetramer splittings.

was calculated to lie 2.9 kcal mdi higher than thes, struc-

ture, the others in the list above lying considerably closer. Ity|. DISCUSSION

is therefore conceivable that considerable sampling of
non-S, minima takes place in the VRT dynamics of the water
tetramer.

The rotational constants and symmetric top nature of the
(D,O), spectrum reported here are in good agreement with
theoretical predictions of a®, equilibrium water tetramer
structure. Given previous experience with the water trimer
and pentamer, however, it would not be unreasonable to ex-
In addition to the two possibilities discussed above,pect cyclic, asymmetric equilibrium structurés.g., theC,

Schitz and co-workef¥ have pointed out that particular vi- structure discussed abgveo also exhibit symmetric rotor
brational excitations can effectively lower the potential en-VRT spectra, due to facile flipping motions which effectively

C. Vibrationally facilitated tunneling
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average the out-of-plane coordinates. That the spectrum prgenerate tunneling scheme, however, by the invariance of the
sented here is due to a symmetric top molecule is insufficientneasured tunneling splittings with respect to rotational en-
information to confirm which of the cyclic structures, calcu- ergy. By the same argument, however, it is possible that the
lated to be nearby in energy, is in fact the correct equilibriumJ-dependenK =2 splittings are a result of tunneling between
ground state structure. Furthermore, the fact that the zercrondegenerate structures. A complete exposition of nonde-
point energy of the cluster may even be above the barrier tgenerate tunneling possibilities along with a group theoreti-
interconversion between two or more of the cyclic minimacal treatment such as has been presented by Wales and
underscores the notion that it is the IPS of these complexeso-worker§® for the trimer would be of value in deciding the
that is of primary significance, and not the measured strucorigin of that effect.
tures themselves. Much more experimental and theoretical work will be
Observation of a cyclic tetramer is also consistent withrequired to fully characterize the torsional dynamics in the
results of previous studies of small water clusters. In molecuyater clusters studied to date. Even in the case of the water
lar beam electric field deflection studies, Dyke andtrimer, where recent wofR has characterized more of the
Meuntef® showed that clusters larger than the dimer wergow frequency torsional motions, the picture of how these
not significantly deflected by strong electric field gradients,motions couple to the overall rotation of the cluster and to
ostensibly indicating small permanent average dipole Mopther intermolecular motions is still not quantitative. As in
ments after considering the vibrational averaging effected byhe case of the water dimer, where it is apparent that a fully
the flipping motions. The dipole moment of S tetramer  coypled six-dimensional-calculation of the intermolecular
is zero by symmetry, while simple vector models of the tri-j)ong states is necessary to fully describe the VRT dynam-

mer and other cyclic tetramer forms yield vanishingly smallics’ larger water clusters are also likely to defy a low dimen-
moments. In a variety of low energy electron attachment,na analysis

experiments, Haberland and co-workéré3were able to at-
tach an electron to dipole bound statesid§O), and(D0)n  yres of larger cyclic water clusters has provided insight into

for everyn exceptn=4, with small signals fon=3 and 5. the relative magnitudes of many body forces in water. The

Since the threshold dipole moment for electron attachment '3xponential decrease in the interoxygen separation in the

roughly 1.8 D, they concluded that the tetramer dipole mo'clusters, which approaches the ordered ice limits5 or 6

ment is below that limit. We note, however, that this conclu-. in reasonable agreement with the MP2 calculation of

. : . i
sion relies on the assumption that the structures of the neu“?jantheaé,s which predicts that three-body interactions ac-

and negatlvg lon are not significantly different and  that acpunt for 18% of the total stabilization energy of the trimer
number of different cluster structures may have been Preseifiid that three- and four-body interactions account for 24%
in the supersonic expansion employed therein. Finally, y 0

0 i i -

Pagé* and co-workers observed infrared predissociatior?nf[j. 2/°be E[hettetrflmertegﬁrgl]y, 'reskpectévely. n tk%?,g pertur
spectra of several small water clusters, finding distinc alv_zad Nl |_ohre_a mer?, aasn;shl arrl] co;)wzr ersave

stretching frequencies for bound and free local mode O rovidead nsig t'htOt € ngture ofthe t ree-body mtr—;rac-tlon

orces in water trimer, noting that the principal contribution

stretches.
Observation of a perpendiculddC=+1) spectrum is from mutual polarization of the monomers resulting in

from which theC rotational constant could be determined, d€formations of the charge cloudself-consistent field de-
would significantly augment the data presented here. Receffmation. Itis hoped that the VRT data will provide a route
work by Fellers and co-workefshas revealed such a spec- for quantifying the various interactions in the tnr’per and
trum near 510 cm* which is currently under analysis. With 1arger clusters once methods for calculating the eigenstates
this information, the type of analysis recently carried out byf those more complicated systems are developed. We note
Liu®® for (D,0); might be used to gain further insight into that Gregory and Claf§l have recently achieved very im-
hydrogen bond torsional motions in the tetramer, as well as Rréssive progress toward this end with the use of a diffusion
more realistic estimate &oo. The analysis of th@-branch ~ Monte Carlo approach, reporting fully coupled 30-
intensities in the present spectrum, however, is sufficient tglimensional dynamics to near spectroscopic accuracy for the
bracket theC constant to a near planar oblate top value,nodeless VRT states of the water hexamer.
C~B/2, consistent with theoretical predictions of quasipla-  In order to fully assess the questions surrounding the
nar equilibrium structure. Indeed, observation@fbranch ~ dynamics of this interesting system, it is clear that more data,
transitions with1=K as high as 19 in a rotationally cole-5 in concert with further theoretical efforts, is necessary. To
K) expansion alone confirms that the molecule is quite obthat end, searches for other intermolecular VRT spectra of
late. (H,0),, and(D,0), are presently underway, with the goals of
While the experimental evidence is most consistent withcompletely mapping out the torsional subspaces, exploring
a degenerate tunneling scheme analogous to those obsenigé nontorsional dynamics, acquiring further structural data
in other systems like the water dimer and trimer, the preserfor cyclic water clusters, and measuring the structures and
data alone are insufficient to completely specify the dynamdynamics of larger water clusters. We hope that this work
ics responsible for the 5.6 MHz tunneling splittings. Neitherstimulates the requisite theoretical effort necessary to realize
can the data discriminate against a tunneling scheme like thaur goal of achieving a quantitative description of the forces
discussed in Sec. IV C. The data do argue against a nondend dynamics operative in small water clusters.

The interpretation of the vibrationally averaged struc-
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