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Terahertz Laser Vibration —Rotation Tunneling Spectroscopy and Dipole Moment of a Cage
Form of the Water Hexamer
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Tunable terahertz laser vibratiomotation-tunneling spectroscopy has been employed to characterize the
structure and hydrogen bond network rearrangement dynamics of a cage form of the water hexamer having
eight hydrogen bonds. The isolated clusters are produced in a pulsed supersonic slit jet. Striking similarities
are found between the structure and the average interoxygen difanc€2.82 A) of the hexamer cage and

those of the basic unit of ice VI. The hybrid perpendicular band of b- and c-types is observed near 2.491
THz (83.03 cm?) and rationalized to originate from the torsional motions of the two single-donor single-
acceptor monomers about their donor hydrogen bonds, thereby causing changes in the dipole moments from
each monomer to be orthogonal to each other as well as to be perpendicular to the approximate symmetry
a-axis. Triplet spectral patterns accompanying each rovibrational transition with line spacings of 1.9 MHz
and intensity ratios of 9:6:1 are attributed to the degenerate quantum tunneling that involves the exchange of
protons within two similar monomers of the cluster. The Stark effect of the degenerate asymmetry doublets
of K, = 3 has been analyzed to yield vibration- ardK()-dependent electric dipole moment components
ranging from 1.82 to 2.07 D along tleeaxis of this near prolate rotor. The selection rules establish that this
dipole moment component preserves the sign upon vibrational excitation. A reasonable agreement is found
between the dipole measurement and the results of a model calculation using an iterated induction expansion
including the quadrupole-induced dipole. The same model has also been applied to extract the individual
monomer dipole moments for the dimer and the cage and cyclic hexamers. The trends of two molecular
properties-the contraction of th&-o distance and enhancement of the average individual monomer dipole
with increasing cluster size up to the cyclic hexamare found to converge exponentially to the bulk phase
values. In both cases, the cage properties deviate from the trends established by the dimer and cyclic clusters.

I. Introduction 3-D noncyclic hydrogen-bonded networks at low internal
o temperatures by a large number of theoretical calculations. The
The quest to accurately model the hydrogen-bonding inter- peyamer represents a transition wherein the cyclic structures
actions that dominate the structure and properties of water yacome less stable than the three-dimensional forms, which have

contir}ues to be one of the important challenges in chemistry. 5 larger number of somewhat weaker (strained) hydrogen
To this end, studies of the structures and dynamics of water bonds!617 Characterization of the structure and dynamical

cludsters arde_ of in;portgnce fgr dhevelopr:ng a detaile_lqhmicrpscopic plroperties of the water hexamer is therefore of special interest.
understanding of condensed phase phenomena. There Is genera The water hexamer has been the subject of numerous

Vesigations of the water diméiirst characienzed spectioscopi- | T1eCTeCal Studies ermploying ab o methdas: dynamics
9 ' P P simulations$22 and other techniqué!?23.24that are based on

C?S\)//Vigy Rjyrﬁie?ﬁ ;\ﬂJuiiirt]itsra;n d %a?rﬁr:zca)\rl (I:zrlgﬁlra::igj:;eggafess model potentials. All have reported several low-lying structures
9 9 P ith differences in the binding energies between the monocyclic

t:r;lear%ec(t)g:iiglt‘is(fnznoi fhneesrgest;/csiér\;vzer:zs: gﬁgi':)eedgﬁ;(ﬂir;g%gtaar _nd noncycllc_ conform_qtlons being I_ess than _0.5 kcal/mol, but
very recenth? Tunable terahertz laser vibrationotation- different re]anve stablllt!e_s.are predlc_ted at different levels of
tunneling (VR.T) spectroscopy has emerged as a powerful tool theory. High-level ab '|n|t|o calculations of Jprdan and co-
for quantifying the structures and hydrogen bond rearrangementworkeréey17. have predicted that the 3-D prism and cage
hexamers lie several tenths of a kcal/mol below the monocyclic

dynamics of small water clusters at an unprecedented level of fing and that the cage appears as the most stable formp@h¢H
accuracy! . . As shown in Figure 1, similar conclusions regarding the stability
It has been well established that the global minimum on the ordering have been reached by Gregory and Glanging
intermolecular potentla_l surface (_IPS) pf the water dimer itfusion guantum Monte Carlo (DQMC) simulation with a
corresponds to a near-linear one-dimensional (1-D) hydrogen-eajistic model potential of Millot and Storfé. Direct com-
bonded complex. For the trimer, tetramer and pentamer, the y4rison of structural parameters between DQMC calculations
lowest energy structures have been shown to be quasiplanang experiment can be made since the former explicitly
(2-D) monocyclic rings with each monomer acting as a single- ¢qnsiders the effect of vibrational averaging, which is important

donor and single-acceptor of hydrogen bofids. Higher in weakly bound aggregates possessing large amplitude motions
clusters such as heptarffeand octaméf are predicted to form  oyan at the zero-point level.

- . — Early molecular beam electric deflection experiméfitgand
Califlz rrf]?ae”ézdgéggg Department of Chemistry, University of Southern jnfrared (IR) vibrational predissociation spectroscopy pioneered
*To whom correspondence should be addressed. by Lee and co-workef8 suggest that the most stable water

€ Abstract published ilAdvance ACS Abstract€ctober 15, 1997. polymers from trimer through hexamer adopt cyclic structures.
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Figure 1. Five lowest-energy structures of the water hexamer and their 0.0 ' ' ' 1 ' 1 !
relative stabilities predicted by Gregory and Clary using DQMC 0.00 0.04 0.08 0.12 0.16
simulation with a waterwater potential including nonpairwise additive
corrections® Values of De (lower lines, relative to 6 free water ~In(H mole fraction)
molecul_es) anddo (upper lines) are shom_/n. The ZPERQo — Do) .__Figure 2. The logarithmic plot of the normalized signal intensity versus
calculatlor;s show that the cage structure is more stable than the prismy, o 1 mole fraction used to establish the (water cluster) size of the
by 62 cn* even though the latter is below the former by 213 ¢t spectral carrier. Each data point contains at least 10 normalized intensity
potential minimum. measurements.

Coker, Miller, and Watts have observed IR predissociation lines reported in this work have been tested with a simplified
spectra of large water clusters resembling that of liquid water version of this method, wherein only one isotope mixture (84%
in the 3000-3800 cnt! O—H stretch regior’® Employing a H mole fraction) was used. The above test was particularly
modified IR predissociation method, Pribble and Zw®&ier useful to identify signals observed from different sizes of water
recently reported the first convincing spectroscopic evidence clusters found in a congested spectral redtorin addition to
for noncyclic water clusters formed within the benze(id,0), Ar, He, and first-run Ne (70% Ne in He) were also used as
complexes withn = 6 and 7. Vibrational predissociation carrier gases to confirm that the absorption was indeed due to
broadening, however, precluded the acquisition of detailed a pure water cluster.
structural parameters from these experiments. The Stark effect of the hexamer VRT transitions was
The present study extends our previdanalysis of the VRT measured by applying uniform dc electric fields to the interaction
spectrum of the cage form of water hexamer and presents theregion between the multipassed laser beam and the planar
determination of its dipole moment component by means of supersonic jet, which lies in the horizontal plane. The laser
Stark effect measurements. A vibrationally averaged cage polarization (intrinsically horizontally polarized) was character-
structure is established through the experimental rotational ized with a metal wire polarizer in front of the detector to ensure
constants, which is corroborated by the electric dipole property that it is not degraded after multipassing. Two kinds of
deduced from the Stark splittings. On the basis of the observedelectrodes were employed to align the DC field vector either
structure, the origin of the intermolecular vibration observed in parallel or perpendicular to the laser polarization, allowhid
this work is assigned to predominantly torsional motions of the = 0 or AM = £1 Stark transitions to occur, respectively. For
doubly bonded monomers within the cluster. Well-resolved the AM = 0 measurements, the electric field was applied
quantum-tunneling splitting patterns associated with each ro- between the flat front surface of the slit nozzle bdéand an
vibrational transition have allowed us to quantify the facile electroformed nickel mesh (50 lines/in., Buckbee-Mears Co.)
hydrogen-bond rearrangement dynamics, which are found to beplaced downstream of the supersonic expansion in attempt to

common in small water clusters such as the difmée3 minimize shock wave effects on the jet. For thiMl = +1
trimer34-39 tetrameri® and possibly the pentam&r. Mecha- Stark measurements, a pair of parallel hand-polished aluminum
nisms for such structural rearrangement dynamics are postulateglates applied with opposite potentials{) were placed
with the aid of the molecular symmetry (MS) group. Grinally, horizontally above and below the planar jet; situated slightly

trends in the interoxygen distanBge_o and the individual water ~ away from the electrode assembly, the nozzle body was
monomer dipole moment as a function of the cluster size, grounded. The approximate uniformity §5%) of the electric

extracted from experimental parameters up to the hexamer, ardield in the laser-jet interaction region for both electrode
shown to exhibit rapid convergence toward the corresponding arrangements was verified with a computer (MacSimion version

properties of bulk water. 2.0) simulation. The lack of an accurate field calibration implies
a few percent underestimate in the dipole moments thus
Il. Experimental Section determined. Electrical breakdown occurred at a field strength

. higher than 45 V/cm with the chamber background pressure at
_ The Berkeley terahertz laser spectrometer and its recentzg mtorr and Ar as the carrier gas, which restricted Stark
improvements have been described in detail elsewtiéfdhe measurements in the terahertz spectral region to molecules with

size of a given water cluster responsible for an observed 5 46 ginole moments and fast pseudo-first-order electric field
absorption feature was determined from an isotope mixture teSttuning

described previousl§#, wherein the absorption line intensity was

measured as a function of the H mole fraction in thg€H- lll. Results

D,O mixture employed for the production of water clusters. 1. Spectral Assignments. Several factors lead to the
Careful intensity normalizatioff was performed by measuring  assignment of the observed spectrum [(Figure 3A, spectrum 1)]
the signals alternately between an isotope mixture and a pureto that of a near-prolate asymmetric rotor. The series of Q
reference sample. The logarithm of normalized intensities branch progressions clearly identified in the spectrum as the
plotted against the H mole fraction (Figure 2) established a successivék subbands is indicative of a perpendiculAK(=
cluster size of 5.99 0.15 to 95% confidence, hence clearly +1) type of transition for a symmetric top-oblate or prolate.
establishing the hexamer as the spectral carrier. All the spectralOn the basis of a symmetric top Hamiltonian, a preliminary
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Figure 3. The observed and calculated VRT spectra of the near-prola@){tdluster. (A, spectrum 1) The overall experimental stick spectrum

can be decomposed into bands of (A, spectrum 2) c-type and (A, spectrum 3) b-type, which are calculated using the molecular constants in Table
1. The difference between the b- and c-type transitions can been most easily identified near the region of band origin as expanded in the inset B,
wherein a rigorous prolate spectrum (B, spectrum 1) calculated with its rotational corBtaf#<C"') andB' (=C') equal to the corresponding

values of B + X)/2 of the asymmetric cage is also displayed to show the relative red and blue shifts of tkg $t&cks in the b-type subbands

(B, spectra 2 and 4) caused by the asymmetry doubling. (B, spectrum 3) The calculated c-type transitions near the band ori¢@) rEggon.

actual experimental spectrum of R(&, = 0 — 1 illustrates the triplet tunneling pattern (top trace resolved with a modulation devistign of

700 kHz) accompanying each rovibrational transition. The bottom shows the same peak unresolve@gyith 2.3 MHz, which was normally

used in our experiment$D) A survey scan of 462 MHz showing part of thék, = 6 — 5Q branch progression of the cage.(Js. The triplet

patterns were not intended to be resolved. Th® ltimer signals partially obscuring the Q(11) transition of@ were saturated.

estimate of the rotational constants can be made from thecombination of this B spacing with the hypothesizedR
measured spacings (2185 MHz) between the correspondif)g Q( C) of 2.19 GHz rules out the possibility of the observed
lines of adjacenK subbands, which equals 2(B C) for an spectrum being that of an oblate rotor, since this would lead to
oblate or 2(A— C) for a prolate top, neglecting distortion effects C ~ 0 which does not correspond to a physical object. In
and the rotational constant differences between the ground andcontrast, the simulated prolate top spectrum based An-28)
excited states. Assuming a near-plan&r~ 2C) oblate top ~ 2.19 GHz and B ~ 2.1 GHz can qualitatively reproduce
would yield aB constant of~2.19 GHz, a number that is too  our measurements; the discrepancy is attributed to a slight
large for a cyclicss hexamer. Thd constant for this geometry  asymmetry B = C) of the spectral carrier.

should be 1.21 GHz, as extrapolated from the experimentally The detailed assignments of the b-type transitions and the
derived trend of interoxygen distanBg_o for the cyclic water asymmetry doubling were realized by recognizing the Q branch
clusters up to the pentam®r. Nor can this correspond to a progressions of the loviK subbands, as shown in Figure 3,
cyclic pentamer, albeit the estimatBatonstant (from the same  spectrum 2. The Q branches of th&K; = 1 — 0 andAK,; =
Ro-o trend) for (HO)s is 1.95 GHz, because (a) a cyclic 0 < 1 subbands can be easily identified by the two repelling
pentamer, (BO)s, observed previousl§* did not give rise to a progressions prominent near the 2.491 THz region [Figure 3B,
detectable Stark effect at the electric field attainable in this work spectrum 2)]; they do not exhibit asymmetry doubling because
due to its small vibrationally averaged dipole momeni (D), the nondegenerat€,) or K" = 0 levels are involved. Transi-
and (b) the sextet tunneling pattern expected faQ(Jg*® does tions between two nonzero low stacks have exhibited
not agree with the triplet observed for each rovibrational resolvable asymmetry doubling, e.g., in the regions near 2488.0
transition, even when considering intensity perturbations. In + 0.5 GHz and between 2493.6 and 2494.7 GHz, as shown in
fact, a calculation including both the Boltzmanh = 6 K) Figure 3B, spectra 2 and 4. When compared to a simulated
and Hml—London factors for such an oblate top produced a spectrum in the prolate limit (Figure 3B, spectra 1), fi€, =
spectrum grossly different from that observed, in terms of the 1-— 0 subband (starting near 2492.3 GHz in Figure 3B, spectra
intensity profiles between the P, Q, and R branches and 2 or 4) is found to be more blue-shifted for the corresponding
particularly for the profile within each Q branch subband. Q(J) lines, whereas thaK, = 0 < 1 subband (starting near
Finally, from the apparent progression of the strong P and R 2490.1 GHz in Figure 3, spectra 2) is more red-degraded. This
branch lines, a~2B spacing of 2.1 GHz can be assumed. A suggests the transitions must either terminate in or originate
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TABLE 1: Molecular Constants (in Megahertz) from Fitting of the 423 VRT Transitions (Available in Archival Form) of the
Cage Hexamer Using a S-Reduced Watson Hamiltoni&n

Molecular Constants

ground state excited state
A 2162.12(13) 2153.61(15)
B 1129.07(5) 1127.78(4)
C 1066.88(5) 1063.43(5)
Dik (1079) —2.21(89) —2.5(10)
Dk (107%) 8.3(15) —3.6(30)
d; (1074 4.28(92) 3.03(94)
d> (1079 —1.43(46) —1.97(42)
Hk (107°) 5.7(18) 5.1(19)
Hks (1075) —5.36(61) —4.05(70)
Hk (10°75) —8.2(21)
vo (band origin) 2491 202.87(88)

Correlation Matrix
A" 1.00
B" 0.11 1.00
Cc'" -0.01-0.10 1.00
A 0.81 0.12-0.06 1.00
B' 0.12 0.83 0.02 0.06 1.00
C —-0.05 0.01 0.86-0.01—-0.10 1.00
V0 0.14 0.10 0.13-0.21 0.04-0.09 1.00
Dy 0.66 0.04 0.05 056 0.06 0.03 0.03 1.00
Dy 0.51-0.05 0.01 0.49 0.08 0.080.26 0.87 1.00
D¢" 0.61-0.01-0.16 0.46 0.00-0.20 0.11-0.03-0.08 1.00
Dk 0.28 0.09-0.12 0.62—0.08-0.11—-0.06—-0.08—-0.27 0.46 1.00
d" —-0.07-0.57 0.73-0.08-0.47 0.59 0.06-0.02-0.05-0.11-0.05 1.00
d’ —-0.10-0.46 0.57-0.05—-0.58 0.72—0.11-0.03 0.04—-0.15-0.08 0.81 1.00
dy’ 0.01-0.15 0.08 0.02-0.12 0.00 0.01-0.01-0.07 0.04 0.08 0.1+0.10 1.00
dy’ 0.00—-0.15-0.04 0.01-0.13 0.05-0.15 0.00 0.11 0.0%0.07-0.09 0.09 0.34 1.00
Hy'' 0.13-0.05 0.17 0.18-0.05 0.18-0.04 0.67 0.61-0.57-0.23 0.17 0.18-0.02—-0.01 1.00
Hy' 0.17-0.06 0.18 0.22-0.03 0.15-0.03 0.67 0.64-0.49-0.21 0.19 0.14 0.020.04 0.97 1.00
Hgxy' 055 0.06-0.10 0.37 0.09-0.15 0.11 0.16 0.09 0.84 0.270.15-0.19 0.04—-0.01-0.58—-0.50 1.00
Hxy 0.32 0.00-0.14 0.26 0.09-0.03—-0.28 0.10 0.34 0.52-0.05—0.20—0.04—-0.10 0.18—0.46—-0.46 0.69 1.00
H¢'  0.07 0.10-0.02 0.41-0.08-0.05 0.03—0.05—0.30 0.09 0.88 0.03-0.05 0.10-0.11 0.04 0.06-0.07—0.46 1.00

a 20 Uncertainties in the last digits of the parameters are given in the parentheses. The root-mean squares of the fit is 6.2 MHz. The correlation
matrix for the 20 constants is also tabulated.

from the upper levelsJ(= K, + K¢) of the Ky or Ky' =1 centers of mass of the monomers is given in Figure 4. Initial
asymmetry doublets; hence, both are consistent with a b-typeguesses are made such that the center of mass sep&atign
transition. Fitting of these two subbands, together withidkie is the same for all the hydrogen bonds and each monomer is

> 4 subbands which approach the prolate limit better than thoseconsidered as a point mass. Situated at the diagonal apexes of
with 1 < K;' < 4 (asymmetry doublets were distinctly resolved a compressed cube, the triply bonded monomers form a
for these Q branch lines), yielded molecular constants which puckered tetramer. The extent of puckering is characterized
lead to the assignment of the remaining transitions, including by the height of the cubér. The following two inertial
those belonging to a different c-type band. conditions are used to solve farand Rcowm:

The c-type transitions are distinguishable from the b-types
only at lowK, values wherein the asymmetry doublet splittings Réom h?
from 10 up to a few hundred MHz are clearly resolvable. l,=4m — Q)
Therefore, the c-type band is most prominent in the region close
to the band origin, especially identified as the lines shownin [ _, ~ _\-1 2 2\2
Figure 3B, spectra 2 and 3, and between the two Q branches of ™+ 1¢ N 4m(RCOM) +om i_1 n R<2:orv| +h ) )
the b-typeAK, = 1 — 0 andAK, = 0~ 1 subbands. In fact, 2 N 2 2N 2
an accompanying c-type band was initially anticipated, based
on the vibrational motions postulated for the origin of the b-type where m is the monomer mass. Equation 1 describes the
band, as discussed below. dependence df on only the four triply bonded monomers; in

A total of 423 transitions (available in archival form) were this model, thea-axis passes through the two single-donor
assigned to a b- (387 lines) and c-type (36) hybrid band of single-acceptor (DA, D for donor, A for acceptor: this notation
(H20)s. Molecular constants determined in a nonlinear least- will be used throughout the paper) water molecules. The single
squares fit of all transitions of both types to an S-reduced Watson D, single A monomers contribute to the averaged moment of
Hamiltonian are given in Table 1. inertia perpendicular to the symmetry axis of the top through

2. Structure Modeling. Guided by the ab initio low-energy  the second term in eq 2, wherein the first term arises from the
structures of Jordan and co-work¥rs and other investiga- puckered tetramer.
tors818.19as well as by DQMC simulations of the vibrationally The Reom thus obtained is 2.886 A arfilis 1.356 A. But
averaged rotational constants for various isomers of the hexamersince the point-mass model overestimates the interoxygen
made by Gregory and Clafy,a cage hexamer model was distance according to our experimen®l-o trend established
constructed to extract structural parameters from the measuredor the dimer through the cyclic pentanféan empirical scaling
rotational constants. The starting geometry showing only the factor of 0.977 is used to obtaRy-o as 2.82 A. Withh being
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Figure 4. A model geometry for the cage hexamer. Only the centers é € é

of mass are shown. The lines also represent the hydrogen bond O O

connectivity established between the monomers. % éf

a less obvious structural parameter, various@--O angles _ {udy {uu}

are calculated usinBcow andh. The O--0---O angle (1) at Figure 5. Four nondegenerate cage hexamgdsl}, {du}, {uu}, and

the doubly bonded monomer and the ange) (within the {ud}, produced by flipping the two doubly bonded monomers. A

. calculated’ structure {du}*, which is approximately enantiomeric to
puckered tetrameric monomers are the same (7y&a result {du} in term of the hydrogen bond connectivity, is also shown. The

of constrainingRcowm to be identical for all the hydrogen bonds. o curved arrows next to the free hydrogens {ait} indicate the

A third O---O---O angle {3), connecting the oxygens of  directions of the flipping motion, which may be responsible for the
DDA---DAA---DA or DAA---DDA---DA monomers, is 881 observed perpendicular hybrid bands.

Note that, relating closely to the-HO—H (both hydrogens TABLE 2: Calculated Rotational Constants of the Four
bonded) ‘?‘”g'e' the ©0---0 angl_e is a measure of th?‘ deviation Cage Structures Interconnected through Flipping of the Free
from the ideal tetrahedral bonding geometry established for the 51 Bonds on the Two DA Monomer€

condensed phase water; an-@---O angle smaller than the

109.5 tetrahedral bonding angle is associated with a strain in AMHz B/MHz CiMHz
the hydrogen bond. This is clearly manifested in the optimal {dd}® 2133.2 1102.7 1074.7
; ; {du}® 2134.1 1103.2 1075.4
structure of water pentamer wherein the slightly puckered
. . e {ud® 2133.6 1102.1 1075.5
pentagonal ring form is more stable than the cage or bicyclic {ug 2133.4 1105.5 1079.0
arrangement® which involve three- and four-membered rings {dup*< 2280.8 1159.6 1109.6

despite the latter containing extra hydrogen bonds. a ) N .
. ) : . . Notations are defined in the teXtu} * represents the approximate

Due to vibrational averaging, the precise positions of the free (que to the different methods used to obtain the two structures)
hydrogens cannot be determined in this rigid model. Assuming enantiomeric form of du}. ® This work. ¢ DQMC structure, rotational
a linear O-H++-O bonding geometry, ©Hpongea= 0.971 A, constants not averaged (see ref 47).
O—Hyee = 0.959 A, and a monomer bending angle of 104.5
the asymmetry parameteicalculated from the model structure  bonded to it. Two such planes associated with each DA
is —0.95, compared with the experimental ground-state value monomer are found to be approximately orthogonal to each
k"', —0.886; the discrepancy can be attributed to not only the other, hence so are the trajectories of the two flippingHD
inaccurate atomic positions, but also to the exclusion of bonds. Analogous flipping motions identified for the
dynamical averaging effects in the model. A calculation with trimer34-36:49.50can |ead to isoenergetic enantiomers. The four
the optimized coordinates of Gregory and Cfdryroducedc cage hexamer structures linked by flipping are, however,
= —0.91; their DQMC simulatior?8 indicate that vibrational inequivalent. Energetics calculations show that these structures
averaging is important for distinguishing between the rotational are separated by ca. 50 chf’ Extending the scheme for
constants of different isomers. A much less sophisticated MC designating the interconnecting trimers: u (up) for a free H
simulatior¥” based on the approximate wave functions of the above the G0—0 plane, d(down) for H below the plane, we
large amplitude vibrations has been performed for the water refer to the four cage structures (Figure 5 del}, {du}, {ud},
trimers to obtain structural parameters from the measuredand {uu} with each describing the state of the two DA
rotational constants; such an approach should also be applicablenonomers relative to the planes containing their donetHO
here—at least the agreement between the DQMC and the simplebonds. The dihedral angle between the freeHDbond and

MC simulations tested on the vibrationally averaged R@®@ the O-O—O plane about which it flips is chosen to be
distances of various water trimer isotopomers is excellent (within approximately 56, the value found for the trimer. As a
0.3%)48 comparison, we also give the results for an optimized cage

3. Nondegenerate Cage Hexamers: Vibrational Assign-  structure obtained in a model potential-based calculation by
ment. A set of four symmetrically inequivalent cage structures Gregory and Clary this structure denoted afdu}* is
can be obtained by sequential flipping of the free l®bond enantiomeric to{du} denoted in this work, considering only
on each DA monomer from one side of an-O—0O plane to the connectivity of the hydrogen bonds rather than the detailed
the other; the plane is formed by the oxygens of the DA structural parameters. Table 2 lists the rotational constants
monomer and the two neighboring molecules which are directly obtained for these five model structures, the coordinates of
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TABLE 3: Character Table of the Permutation Group G 42 TABLE 4: Tunneling Splitting Pattern Predicted for the

G E 12) (34) (12)(34) Cage Hexamer under the Permutation Group G?

4

A 1 1 1 1 symmetry relative symmetrized

AZ 1 1 1 1 (spin weights) tunneling energy eigenfunction

Ba 1 -1 1 -1 A, (18,72) P1+ P2+ B3 (p1+ 2+ 3+ 9a)/2

By 1 -1 -1 1 Ab((6, 36)) ﬁlﬁ_ ﬁzﬁ— ﬁaﬁ E—¢1 — ¢+ Pzt ¢4¥2

_ B. (6, 36 —B1+ P2— 3 —¢1+ 2+ Pz — $a)I2

. ;i(;ﬁ(reéaélon labels 1, 2, 3, and 4 refer to the hydrogen atoms shown By (2, 18) —B1— Bo+ fa (b1 — 2+ b3 — pa)l2

a2 The numbers in the parentheses are the nuclear spin weights given

; ; ; ; for (H20)s and (D:O)s, respectively. The tunneling matrix elements
which are also used in the dipole modeling presented below. B.s are determined to be negative (see text). The basis funai

As shown in Table 2, flipping of the light hydrogen atoms only  — 1, 2, 3, and 4) correspond to the localized wave function ofhthe
changes the B and C rotational constants by a few MHz, the degenerate version of the cage hexamer (Figure 6).

change inA constant is even less because the flipping hydrogens

are near thex-axis. TABLE 5: Line Strengths A,(Jz,J7’) Used in the Stark

The observed hybrid perpendicular band is consistent mainly Energy Calculations ¢ = Ka — Ko
with the flipping motions of the two DA monomers about their ~ ground state’ = —0.8864) Excited statec(= —0.8819)
donor O-H bonds, which could be accompanied by the  asymmetry doublet asymmetry doublet
cooperative motions of other moieties. The dipole moment Jr = J7) A Jr — Jr") A
changes associated with the flipping are predominantly along 4, — 4 7.1988 3-3, 52485
theb- andc-inertial axes (see Table 9 below), thereby producing 5;— 5, 5.8630 5—5, 9.1655
two types of mutually orthogonal perpendicular bands. Thus, 51— 50 3.2908 6—6: 4.9447

the observed VRT band is likely to correspond to the transitions
between the eigenstates that are supported by the above fou

npndegengrate structures. linked by flipping; the resulting among different symmetry species of the degenerate, rather than
eigenfunctions must be quite delocalized. . nondegenerate isomers. Therefore, the intensity ratios of
4. Degenerate Structural Rearrangem?nt Ana!y3|s: Tun- rovibrational transitions attributed to nondegenerate structures
neling Pattern. We now attempt to explain the triplet spectral  \yquid be subject to change upon experimental conditions (e.g.,
fine structure observed for each rovibrational transition of the temperature) wherein the cluster distribution can be varied. Such
cage hexamer. The permutatiemversion (Pl) symmetry 5 change was not observed in our experiments. Furthermore,
groug'~>3 is employed to rationalize the degenerate structural j; seems too coincidental that a closely spaced spectral multiplet
rearrangement dynamics, which is responsible for the ob- c5sed by nondegenerate structures, after unusually satisfying
served splitting patterns. The procedure used here is similar toyhe apove vibrational and rotational requirements, could also
those well-established treatments for the water difnand match theJ, K independent intensity ratios derived below for a
trimer 3549 degenerate tunneling process. All the above features, however,
There exist a number of low-energy nondegenerate isomersare completely explained bgegeneratestructural rearrange-
identified for the hexamer in previous calculations. For the ments.
high-resolution tunneling splitting patterns observed in this work,  Based on the two possible facile motieri$lipping” and
however, it is only necessary to consider the symmetrically “donor tunneling” (or “bifurcation”) established for the water
equivalent or degenerate structures obtained through permutationrimer 3549.50.5589 we now deduce for the cage hexamer the
of identical nuclei and space-fixed inversion, based on the fact appropriate MS group, the simplest group sufficient to explain
that the two essential features, the line spacing.9 MHz) the resolvable spectral features. The flipping motion mainly
and intensity ratios (9:6:1), characteristic of the observed triplet involves the low-barrier torsion (for the trimer, the zero-point
pattern are invariant with respect to the rotational quantum |evel is above the barri#) of a water molecule essentially about
numbers. its donor O-H bond axis, whereas the “donor tunneling”
Here we address three fundamental points that argue againsgenerally refers to the exchange of the bound and free hydrogens
attributing the splitting to transitions within different non-  within a monomer for which the transition state in the diffier
degenerate structures, the first two in terms of the vibrational and the trime¥ has a “bifurcated” hydrogen-bonding geometry.
shift and rotational line spacings, the third concerning the As shown in Figure 1, the equilibrium structure of the cage
intensity ratios. (1) For the calculated50 cnT! energy hexamer ha<C; point group symmetry. Flipping of the free
separations among the four nondegenerate cage structures (othé—H bonds in the two DA and the two DAA monomers results
forms of the hexamer are more widely separated from the in inequivalent structures, therefore it is symmetry forbidden
cage)? it is unlikely that the vibrational shift from each as regards the degenerate tunneling; such symmetry simplifica-
conformation which would cause the triplet is only 1.9 MHz in  tion has also been found in the mixed isotopic triniéesd in
a nonrigid system wherein vibrational anharmonicity dominates. the tetramer.
(2) Even if the vibrational frequencies could be coincidentally ~ The bifurcation pathway involves the breaking of a hydrogen
identical, nondegenerate geometric structures, by the verybond and thus is associated with a higher barrier than is the
definition, imply different vibrationally averaged molecular flipping motion. Numerous theoretid8f7:6%-6land experimen-
constants and hence different rotational spacings. Such differ-tal*46263work has characterized this bifurcation pathway and
ences should be manifested in the spectrum, especially at highresulting tunneling features in smaller water clusters. It was
JandK quantum numbers wherein the finite differences between recently found by van der Avoird and co-worke&®’ that, in
molecular constants can be strongly amplified. (3) The intensity order to explain the detailed tunneling dynamics and Coriolis
of an electric dipole transition is proportional to the product of coupling in the trimer VRT spectra, the bifurcation pathway
the cluster number density, the nuclear spin statistical weight must involve the inversion operatiofX); namely, it must be
and the Boltzmann temperature factor. The spin weights of accompanied by flipping motions of the two nonbifurcating
different isomers must be the same (equals overall number of monomers. However, as reasoned for the mixed triffawhien

spin functions) due to their identical chemical composition; by
Eymmetry, the nuclear spin weight can only be distributed
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TABLE 6: Dipole a-Components (in Debye) Obtained from

" Fitting the Stark Patterns

Ha

f@ 34  55—4 55  6,—5

} s 1.85 1.88 2.07 1.82

ua' 1.89 1.99 1.99 1.89

%_Q s rms/kHz 50 56 15 36
(12> <34> - . . ,

s aTransitions from which the dipoles are fit are labeledJag —
f@ J"k,. The uncertainties in the peak splittings were set te- B0 kHz

H,y

Jast

N f“ in the nonlinear least-squares fitFixed to the values of common states
in the fit.

} @i . TABLE 7: Structural and Electrical Properties of the
?, @% Z (12)(34) @,f*g 2 A Water Monomer Employed in the Induced Dipole Model

Calculation?
q?@”* (fgm electrical properties
Ha H, H; polarizability/ quadrupole moment/
fg structural parameters % 10-24 o  10-26 esu
(34) 4} <12> freeRo_n/A 0.959 0aa= 1.52882 Qaa= 2.638
ﬁ: | bOUﬂdRo_H/A 0.971 o= 1.46882 be = —0.1388
%—@ H—O—H angle/deg 104.52 o= 1.528%2 Qaa= —2.50%
1{4 aPrincipal axes are defined in the text.

J-independent 2-D tunneling Hamiltonih,, with each degree

of freedom corresponding to the state of a DA monomer. We
Figure 6. Four degenerate cage structures linked through the effective define four localized statef, ¢2, ¢3, andes, corresponding to

Co tunneling of two doubly bonded monomers. The off-diagonal e stryctured—4 in Figure 6, respectively. The tunneling path

tunneling matrix elements, (n = 1—3) connecting different localized
wave functionsg, (n = 1-4) are shown with the corresponding between the four degenerate cage structures can therefore be

permutation operations defined in the text. Note that the flipping motion €Stablished symbolically as
of the doubly bonded monomers does not yield degenerate structures )
that can be considered in classification of tunneling symmetries. Omen = (12)p, with mn=(1,2) or (3,4 (3

ﬁf 5

flipping becomes symmetry forbidden, the bifurcation tunneling e.g.,

may become an effective monome€k rotation, which is

intuitively expected to be associated either with a longer pathway ¢, = (12)p, or ¢, = (12)p,

or higher barrier (or both) than those found for the dimer and

isotopically homogeneous trimer. Likewise, the cage hexamer ¢, ., = (34)p, with mn=(2,3) or (1,4) (4)
donor tunneling studied here is postulated to undergo the

effective C, rotation, with associated flipping motions being and

infeasible.
For the cage hexamer, the DA monomers, which are less ¢, = (12)(34), with mn=(1,3) or (2,4)
constrained than the triply bonded DAA and DDA monomers, (5)

are most likely to undergo th&; tunneling. This assumption
does not affect the following general conclusion. Here we shall The tunneling matrix in th¢¢n, n = 1—4} basis is
consider the doubly bonded monomers. Due to the slight

inequivalence between the two monomeose is bonded to Hii B1 Bs P

two DAA molecules and the other to two DDA®ach C, B1 Ha B Ps

pathway is expected to experience slightly different barriers and Bs B2 Has B (6)
thus to produce different tunneling matrix elements. Following > Bs Pr Ha

the Hickel tunneling treatment of Walé8,we associate the
tunneling matrix elemenf; with the symmetry operation 12,
which permutes Hand H (Figure 6),3, with the operation
34, andBs with the operation (12)(34). The operation (12)(34)
corresponds to the concerté€drotations of both DA monomers,
and thusBs should be much smaller thgh and 3, since this

whereHnn = ¢nHwngn andHmm= Hnn (M= n) due to structural
degeneracy, witm, n = 1—4. On the basis of the connectivity
defined above for the three possible tunneling operations, the
tunneling matrix elements are expressed as

pathway involves the breaking of two hydrogen bonds. The 1= bHun(12), ™
group generated by the above symmetry operations;ish@

character table of which is given in Table 3. The irreducible Bo = ¢Hwun(34), (8)
representations (irreps) are defined such that the capital letters

A and B label the symmetric and antisymmetric species with B3 = ¢Hun(12)(34),, 9)

respect to the operation 12, and the subscripts a and b
accordingly to operation 34. Note that this group is a pure wheren = 1—4. Note that a different definition ¢f; was used
permutation group because the inversion operation associatedn our previous papét whereing; is the tunneling splitting,

with the flipping motion is not feasible. which is twice the tunneling matrix element defined here. The
To predict the symmetry properties and tunneling patterns tunneling levels resulting from they,, matrix are listed in Table
of the cage hexamer from the properties of the groupv 4; schematic transitions between the VRT levels are shown in

consider the following basis set for the phenomenological Figure 7 with the selection rule df; < I'i imposed.
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18:(6+6):2 TABLE 8: Principal Dipole Moment Components
(Permanent + Induced, in Debye) of the Dimer, Trimer, and
Pentamer Calculated with the Polarization Modef

dimer trimer pentamer
Ua 2.61(0.57) 0.03(0.02) 0.310.07)
U 0.08 (-0.01)  —0.20(0.04) 0.06 (0.02)
e 0.00 (0.00) 0.6440.03)  0.55¢0.02)
P 2N pr e Hotal 2.61 0.67 0.64
// —-f'-B + B3 (By) a (exptl) 2 6264
,/ — B+ - B3 (Ba) . . .
7KK S S BB B (A Dlp(_)le components of tetramer _and hexamer vanlsh du_e to their
—==7C . respectives, andS symmetries. The induced-dipole contributions are
N given in the parentheses.
\ C, tunneling, i.e.|32| > |B2"| > 0, which is likely to be the
B+ B+ B (A case, then we obtajy’, 52" < 0, assuming that the symmetry
ordering remains the same in both upper and lower states. On
the other hand, more restricted tunneling motion in the upper

state (0< |B2'| < |52"|) would yield 37, 52" > 0. A similar

BB+ B (By) set of relations also hold fg8,' and 4", aspi is close tof..
B+ B2 - B (BY) Note that the relative ordering of the tunneling levels in Figure
Fr-f -85 (A 7 is chosen with all the matrix elements being negative, namely,
the first scenario wherein tunneling splittings increase in the
excited state.

Bs=0  B3<0 Finally, it is noteworthy that the cage hexamer exhibits a static
Figure 7. Schematic energy diagram illustrating the VRT transitions Chirality, unlike thetransientchirality effected by the facile
giving rise to the triplet spectral pattern (top trace) with the intensity flipping motions in the water trime¥: The barrier to intercon-
ratios proportional to the nuclear spin weights (numbers shown atop version between the cage enatiomers is likely to be high since
the sample spectrum) of the tunneling state symmetries. The tunnelingjt requires cleavage of multiple hydrogen bonds. As such, the

energies relative to the nontunneling limits are also given with the .
symmetry labels of the MS group.@ the parentheses. The energy structural degener_acy caused by enantiotropy does not affect
the present tunneling model.

levels (solid lines) are constructed with Alf's being negative anfls . ) )
being either negligible or finite; nonzerf; would lead to uneven In summary, the above tunneling analysis only requires that
spacings in triplet, in contradiction with the observed pattern. 1 be similar toj, in order to fully interpret the fine triplet
i i . spectral feature observed in the VRT spectra of the cage
The predicted quartet spacings are therefore given as follows:yeyamer. While this is a nonunique criterion for the structural
_ , " , " determination, since the boat strucfiralso satisfieg; = >
Av(B, = By = 2(=5; +6,") — 265 — £5")  (10) due to the existence of two equivalent DA monomers, other
_ ot o N o o important experimental evidence, especially the rotational
Av(B,— Ap) = 2(=B1 + ) — 2(=B," — ") (11) constants reported above and the dipole moment projection
_ , N , Y measured through Stark effect presented below, supports our
Av(Ap — A =2(=B; + B,") + 265 — f5")  (12) assignment of the observed triplet pattern to the cage form of
h . h | | the hexamer. We point out that the same procedure also applies
T e spacing between the centra doub E,MAd E;,comppnents) to the isotopically mixed trimers containing only two homoge-
is expected to be small since the barriers to operations 12 and,,.,,,s monomers 4@)(H,0)(HOD) or (D;0)(D,0)(HOD) or
34 are similar, i.e 1 — iz ~ 0 for both the ground and excited 5, 5)H,0)(HOD), wherein the fully resolved quartet as well
states. As this splitting becomes less than the instrumental 5q e triplet resulting from the collapsed quartet have both been
resolution (2 MHz), the quartet collapses into a triplet of the ;o ed?

intensity ratios of 18:(6+ 6):2 corresponding to the nuclear 5. Di : .
) L . . . . Dipole Moment Analysis. An important complementary
spin statistical weights of (4D)s (Table 4) associated with the o, 4re characterization is provided through the molecular

Aa Ap ® Ba By symmetries, respectively. This is believed to electric dipole momenta measure of the electric charge

be thg catse observed for the cage hexamer in our VRT distribution. The electric dipole of the water dimer has been
expernments. . . determined to be 2.6 D along theaxis67 which is the
_By comparing the pr(_ed|cted tunne!mg_ pattern to the observed approximate prolate axis of the linear H-bonded cluster. It is
triplet, we can establish two qualitative constraints on the found that the dipole moment exhibits strokgdependence
tunneling matrix element§. First, the two spacings In the (nonmonotonic behavior) but small variation with thguantum
observed triplet are approximately equal (within 100 kHz). This number. A simple vector sum of the two monomer permanent
leads to moments cannot fully account for the measured The
1Bs — Ba"] < 25 kHz (13) enhancement was described by the dipole- and quadrupole-
3 3 induced dipole moments and charge transfer from the proton

which is consistent with a high-barrier (12)(34) tunneling process 8CCeptor to the proton don®t> It is to our interest to
involving concerted breaking of two hydrogen bonds. Second, Systematically investigate such enhancements of individual
from the observation that the splittidg/(Ap — AJ) ~ 1.8 MHz monomer dipoles with variations in cluster size, on the basis of

(the strongest componeAg occurs to the red ofy,), we obtain an electrostatic model similar to that applied to the water dimer,
’ and on structural and electric properties derived from experi-

=B, + B ~ 0.9 MHz (14) ment.
5.a. Experimental Measurement§tark effects measured
neglectingfs’ andf3". If vibrational excitation promotes the by terahertz laser spectroscopy for four pairs of asymmetry

B1"+ B2" + B5" (A,)
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TABLE 9: Principal Dipole Projections (in Debye) the trial dipole moments for the ground and excited states at a
Calculated with the Polarization Model for the given value of the electric field. The spacing between succes-
Nondegenerate Cage Structure’s sive tunneling sets is chosen to be 1.8 MHz from simulation of
triply bonded  doubly bonded cluster  tiotal a field-free hexamer triplet using the same procedure described
{ddt ua 1.90(0.42) 0.08 (0.07) 1.97 (0.50) 2.05 herein; the relative intensities between the three sets of line
u, —0.84(0.303) 0.37(0.38) —0.47(0.08) frequencies were scaled according to the nuclear spin weight
uc 0.89(0.55) —0.57(-0.59) 0.33(0.04) ratios of 18:(6+ 6):2 and within the set scaled according to
{d} ua 1.88(0.40) 0.12(0.08) ~ 1.99(0.49) 2.91 the values reported for the differétcomponents in literatur@.
w, —0.76(0.21) —0.34(0.39) —1.10(0.17) S :
ue  1.21(0.83) ~3.02 (-0.60) —1.81 (0.23) Second, a Gaussian line shape of 2.1 MHZ fwhm is assumed
{udt . 1.95(0.46) 0.17 (0.07) 2.12 (0.53) 2.48 for each line frequency. The overall superimposed Stark profile
up —1.03 (-0.49) 2.16 (0.40) 1.13+0.09) was then twice differentiated to approximate the experimental
uc 1.03(0.70)  —1.63(-0.59) —0.60(0.11) second derivative line shape resulting from thie I@ck-in
fud ua _(1)'33 (9-613)5 10-70;3 %’ff) 02-702 %)'055’) 345 detection. The 2.1 MHz Doppler line width was established
//ji’ 107 20.9'4)) _397 ((_6'533) _2'7'0%.3;6)) through a singlet (bD); absorption measurement under the
{dy* ua 1.82(0.29) —0.35(0.07) 1.47 (0.36) 1.88 identical modulation conditions employed for resolving the
u,  0.91(0.31) 0.10€0.45) 1.01¢0.14) hexamer triplet features. The calculated peak positions are
e 2.91(1.02) —3.51(-0.88) —0.60(0.14) compared to the observed ones for preliminary assignments.

aTwo groups of constituent monomers, the two flipping DA  Finally, we point out that i_t is the splittings _between various
monomers (doubly bonded) and the DAADDA tetrameric ring (triply peaks measured as a function of the electric field strength, rather
bonded) are reported separately. The rotational constants of thesethan the spectral line shapes or the absolute frequencies (which
structures are given in Table 2. The induced-dipole contributions are gre |ess accurate), that were fit in the nonlinear least-squares
given in the parentheses for reference. routine to yieldus and us'. The observed Stark splittings

doublets of the near prolate cage hexamer are analyzed tc)depend linearly on the applied electric field. To minimize the

determine the dipole moment projections along the approximateum_:e_rtalnty n Io_catlng th_e peal_<_p05|t|ons, the “observed
prolate axis. The Stark energies were calculated following a splittings at any given field in the fitting routine were calculated

treatment analogous to that of the Fermi-resonance interactionfrom the first-order relations established through fitting the finite

between two adjacent states, in this case the asymmetry doublin umber of measurements. The uncertaintie_s in these splittings
of a near symmetric roté®.7® Assuming the second-order Stark  V€'€ set between 100 and 200 kHz, spanning abet data

contributions from levels other than the asymmetry doublet (this P°'NtS In @ (ialqulallted spictrum; note thlat a simulated or an
induces a pseudo-first-order effect) are small, this is valid as 8XPerimental singlet peak contains at least 60 data points
per the explanation given below, the Stark energies are between the two minima of the second derivative line profile.

The results are listed in Table 6. The correlation between
w‘; + Wg M — \/\/23 2 ) 12 ua anduy' was removed either (1) by fitting simultaneously
= 5 + 5 + E¢ (15) the AM = 0 and+1 Stark patterns for the same asymmetry
doublet, e.g., for the P(4) transitions AK; = 3 <— 4 shown in
Figure 8 with individuaM components clearly resolved in both
cases, or (2) by fixing the, values of common states between
different asymmetry transitions when case 1 is infeasible, e.g.,
for the R(4) AK, = 5 < 4) transitionsu,' was fixed to the
value determined from P(4) because of their common ground

szt

whereW! andW) are the unperturbed energies of the interact-
ing pair which can be calculated from the fitted molecular
parameters listed in Table 1. The perturbation teff§? is
related to the rotational line strength(Jr,J') as follows:

2(3Ir,37) 12 states. For the R(5) transition (Figure 9) which shares no
EE = (0.50344Fku M| ————7——= (16) common states to other transitions studied in the Stark measure-
JI+1)(21+1) ment, adding a field calibration parameter in the fit, as discussed

d below, fortuitously helped remove the correlation; the dipoles
listed for R(5) in Table 6 were obtained by extrapolation to the
energy in MHZ/® The line strengthsia(Jr,Jr') are obtained point. where the calibration parameter beca.me zero. Other
by interpolating the tabulated valu8she's used in this work spgual constramts were alsq added tq the npnllnear Iea}st-squares
are listed in Table 5 and are based on the ground and excitedtting routine to avqld meaningless digression of the simulated
states asymmetry parameters. The use of eq 15 to accuratelP2t€rn from experiment regardless of a good convergence.
describe the Stark pattern is ensured in the predicted first-order From the observed selection rules for the Stark patterns, one
behavior of the Stark splittings even at low (200 V/cm) can establish the relative sign of between the ground and
electric fields wherein (02 — WA)/2] < E282, in agreement ~ €xcited state$® When the perturbed wave functions corre-
with the observed behaviors for all the near-degenerate asym-SPonding to the energia¥* in eq 15 are fully mixed, as is the
metry doublets. case here, the sign of linear combination of the unperturbed
The Stark patterns observed in this work are complicated by Wave functions depends on the signiaM. As a result, the
the presence of tunneling splittings and in certain cases by theSign of dipole moment changes if the Stark transitions involving
incompletely resolved individual Stark components. Special M = 0 occur betweeW"™ <> W~ or W~ < W levels of the
procedures are accordingly required to deconvolute the spectraground and excited states, but remains the sanw #- W+
Lindfors and CornwelP have demonstrated a rate-of-growth transitions take place. Itis the latter case that we have observed
technique for the measurement of molecular dipole moments in the present Stark measurements.
in the case of cluttered spectra, wherein the direct analysis of It is found that a conservative 5%9)(error in E translates
resolved Stark splittings is not feasible. An analogous procedure nonlinearly into a 4.6% error iy or uy' for P(4). Much
is devised here for reconstructing the splitting pattern based onsmaller percentage errors were observed for the dipoles deter-
the experimental line shape. First, triplicate sets of stick spectramined from the other three transitions with= 5%: <1.7%
associated with each tunneling component are calculated usingor the R(4), <1% for the Q(5), and<0.2% for the R(5).

The conversion factor 0.503 44 is used when the electric fiel
is in V/cm, the dipole moment in Debye, and the resulting
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Overall stick: ‘ | ’ ‘
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Expt
A6)+B6: 3 2 1 o 1 2 3 W Cake
Overall stick: | II J
6,
‘ ‘ 7 Asym.d(‘);‘lvbling 43 % |-__‘ |.__ .
A8 3 2 1 0 12 3 MU= e TR L O N B
E=00Viem VRT sym. (spin wt.): A,(18) : [B(6)}+Ay(6)] : By(2)

Expt ! T
2511630 2511640
“"‘—'—_\/\/\/"M Frequency (MHz)
W Figure 9. The partially resolved\M = +1 Stark patterns of R(5))
Cale =Ki +2=6—J"=K,' +2=5, at a field of 43.86 V/cm (upper
. two spectra). The asymmetry doubling was partially resolved even at
. the zero-field (lower two traces), leading to a prominent triplet of

.- intensity ratios not the same as the regular 18t():2 tunneling
VRT sym. (spin wt.): A(18) Ay(6) +B,(6) By?2) pattern, but proportional to the sum of two triplets as 18:{®) +

T T T T T T 18]:[2 + (6 + 6)] which correlate to the symmetriesy®[(Apd +
2474880 2474900 Baed) + ALue:[Bped + (AnPhe 4+ B2ue)] neglecting the weakestpB'e
Frequency (MHz) component of spin weight 2, where the superscripts denote the “red”
Figure 8. The fully resolved experimental and simulata¥! = 0 and “blue” halves of the asymmetry doublet.

electric field splitting patterns of the P(4) (corresponding'te= K, . . .
—3— J = Ea,, 294[)) VRT transitions( c))f(the Ca';e hexg;mer gt an VRT symmetries A Ay, B, and B, according to the electric

electrical field of 40.2 V/cm, and the field-free patterns illustrated for dipole selection rules derived from the MS group. GThe
comparison. Stark transitions correlating to the four tunneling sym- absence of the Stark shifts in the tunneling splittings is a
metries (A, An, B, and B) are deconvoluted into three sets of stick supporting piece of evidence for the absence of a symmetry-
spectra at each field; the middle stick spectrum contains two overlapping required (rather than accidental) degenerate tunneling state, such
tunneling components A+ Ba). The observed pattern is consistent as the E state in the water dinfér.A symmetry required

with a first-order Stark effect wherein transitions occur betweerMhe egenerate tunneling state would exhibit a first-order Stark
components belonging to the same halves of the perturbed energy Ieveléj g Y

relative to the centers of the unperturbed asymmetry doublings; namely, &fféct, which scales a8EMK/J(J + 1) in the symmetric top
the selection rule is upper (excited state)upper (ground state) and  limit. For the R(5) transition reported here, this would introduce
lower < lower as a resulting of strong mixing between the K, + a~1.5 MHz splitting in a degenerate state for a dipole of 1 D
Kc andK, + K. + 1 levels. This suggests the same signuoin both at a field of 40 V/icm. While a preliminary estimate, such a
the ground and excited states. qualitative change should be resolvable if present in these
o ) , measurements. Bemish, Chan, and Mitehave used dc

Therefore, we conclude that the uncertainty in the dipoles listed gjectric fields to quench the tunneling motion in the HE dimer,
in Table 6 due to the lack of rigorous electric field calibration pt that required a large electric field-kV/cm) such that
is in general less than 5%. ) . molecular wave functions are significantly altered as a result
. For the asymmetry doubling levels studied here, .the contribu- ¢ field-induced asymmetry imposed on the double-well po-
tion of the second-order Stark energy from the neighboldng  tenial along the tunneling coordinate. This is certainly not the
Ka KcUstates (at least 1 GHz separated from the doublets of ;556 here.
interest) through nonzepe, or «c components amounts to less 5 pipole Modeling.We treat the electrostatic interactions
t.han 30 kHz splitting at the.h|ghest. experimentally attglnable among the six polar water molecules of the cage hexamer in an
field of 40 V/icm, 30 kHz being the interval between adjacent inqyction expansion model, which includes the permanent and
data points in the experimental or simulated spectra. The jnquced dipole moments and excludes charge-transfer effects.
associated errors are thus negligible. o Each monomer has a permanent dipole vegiprand a

The cage hexamety and uy' values both exhibit strong quadrupoleQ;, both being located at the monomer center of

dependence on the quantum numhkesidKa. An attempt to massri. The overall dipole moment (permanehtnduced) of
obtain a unique set of the ground and excited state dipole tne monomei is?

moment components by simultaneously fitting all the Stark
transitions is likely to lead to unrealistic results. In fact, such M; = u; + oiE; a7
a fit was never converged.

No change in tunneling splitting upon applying an electric whereq; is the polarizability tensor (also defined with respect
field was detectable in present work. This is not surprising since to the monomer center of mass) aBdis the field acting on
Stark mixing is forbidden to occur between states of different the monomeii. The field E; is summed over the fields from
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all other monomers at the monomier

i ij (18)
e

E=ZE

wherein Ej is expanded through the dipole and quadrupole
terms. Modifying the expression given by Gray and Gubfins,
we obtain

whererj; = r; — rj, and T2(rj) = VV(1/ryj), TO(ry) = vvv(l/
rj) with rj being the magnitude af;. Substituting eq 17 into

(19)

J. Phys. Chem. A, Vol. 101, No. 48, 1999005

less than 1.2 387 The equilibriumS, structure of the tetramer
will rigorously have zero dipole moment. The undetectable
dipoles for the odd numbered cyclic water clusters are clearly
a result of large amplitude zero-point flipping motions of the
free protons, which average the asymmetric equilibrium trimer
and pentamer (also including the oxygen puckering motions)
to rigorously symmetric rotor®41

We now proceed to consider the dipole projection along the
cluster principala-axis, which can be directly compared with
the measureg, values. Individual monomer contributions to
this dipole component are also examined in attempt to rationalize
the origin of the vibrational oscillator strength relating to the
observed hybrid band types. Special attention is paid to the

21 into eq 20 produces a set of linear equations, which must beyyo groups of monomers within a cage structure: (1) the triply
solved in a self-consistent manner, due to the induced fields ponded monomers, which do not participate in the flipping

aET(ry), to yield the converged field&;. An iterative

motions concerned here and therefore remain common in all

numerical procedure was found to be efficient for the present four cages, and (2) the two flipping DA monomers. Table 9

calculation. WhenM;j in eq 19 is approximated by the
permanent dipolg;, we obtain the noniterated overall dipoles
which serve as a comparison to the iterated results.

summarizes thg, dipole projections from these two groups of
the molecules, as well as their combined contributions to the
overall cluster dipole moment. The slightly different results

Table 7.Iists the monomer structure and electric prope_rties among the nonflipping tetrameric rings are due to the minor
employed in the model. To place a monomer permanent dipole adjustments of the principal axes between the cages.
vector at the monomer center of mass, we employ a point-charge As seen in Table . from the triply bonded monomers in

method, which is only for computational convenience since in

all five structures are close to the values obtained in the Stark

the cluster the monomer permanent dipole vector no longer measurements. The contributiontgfrom the DA monomers

bisects the HO—H angle because of the monomer geometry
distorted from the isolated one according to ab initio cal-
culations’13:5061.7779 Thys, the monomer permanent dipole
is calculated by assigning a point chargey, to the hydrogen
atoms,—2q to the oxygens. The charge= 1.853 D Alis
chosen so that it reproduces the dipole (1.858)bf an isolated
water molecule with the OH bond length of 0.9572%and
the bond angle of 104.82! The distorted monomer geometry
listed in Table 7 produces a dipole that is artificially greater

in the four structures (referred to as experimental structures
below for convenience) studied in this work are less than 5%;
in {du}*, the corresponding value ifidu}* is slightly larger

and negative in sign. Since the experimental structures repro-
duce the measured rotational constants better {idap*, we
believe theuss calculated for the former slightly better reflect
the actual structure. The reason thdu}* gives pooru, is
likely related to the lack of vibrational averaging caused by
nondegenerate flipping motions in the calculation. With proper

than. 1.855 D of the isolated molecule. This enhancement averaging considered in their DQMC Caicuiationsy Gregory and
fortuitously represents the effect of charge transfer on the dipole Cjary® recently obtaineg = 3.0 D andus = 1.8 D, in good

moment, which is not explicitly considered in the model but
was found not negligible (although small) in the water diffé&e.
For the principal polarizability tensor compone#itand the
electric quadrupole momeritdwe used the values reported in

agreement with the experimental values dgras well as with
the simple model discussed in this work.

6. Trends in Water Cluster Properties: Quantifying
Cooperativity. 6.a. Nearest-Neighbor Interoxygen Distance

the original papers since there are two inconsistencies found inR, . It was previously noted in ab initio studfe%’7:86that

the water dimer paper by Dyke, Mack, and MuertferThe

the equilibrium interoxygen distancd®,—o contract nearly

first involves the inconsistent sets of the pl’inCipal axes defined exponentia”y with increasing cluster size up to the Cy&ic
between the polarizability and quadrupole tensors and the seconthexamer. TheRo_o distances calculated at the MP2 level

in that the signs of the quadrupole moments were all reversed,approach the values found for liquid water and ice even at a
which should not change upon the choice of axis system because:|uster size=3. A similar behavior (Figure 10) has also been
the dependence of the quadrupole components on the moleculagstablished by recent experiments for clusters up to the pentamer

coordinates is quadratic. In this work the principadxis of a
monomer is theC, axis and thec-axis is perpendicular to the
molecular plane.

8 using vibrationally average®o,-o's obtained from model
structures which reproduce the measured rotational constants.
A fit of the experimentaRo-o distances of the dimer and cyclic

To examine validity of the above model, we have calculated c|ysters yields

the dipole components for the dimer, trimer, tetramer, and
pentamer (Table 8) with their structures optimized to reproduce

the experimental rotational consta/&. The dipole projection
ua of the water dimer has been experimentally measdrégé

RO = 2.748+ 1.3 exp(-0.8644) (20)

wheren is the cluster size. Such behavior is a consequence of

collectively by several groups to be 2.6 D with a perpendicular the increasing relative contributions of many-body interactions

componenun = (uf + 12)2less than 0.6 D. Using our dimer
model geometry, we obtajm; = 0.08 andu, = 2.61 D. The
induced dipole of 0.566 D along the dima+axis is in close
agreement with the experimental value of 0.450.20 D
determined by Dyke and co-worke¥s®* The dipoles of the

(which areattractive in the cyclic hydrogen-bonded systems)
to the total binding energy with increasing cluster $ize7°.8789

For the noncyclic cage hexamer, however,Raeo distance
is not expected to follow the same trend formed by the linear
dimer and the quasi-planar cyclic clusters. As shown in Figure

cyclic trimer, tetramer and pentamer have not been measuredlO0, the averagBo-o of the cage hexamer clearly deviates from
but were estimated to have an upper bound of 0.05 D in the the curve established for the family of cyclic clusters#§.064

molecular beam electric deflection stud?é38whereas ab initio
calculations at the HF level predict that teguilibriumdipole
of the trimer, dominated by thg. component, is in general

A, compared to the value 2.756 A extrapolated for the cyclic
form. This is the manifestation of the structural transition to a
3-D hydrogen-bonded network. The definitive increase in the
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Figure 10. The experimental (vibrationally averaged) and theoretical
(equilibrium) &7 exponentially contracting interoxygen distarike o

with the increasing water cluster sineThe experimental valuésre
obtained through model structures which reproduce the measured
rotational constants. Note that, using a MC procetitcesimulate the
vibrational averaging effect caused by the flipping motion, the trimer (B)
Ro-o is reduced to 2.84 A, 0.05 A shorter compared to the values
previously reported. Although the experimental rotational constants are
available only for the perdeuterated tetramer and pentamer, it is found
in the case of trimer thd,_o's of different isotopic species only vary
within 0.01 A. The experimental curve is extrapolated to the cyclic
hexamer to indicate the prominent deviatiorRaf o for its cage form.
Also note that whileRo_o's of the quasiplanar cyclic water clusters is
converging toward that of the normal ice (f8)the value of 3-D
cage structure resembles mostly those of the high-density polymorph
of ice (VI)'°* and liquid wateP!

interoxygen distance of the cage hexamer relative to the
quasiplanar cyclic form also provides a concrete demonstration
that the nonpairwise many-body contributions to the intermo-
lecular potential are strongly dependent on geonfétrindeed,
ab initio calculations by Mhin et al® showed that the three-
body contribution to the total binding energy for the ring is
31.3% at the MP2/DZP level with basis set superposition
corrections, almost 7% more than that for the cage.
Interestingly, the average (note that-O distances vary
between monomers of different bonding geometries in the cage)
2.82 ARo-o of the cage hexamer is close to the liquid water
value of 2.84 A (4°C) % whereas the 2.756 A of the cycl&
hexamer resembles the 2.759 A-O separation measured for
the ice Ih at 223 K% The resemblance of cluster structures Only the oxygen atoms (balls) are shown. Hydrogen bonds are
to those found in _Iqu|d and ice have b(_aen recognized in a represented by sticks. (A) The cage hexamer (shaded) is shown as the
number of theoretical treatments. The six-membeggdng basic unit forming the hydrogen-bonded chain, which runs parallel to
hexamer has been used to describe the hexagonal crystal bondinghe crystalc-axis (vertical line). (B) Four such chains are linked
of ice 1h2495but extra energy is needed to pucker the isolated sideways (striped sticks) to form one framework structure of ice VI.
cyclic structure to conform to that in ice I; stabilization of this The unit cell is outlined within this framework structure. Two
additional puckering can be provided through hydrogen bonding interpenetrating, but noninterbonded frameworks (not shown) are

; . combined within a single cell to form the complete structure of ice VI;
to the molecules surrounding the riffy Moreover, such small one framework is rotated 90elative to the other. High density is thus

water polygons have been implicated in computer simulation ,chieved with the interstitial cavities of one framework accommodating
as partially accounting for the anomalous macroscopic propertieSthose of a second.

of liquid water?7-100

Even more interestingly, the cage hexamer closely mimics cage hexamer witlRo—o being 2.82 A and the two types of
the basic unit of one of the high-density polymorphs of ice, ice O---O---O angles being 88.71and 77.24.
VI.101.102 The cage hexamer is the central part of the unit cell,  We stress that the above numerical agreement between the
as partially illustrated in Figure 11; chains of the hexamer cage cage and ice VI could be fortuitous, considering the range of
unit connected through the DA monomers run parallel to the Ro-o values in the cageRo-o varies about 34% according
crystal c-axis with four neighboring chains hydrogen-bonded to the theoretical equilibrium structufelu}*. Nevertheless,
laterally to each other, thereby forming the entire network of such detailed structural similarities, especially the similar
ice VI. All three types of nearest-neighbies—o distances found connectivity of the hydrogen bond network, constitute direct
in ice VI are about 2.81 A at-175 °C, while the G--O---O evidence for the notion that an IPS which can accurately describe
angles vary from 128(found at the joint of two cages along the properties of small water clusters should also be able to
the chain, this angle only exists in the crystal) to as small as reproduce the unusual properties of the condensed phases of
76°. These parameters are nearly reproduced in the isolatedwater. Furthermore, the tendency for isolated water molecules

Figure 11. One of the two interpenetrating frameworks of ice.
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at ultralow temperatures (in a supersonic expansion) to aggregate frerated Ind.
into com ine i i iaro- ® (H,0), & cyclic (H,0);.¢
pact crystalline ice structures may provide a micro 3.0~ A Cago 1.0
. . . . - 6
scopic clue to the macroscopic nucleation process, wherein ] ‘ ’
vapor-deposited water forms the high-density amorphous ice 28] N o, el (H,0),«

1 X Cage (H,0)¢

26 Jalcem /‘/‘A
] a >-<Q*

Liquid (0 °C)

at low temperatures of the substrate, presumably due to
insufficient thermal energy for the molecules to rearrange into
the geometries corresponding to ordered crystalline féPAn&?>

6.b. Indwidual Monomer Dipole MomentSophisticated ab
initio calculationg can provide accurate results for the isolated
water monomer dipole moment (1.855 D) which has been
established through spectroscopic measurements of the Stark
effect® On the other hand, the dipole moment of a single water

Monomer dipole moments;l(") (D)
N
S
]

molecule in liquid at 25°C is predicted to be 2.35, 2.18, and 2.0

2.52 D with three different empirical watewater potentials D—

(SPC/E, TIP4R% and PPC, respectiveély). These are in 1.8 vapor

agreement with the generally accepted value (2.45 D) for a water LR | | | I ,
molecule in liquid at ®C, which decreases to 2.37 D at 83, 1 2 3 4 5 6

as deduced from dielectric relaxation experimépf§2.108 | Size n

IS ther.efore expected that in small water clusters ‘h?re exists aFigure 12. Exponential enhancement of individual monomer dipole
trend in the monomer dipole moment enhancement induced by y,oments.® with increasing cluster size. The dipole moments are
increasing numbers of neighboring molecules. An intriguing calculated using an induction expansion model described in the text.
guestion remains open as to the convergence of this trend toThe monomer dipoles of the four experimental cage structures are
the bulk phase values; an answer to this question may elucidatedisplayed; the diffuse values of the cage (with a slight horizontal offset
the average length scale over which the cooperative H-bond from the integer 6 for clarity) are due to different monomer orientations.
interactions exist. The cage hexamer clearly shows weaker dipole moments than its cyclic

L . . form. In parallel to the trend found iRo-o, the dipoles of the cyclic
In parallel to the contraction in theo—o distances found i peyamer converge to the values of solid wifewith a substantial

sequentially larger water clusters, a second manifestation of the(5004) enhancement from the vapor-phase dipole of 1.885bereas
hydrogen-bond cooperativity is the enhancement of the mono-the average monomer dipole of the cage approaches that of the
mer dipole moment from its isolated gas-phase value of 1.855 liquid.%®108

D® to the 2.6 D value of ice 1°° To quantify such effects in

small water clusters, we have used the same induction expansiorexamer both have vanishing dipoles along the symmetric top
model to extract the dipole moments of individual monomers axis even though their alternating arrangements of the monomer

from the structures which establish the experimeRtab curve. uc favor the dipole enhancement. Moreover, the structural
The results are displayed in Figure 12 for both the iterated and dependence of the monomer dipole enhancements in water
noniterated results. clusters is less sensitive than the overall cluster dipole due to

The enhancement in the monomer dipole found from its the weak anisotropy in the monomer polarizability tensor (Table
values in the dimer to the cyclic hexamer can also be described7).
by an exponential function. For the iterated curve, we have Finally, our calculation yielded an average dipole of 2.755
D for a fragment of ice Ih comprised of 160 molecules forming
;4(”) = 3.13— 1.64 exp-0.22%) (21) three lattice layers with each being perpendicular to the crystal
c-axis. A second model calculation involving five water
wheren = 1-6. The bond lengths and bond angles used in molecules arranged in a tetrahedral bonding geometry produced
this calculation are given in Table 7. Two important features an enhanced d|po|e of 2.68 D for the central monomer. Both
are readily identified. First, the monomer dipoles in the cage are substantially larger than those of the isolated clusters of sizes
hexamer are smaller than the values predicted for its cyclic form <4. The small difference between the results of the two model
and than the dipoles found in the pentamer. Second, thecalculations suggests that the dipole enhancement is induced
monomer dipole projections in the cage hexamer vary drastically primarily by the electric field from the first tetrahedral shell,
from 2.23t0 2.61 D, whereas the difference between individual |mp|y|ng a Spatia| scale of the hydrogen_bond Cooperativity on
dipO'eS within the other clusters is at most 0.045 D (aS in the the order of a few nanometers. Note in Figure 12 that the
dimer, but<0.001-0.02 D for the cyclic ones). Both are the calculated ice Ih dipole is readily reached by its gas-phase

consequence of the orientation dependence of the induced dipolegnalogue, the monocyclic hexamer which has a value of 2.70
for which enhancement only occurs when the monomer dipole p.

is favorably aligned in the electric field produced by the
neighboring molecules. Recall that the aver&eo of the
cage is longer than the value predicted for the cy$lisomer.
Together with the dipole enhancement, this seems to suggest a Although it is predicted that the ZPE level of the cage may
unifying explanation for the behavior of the cage hexamer: more lie only 62 cnT? below that of the prisn® this seemingly small
restricted by the tetragonal hydrogen bonding network, the separation becomes significant when compared to the low
monomers in the cage are oriented less favorably for cooperativetemperatures kT < 7 cnt!) accomplished by supersonic
interactions (induction) than those in the quasiplanar cyclic expansions. Direct absorption spectroscopic measurements of
arrangement, thereby producing a relatively longer aveiRage jet-cooled clusters therefore may offer a clue as to the relative
distance and a smaller average monomer dipole than expectedstabilities of these nearly isoenergetic conformations. Evidence
We point out that the enhancement of individual monomer implies that Ar as a carrier gas is effective at producing the
dipoles does not necessarily lead to a increase in the overallmost stable structure for a given water clustér.We have
cluster dipole, for their vector sum in the cluster-fixed axis investigated the relative populations between two states of
system may be destructive, e.g., tBetetramer and the& known energy separation using the same planar supersonic

IV. Discussion
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nozzle. This was performed particularly on the R(2) and R(3) of quadrupole-induced dipole are already in good agreement
pure rotational transitions of the §B), E* states belonging to  with the experimental valueé<+6¢ A rigorous description of
the upper and lower halves of the acceptor tunneling splitting this problem should invoke quantum calculations with proper
(AE = 9.4 cn1 63, Because collisional relaxation is allowed inclusion of vibrational averaging, as carried out by Gregory
between the £ symmetries, the lowel = 2 (E7) and 3 (E), and Clary®®

Ka = 0 tunneling states (signal-to-noise ratio20—50) were Despite the accuracy of ab initio calculations on cluster
found to be at least 1 order of magnitude more populated thanstructures and energetics, prediction of the vibrational frequen-
the upper E states of the samg K, quantum numbers, which  cies, especially for the low-frequency intermolecular vibrations,
is consistent with the Boltzmann factor of X7 (T ~ 5 K); is usually poor due to two factorsevere anharmonicity and

in fact, the upper E transitions were not detected with the same mode mixing. It is likely that the vibrational band observed in
sensitivity. Therefore, given the theoretical predictions and the this work can also be described by a low-dimensional torsional
low internal temperatures afforded by supersonic expansions,Hamiltonian, based on the argument of the flipping motions of
we have compiled fairly compelling evidence that the cage is the two DA monomers being the origin of the perpendicular
the most stable form of water hexamer or it is perhaps within transition types. Stretching of the hydrogen bonds alone without
at most a few wavenumbers to the global ground-state structure.accompanying monomer torsional motions would not produce

A similar hexamer cage form has also been observed in thethe band types observed in this experiment, nor does it seem
resonant ion-dip spectroscopic study of the jet-cooled benzene likely that the 83 cm?® (band origin) radiation energy is
(H20)s by Pribble and Zwief! The structure assignment was sufficiently high to excite the stretching motions. Following
established by the capability for mass selection and by the closethe pseudorotation model employed to treat the low-barrier
agreement between the measured intramolecular vibrationaltorsional motions of the water trimer with reasonable suc-
frequencies with those calculated at the MP2 level of theory Cessi®*0>>°6:385%he vibrational problem would be in a simpli-
by Jordan and co-worket&. The fact that the same intrinsic fied manner equivalent to that of a 2-D hindered rotation with
water cluster structure has also been observed when it is weakly2 4-fold asymmetric potentiat? which links the four non-
bound to a hydrophobic molecule also suggests that the mostdegenerate structures through flipping of the freerDbonds
dominant species of water hexamer produced in supersonicon the two DA monomers, as introduced above. An experi-
expansions is indeed the cage, which should also likely be themental test of this adiabatic approximation is to search for the
most stable form. Other conformations and the interconversion corresponding vibration in (fD)s, which ought to occur at about

dynamics between them remain interesting subjects to future half the vibrational frequency of (#)s because its reduced
studies. internal rotation mass is approximately twice as large as that

of the normal hexamer, assuming only the free protons
contribute to the motion.

Attributing the observed vibration to the motions of the light
hydrogens is also consistent with the small change inBhe
rotational constants between the ground and excited states as
shown in Table 2; motions involving the heavy oxygen atoms,
e.g., the hydrogen-bond stretching, would otherwise cause more
than only a few MHz differences between the upper and lower

tatesB rotational constants. Furthermore, the motions of the
ree O—H bonds on the doubly bonded monomers alone cannot
impose the 7 MHz change in theconstant (Table 2). Such a
change must also involve the motions of the hydrogen atoms
further away from thea-axis.

Measurement of the donor tunneling splittings establishes the
time scale of the hydrogen bond breaking and making process,
which is important to truly describe the hydrogen bond network
rearrangement (HBNR) dynamics within small water clusters.
Ohmine and co-workets' have investigated the HBNR dynam-
ics in liquid water by performing molecular dynamics (MD)
simulation of a small subset of the bulk liquid. A different
approach to study the dynamics in liquid water is to consider
isolated clusters as a function of size and temperature, as adopte
by Mukamel and co-worker82 It was found that a global
hydrogen-bonded network structure in the liquid persists about
30 ps, a time approximately 1 order of magnitude longer than
the average lifetime (23 ps) of the individual hydrogen
bonds!!! In the MD simulation of intermolecular vibrational
spectra of water clusters by Bosma, Fried, and Mukdfdel,

longer propagation times (up to 2.1 ns) were used to generate By means of terahertz VRT laser spectroscopy, we have
the results. The donor tunneling Spllttlng in the cage hexamer characterized a cage form of the normal water hexamgbxﬁ
could be larger than the triplet line spacing (1.9 MHz) observed and presented evidence for this being the lowest energy
in our VRT spectra, since it is likely that we have measured structure. Characterization of the structure and hydrogen bond
the difference of this splitting between the ground and excited network rearrangement dynamics are facilitated by the following
states. This suggests an even longer time scale (at least 80 Nsjrguments. The most definitive structural evidence is the good
for computer simulations of low-temperature, large water agreement of the precisely determined vibrationally averaged
clusters! rotational constants between experiment and a DQMC simula-
The induction expansion model used here to calculate thetion based on a realistic model potential. The fact that this
dipole moments of water clusters is a classical approach, whichconformation is detected in supersonically cooled (6 K) mo-
is known to be valid only for the electrostatic forces at long- lecular jet, using both the current method of direct absorption
range intermolecular separations, wherein there is little or no laser spectroscopy as well as the resonant ion-dip tech@ique,
overlap of electron cloud$? At the average G0 distances supports the prediction made by both ab initio theory and
in small water clusters, which correspond to an intermediate DQMC simulations that the cage is the most stable form of the
range of separations, this simplified treatment should be viewed water hexamer. The stability of the cage is a consequence of
as a convenient means of providing semiquantitative results eventhe competition between maximizing the number of hydrogen
though the physical origin of the intermolecular forces may be bonds and minimizing the strains within them. Many-body
incomplete. Along these lines, contributions from the higher (cooperative) forces are crucial in this competition, generally
(>quadrupole) multipole moments to the induced dipole in the favoring the more open cyclic structures.
present model were neglected, since the total dipole moment Tunneling analysis based on the cage structure has explained
and theu, component of the water dimer calculated at the level the triplet spectral features associated with each rovibrational

V. Conclusions
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transition. Unlike the dimer and the trimer, torsional motions hexamer. The former is a consequence of many-body forces,
of the free G-H bonds (“flipping”) no longer lead to degenerate the latter represents the polarization enhancement from the
tunneling pathways. An effectiv€, proton exchange within  surrounding molecules. In both cases, the cage deviates from
two monomers having similar bonding geometries is postulated the trends extrapolated for the cyclic clusters; the cage average
as the tunneling mechanism giving rise to the observed triplet Ro—o is longer and its monomer dipoles are less enhanced when
spectral pattern. While a boat (cyclohexane) form of the compared with those of the ring. Together, these trends identify
hexamer could also be consistent with the splitting pattern, this the cyclic-to-noncyclic structural transition, wherein the 3-D

is not supported by the rotational constants or energetics, norcage becomes less favored for the many-body (mainly three-
by the vibrational transition type, as explained below. body) forces than the ring, which in turn produces a smaller

The donor tunneling splitting is an essential measure of the induced dipole.
rate of the hydrogen-bond breaking and making process within  The above two trends exhibit a rapid convergence of the
water clusters, which decreases rapidly from the subnanosecondluster properties toward the bulk values. WHRg-o andu
time scale found for the #D dimer to the submicrosecond scale €xtrapolated for the hexamer ring are close to the values of ice
for the cage (HO)s in the terahertz region. The corresponding 'h, there is a resemblance between these parameters determined
splitting in (D,0)s is expected to be much too small to be for the cage and those of liquid water. Strong structural
resolved. Likewise, such splitting should be very small for resemblance has also been identified between the cage and the
larger clusters, or at most comparable to that observed for thebasic unit of a high-density polymorph of ice (ice V1), not only
cage. in terms of similar hydrogen bonding networks but also their
4 nearly identical averagBo—o (2.82 A for the cage and 2.81 A
for ice VI at —175°C 109,

In summary, this work supports the theoretical prediction that
the water hexamer represents a crossover point where noncyclic
structures become more stable than the cyclic isoAfeiEhe
guantification of the rapid evolution of molecular properties
within small isolated water clusters promises to enhance our
understanding of molecular interactions in bulk ice and liquid
water.

From the small differences found between the ground an
excited state rotational constants, we can conclude that the
motions responsible for the observed vibration originate mainly
from the hydrogens, including also those on the triply bonded
monomers. It is the flipping of the free hydrogens on the two
doubly bonded monomers that generates dipole moment change
perpendicular to the approximate symmedsgixis, giving rising
to the observed hybrid band of both b- and c-types; the motions
of the two hydrogens are also orthogonal to each other. In
contrast, only one perpendicular transition type can be expected
for the boat structure of the hexamer since the dipole changes
caused by flipping of its two doubly bonded monomers are
approximately parallel to each other, while both are perpen-
dicular to thea-axis. To model the flipping dynamics, we ment problem and for communicating his results before publica-
propose to solve a 2-D hindered rotation problem with 4-fold tion P 9 P
asymmetric potential that links four nondegenerate structures ™
through flipping of the two single-donor single-acceptor mono-
mers.
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