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Tunable terahertz laser vibration-rotation-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 distanceRO-O (2.82 Å) 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-1) 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 Ka g 3 has been analyzed to yield vibration- and (J,Ka)-dependent electric dipole moment components
ranging from 1.82 to 2.07 D along thea-axis 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
propertiessthe contraction of theRO-O distance and enhancement of the average individual monomer dipole
with increasing cluster size up to the cyclic hexamer-are 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

The quest to accurately model the hydrogen-bonding inter-
actions that dominate the structure and properties of water
continues to be one of the important challenges in chemistry.
To this end, studies of the structures and dynamics of water
clusters are of importance for developing a detailed microscopic
understanding of condensed phase phenomena. There is general
agreement among numerous theoretical and experimental in-
vestigations of the water dimer,1 first characterized spectroscopi-
cally by Dyke and Muenter in 1974.2 For larger clusters, a
growing number of ab initio and empirical calculations address
the geometries and energetics, whereas detailed experimental
characterizations of these systems have only begun to appear
very recently.3 Tunable terahertz laser vibration-rotation-
tunneling (VRT) spectroscopy has emerged as a powerful tool
for quantifying the structures and hydrogen bond rearrangement
dynamics of small water clusters at an unprecedented level of
accuracy.4

It has been well established that the global minimum on the
intermolecular potential surface (IPS) of the water dimer
corresponds to a near-linear one-dimensional (1-D) hydrogen-
bonded complex. For the trimer, tetramer and pentamer, the
lowest energy structures have been shown to be quasiplanar
(2-D) monocyclic rings with each monomer acting as a single-
donor and single-acceptor of hydrogen bonds.5-13 Higher
clusters such as heptamer14 and octamer15 are predicted to form

3-D noncyclic hydrogen-bonded networks at low internal
temperatures by a large number of theoretical calculations. The
hexamer represents a transition wherein the cyclic structures
become less stable than the three-dimensional forms, which have
a larger number of somewhat weaker (strained) hydrogen
bonds.16,17 Characterization of the structure and dynamical
properties of the water hexamer is therefore of special interest.
The water hexamer has been the subject of numerous

theoretical studies employing ab initio methods,16-21 dynamics
simulations,8,22 and other techniques12,13,23,24that are based on
model potentials. All have reported several low-lying structures
with differences in the binding energies between the monocyclic
and noncyclic conformations being less than 0.5 kcal/mol, but
different relative stabilities are predicted at different levels of
theory. High-level ab initio calculations of Jordan and co-
workers16,17 have predicted that the 3-D prism and cage
hexamers lie several tenths of a kcal/mol below the monocyclic
ring and that the cage appears as the most stable form of (H2O)6.
As shown in Figure 1, similar conclusions regarding the stability
ordering have been reached by Gregory and Clary25 using
diffusion quantum Monte Carlo (DQMC) simulation with a
realistic model potential of Millot and Stone.26 Direct com-
parison of structural parameters between DQMC calculations
and experiment can be made since the former explicitly
considers the effect of vibrational averaging, which is important
in weakly bound aggregates possessing large amplitude motions
even at the zero-point level.
Early molecular beam electric deflection experiments27,28and

infrared (IR) vibrational predissociation spectroscopy pioneered
by Lee and co-workers29 suggest that the most stable water
polymers from trimer through hexamer adopt cyclic structures.
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Coker, Miller, and Watts have observed IR predissociation
spectra of large water clusters resembling that of liquid water
in the 3000-3800 cm-1 O-H stretch region.30 Employing a
modified IR predissociation method, Pribble and Zwier31

recently reported the first convincing spectroscopic evidence
for noncyclic water clusters formed within the benzene-(H2O)n
complexes withn ) 6 and 7. Vibrational predissociation
broadening, however, precluded the acquisition of detailed
structural parameters from these experiments.
The present study extends our previous25 analysis of the VRT

spectrum of the cage form of water hexamer and presents the
determination of its dipole moment component by means of
Stark effect measurements. A vibrationally averaged cage
structure is established through the experimental rotational
constants, which is corroborated by the electric dipole property
deduced from the Stark splittings. On the basis of the observed
structure, the origin of the intermolecular vibration observed in
this work is assigned to predominantly torsional motions of the
doubly bonded monomers within the cluster. Well-resolved
quantum-tunneling splitting patterns associated with each ro-
vibrational transition have allowed us to quantify the facile
hydrogen-bond rearrangement dynamics, which are found to be
common in small water clusters such as the dimer,1,32,33

trimer,34-39 tetramer,40 and possibly the pentamer.41 Mecha-
nisms for such structural rearrangement dynamics are postulated
with the aid of the molecular symmetry (MS) group G4. Finally,
trends in the interoxygen distanceRO-O and the individual water
monomer dipole moment as a function of the cluster size,
extracted from experimental parameters up to the hexamer, are
shown to exhibit rapid convergence toward the corresponding
properties of bulk water.

II. Experimental Section

The Berkeley terahertz laser spectrometer and its recent
improvements have been described in detail elsewhere.42,43The
size of a given water cluster responsible for an observed
absorption feature was determined from an isotope mixture test
described previously,34wherein the absorption line intensity was
measured as a function of the H mole fraction in the H2O +
D2O mixture employed for the production of water clusters.
Careful intensity normalization44 was performed by measuring
the signals alternately between an isotope mixture and a pure
reference sample. The logarithm of normalized intensities
plotted against the H mole fraction (Figure 2) established a
cluster size of 5.99( 0.15 to 95% confidence, hence clearly
establishing the hexamer as the spectral carrier. All the spectral

lines reported in this work have been tested with a simplified
version of this method, wherein only one isotope mixture (84%
H mole fraction) was used. The above test was particularly
useful to identify signals observed from different sizes of water
clusters found in a congested spectral region.44 In addition to
Ar, He, and first-run Ne (70% Ne in He) were also used as
carrier gases to confirm that the absorption was indeed due to
a pure water cluster.
The Stark effect of the hexamer VRT transitions was

measured by applying uniform dc electric fields to the interaction
region between the multipassed laser beam and the planar
supersonic jet, which lies in the horizontal plane. The laser
polarization (intrinsically horizontally polarized) was character-
ized with a metal wire polarizer in front of the detector to ensure
that it is not degraded after multipassing. Two kinds of
electrodes were employed to align the DC field vector either
parallel or perpendicular to the laser polarization, allowing∆M
) 0 or∆M ) (1 Stark transitions to occur, respectively. For
the ∆M ) 0 measurements, the electric field was applied
between the flat front surface of the slit nozzle body43 and an
electroformed nickel mesh (50 lines/in., Buckbee-Mears Co.)
placed downstream of the supersonic expansion in attempt to
minimize shock wave effects on the jet. For the∆M ) (1
Stark measurements, a pair of parallel hand-polished aluminum
plates applied with opposite potentials ((V) were placed
horizontally above and below the planar jet; situated slightly
away from the electrode assembly, the nozzle body was
grounded. The approximate uniformity (>95%) of the electric
field in the laser-jet interaction region for both electrode
arrangements was verified with a computer (MacSimion version
2.0) simulation. The lack of an accurate field calibration implies
a few percent underestimate in the dipole moments thus
determined. Electrical breakdown occurred at a field strength
higher than 45 V/cm with the chamber background pressure at
30 mTorr and Ar as the carrier gas, which restricted Stark
measurements in the terahertz spectral region to molecules with
large dipole moments and fast pseudo-first-order electric field
tuning.

III. Results
1. Spectral Assignments. Several factors lead to the

assignment of the observed spectrum [(Figure 3A, spectrum 1)]
to that of a near-prolate asymmetric rotor. The series of Q
branch progressions clearly identified in the spectrum as the
successiveK subbands is indicative of a perpendicular (∆K )
(1) type of transition for a symmetric top-oblate or prolate.
On the basis of a symmetric top Hamiltonian, a preliminary

Figure 1. Five lowest-energy structures of the water hexamer and their
relative stabilities predicted by Gregory and Clary using DQMC
simulation with a water-water potential including nonpairwise additive
corrections.25 Values of De (lower lines, relative to 6 free water
molecules) andD0 (upper lines) are shown. The ZPE ()D0 - De)
calculations show that the cage structure is more stable than the prism
by 62 cm-1 even though the latter is below the former by 213 cm-1 at
potential minimum.

Figure 2. The logarithmic plot of the normalized signal intensity versus
the H mole fraction used to establish the (water cluster) size of the
spectral carrier. Each data point contains at least 10 normalized intensity
measurements.
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estimate of the rotational constants can be made from the
measured spacings (2185 MHz) between the corresponding Q(J)
lines of adjacentK subbands, which equals 2(B- C) for an
oblate or 2(A- C) for a prolate top, neglecting distortion effects
and the rotational constant differences between the ground and
excited states. Assuming a near-planar (B ∼ 2C) oblate top
would yield aB constant of∼2.19 GHz, a number that is too
large for a cyclicS6 hexamer. TheB constant for this geometry
should be 1.21 GHz, as extrapolated from the experimentally
derived trend of interoxygen distanceRO-O for the cyclic water
clusters up to the pentamer.44 Nor can this correspond to a
cyclic pentamer, albeit the estimatedB constant (from the same
RO-O trend) for (H2O)5 is 1.95 GHz, because (a) a cyclic
pentamer, (D2O)5, observed previously41 did not give rise to a
detectable Stark effect at the electric field attainable in this work
due to its small vibrationally averaged dipole moment (<1 D),
and (b) the sextet tunneling pattern expected for (H2O)545 does
not agree with the triplet observed for each rovibrational
transition, even when considering intensity perturbations. In
fact, a calculation including both the Boltzmann (Trot ) 6 K)
and Hönl-London factors for such an oblate top produced a
spectrum grossly different from that observed, in terms of the
intensity profiles between the P, Q, and R branches and
particularly for the profile within each Q branch subband.
Finally, from the apparent progression of the strong P and R
branch lines, a∼2B spacing of 2.1 GHz can be assumed. A

combination of this 2B spacing with the hypothesized 2(B -
C) of 2.19 GHz rules out the possibility of the observed
spectrum being that of an oblate rotor, since this would lead to
C ∼ 0 which does not correspond to a physical object. In
contrast, the simulated prolate top spectrum based on 2(A- B)
∼ 2.19 GHz and 2B ∼ 2.1 GHz can qualitatively reproduce
our measurements; the discrepancy is attributed to a slight
asymmetry (B * C) of the spectral carrier.
The detailed assignments of the b-type transitions and the

asymmetry doubling were realized by recognizing the Q branch
progressions of the lowK subbands, as shown in Figure 3,
spectrum 2. The Q branches of the∆Ka ) 1 r 0 and∆Ka )
0 r 1 subbands can be easily identified by the two repelling
progressions prominent near the 2.491 THz region [Figure 3B,
spectrum 2)]; they do not exhibit asymmetry doubling because
the nondegenerateKa′ or Ka′′ ) 0 levels are involved. Transi-
tions between two nonzero lowK stacks have exhibited
resolvable asymmetry doubling, e.g., in the regions near 2488.0
( 0.5 GHz and between 2493.6 and 2494.7 GHz, as shown in
Figure 3B, spectra 2 and 4. When compared to a simulated
spectrum in the prolate limit (Figure 3B, spectra 1), the∆Ka )
1r 0 subband (starting near 2492.3 GHz in Figure 3B, spectra
2 or 4) is found to be more blue-shifted for the corresponding
Q(J) lines, whereas the∆Ka ) 0 r 1 subband (starting near
2490.1 GHz in Figure 3, spectra 2) is more red-degraded. This
suggests the transitions must either terminate in or originate

Figure 3. The observed and calculated VRT spectra of the near-prolate (H2O)6 cluster. (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 constantsB′′ ()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 the lowKa stacks 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 origin region.(C) The
actual experimental spectrum of R(8),Ka ) 0 r 1 illustrates the triplet tunneling pattern (top trace resolved with a modulation deviation∆fDEV of
700 kHz) accompanying each rovibrational transition. The bottom shows the same peak unresolved with∆fDEV ) 2.3 MHz, which was normally
used in our experiments.(D) A survey scan of 462 MHz showing part of the∆Ka ) 6 r 5Q branch progression of the cage (H2O)6. The triplet
patterns were not intended to be resolved. The H2O trimer signals partially obscuring the Q(11) transition of (H2O)6 were saturated.
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from the upper levels (J ) Ka + Kc) of the Ka′ or Ka′′ ) 1
asymmetry doublets; hence, both are consistent with a b-type
transition. Fitting of these two subbands, together with theKa′′
> 4 subbands which approach the prolate limit better than those
with 1e Ka′′ e 4 (asymmetry doublets were distinctly resolved
for these Q branch lines), yielded molecular constants which
lead to the assignment of the remaining transitions, including
those belonging to a different c-type band.
The c-type transitions are distinguishable from the b-types

only at lowKa values wherein the asymmetry doublet splittings
from 10 up to a few hundred MHz are clearly resolvable.
Therefore, the c-type band is most prominent in the region close
to the band origin, especially identified as the lines shown in
Figure 3B, spectra 2 and 3, and between the two Q branches of
the b-type∆Ka ) 1 r 0 and∆Ka ) 0 r 1 subbands. In fact,
an accompanying c-type band was initially anticipated, based
on the vibrational motions postulated for the origin of the b-type
band, as discussed below.
A total of 423 transitions (available in archival form) were

assigned to a b- (387 lines) and c-type (36) hybrid band of
(H2O)6. Molecular constants determined in a nonlinear least-
squares fit of all transitions of both types to an S-reducedWatson
Hamiltonian are given in Table 1.
2. Structure Modeling. Guided by the ab initio low-energy

structures of Jordan and co-workers16,17 and other investiga-
tors,8,18,19as well as by DQMC simulations of the vibrationally
averaged rotational constants for various isomers of the hexamer
made by Gregory and Clary,25 a cage hexamer model was
constructed to extract structural parameters from the measured
rotational constants. The starting geometry showing only the

centers of mass of the monomers is given in Figure 4. Initial
guesses are made such that the center of mass separationRCOM
is the same for all the hydrogen bonds and each monomer is
considered as a point mass. Situated at the diagonal apexes of
a compressed cube, the triply bonded monomers form a
puckered tetramer. The extent of puckering is characterized
by the height of the cubeh. The following two inertial
conditions are used to solve forh andRCOM:

wherem is the monomer mass. Equation 1 describes the
dependence ofIa on only the four triply bonded monomers; in
this model, thea-axis passes through the two single-donor
single-acceptor (DA, D for donor, A for acceptor: this notation
will be used throughout the paper) water molecules. The single
D, single A monomers contribute to the averaged moment of
inertia perpendicular to the symmetry axis of the top through
the second term in eq 2, wherein the first term arises from the
puckered tetramer.
TheRCOM thus obtained is 2.886 Å andh is 1.356 Å. But

since the point-mass model overestimates the interoxygen
distance according to our experimentalRO-O trend established
for the dimer through the cyclic pentamer,41 an empirical scaling
factor of 0.977 is used to obtainRO-O as 2.82 Å. Withh being

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 Hamiltoniana

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)
DJK (10-3) -2.21(89) -2.5(10)
DK (10-3) 8.3(15) -3.6(30)
d1 (10-4) 4.28(92) 3.03(94)
d2 (10-4) -1.43(46) -1.97(42)
HJK (10-6) 5.7(18) 5.1(19)
HKJ (10-5) -5.36(61) -4.05(70)
HK (10-5) -8.2(21)
ν0 (band origin) 2 491 202.87(88)

Correlation Matrix
A′′ 1.00
B′′ 0.11 1.00
C′′ -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
ν0 0.14 0.10 0.13-0.21 0.04-0.09 1.00
DJK′′ 0.66 0.04 0.05 0.56 0.06 0.03 0.03 1.00
DJK′ 0.51-0.05 0.01 0.49 0.08 0.08-0.26 0.87 1.00
DK′′ 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
d1′′ -0.07-0.57 0.73-0.08-0.47 0.59 0.06-0.02-0.05-0.11-0.05 1.00
d1′ -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
d2′′ 0.01-0.15 0.08 0.02-0.12 0.00 0.01-0.01-0.07 0.04 0.08 0.11-0.10 1.00
d2′ 0.00-0.15-0.04 0.01-0.13 0.05-0.15 0.00 0.11 0.01-0.07-0.09 0.09 0.34 1.00
HJK′′ 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
HJK′ 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 0.02-0.04 0.97 1.00
HKJ′′ 0.55 0.06-0.10 0.37 0.09-0.15 0.11 0.16 0.09 0.84 0.27-0.15-0.19 0.04-0.01-0.58-0.50 1.00
HKJ′ 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
HK′ 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 2σ 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.

Ia ) 4m(RCOM2 h2

2 ) (1)

(Ib-1 + Ic
-1

2 )-1

) 4m(RCOM2 )2 + 2m(h2+xRCOM
2 + h2

2 )2 (2)
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a less obvious structural parameter, various O‚‚‚O‚‚‚O angles
are calculated usingRCOM andh. The O‚‚‚O‚‚‚O angle (R1) at
the doubly bonded monomer and the angle (R2) within the
puckered tetrameric monomers are the same (77.24°) as a result
of constrainingRCOM to be identical for all the hydrogen bonds.
A third O‚‚‚O‚‚‚O angle (R3), connecting the oxygens of
DDA‚‚‚DAA ‚‚‚DA or DAA ‚‚‚DDA‚‚‚DA monomers, is 88.1°.
Note that, relating closely to the H‚‚‚O-H (both hydrogens
bonded) angle, the O‚‚‚O‚‚‚O angle is a measure of the deviation
from the ideal tetrahedral bonding geometry established for the
condensed phase water; an O‚‚‚O‚‚‚O angle smaller than the
109.5° tetrahedral bonding angle is associated with a strain in
the hydrogen bond. This is clearly manifested in the optimal
structure of water pentamer wherein the slightly puckered
pentagonal ring form is more stable than the cage or bicyclic
arrangements,46 which involve three- and four-membered rings
despite the latter containing extra hydrogen bonds.
Due to vibrational averaging, the precise positions of the free

hydrogens cannot be determined in this rigid model. Assuming
a linear O-H‚‚‚O bonding geometry, O-Hbonded) 0.971 Å,
O-Hfree ) 0.959 Å, and a monomer bending angle of 104.5°,
the asymmetry parameterκ calculated from the model structure
is -0.95, compared with the experimental ground-state value
κ′′, -0.886; the discrepancy can be attributed to not only the
inaccurate atomic positions, but also to the exclusion of
dynamical averaging effects in the model. A calculation with
the optimized coordinates of Gregory and Clary47 producedκ
) -0.91; their DQMC simulations25 indicate that vibrational
averaging is important for distinguishing between the rotational
constants of different isomers. A much less sophisticated MC
simulation37 based on the approximate wave functions of the
large amplitude vibrations has been performed for the water
trimers to obtain structural parameters from the measured
rotational constants; such an approach should also be applicable
heresat least the agreement between the DQMC and the simple
MC simulations tested on the vibrationally averaged R(O-O)
distances of various water trimer isotopomers is excellent (within
0.3%).48

3. Nondegenerate Cage Hexamers: Vibrational Assign-
ment. A set of four symmetrically inequivalent cage structures
can be obtained by sequential flipping of the free O-H bond
on each DA monomer from one side of an O-O-O plane to
the other; the plane is formed by the oxygens of the DA
monomer and the two neighboring molecules which are directly

bonded to it. Two such planes associated with each DA
monomer are found to be approximately orthogonal to each
other, hence so are the trajectories of the two flipping O-H
bonds. Analogous flipping motions identified for the
trimer34-36,49,50can lead to isoenergetic enantiomers. The four
cage hexamer structures linked by flipping are, however,
inequivalent. Energetics calculations show that these structures
are separated by ca. 50 cm-1.47 Extending the scheme for
designating the interconnecting trimers: u (up) for a free H
above the O-O-O plane, d(down) for H below the plane, we
refer to the four cage structures (Figure 5) as{dd}, {du}, {ud},
and {uu} with each describing the state of the two DA
monomers relative to the planes containing their donor O-H
bonds. The dihedral angle between the free O-H bond and
the O-O-O plane about which it flips is chosen to be
approximately 50°, the value found for the trimer. As a
comparison, we also give the results for an optimized cage
structure obtained in a model potential-based calculation by
Gregory and Clary;47 this structure denoted as{du}* is
enantiomeric to{du} denoted in this work, considering only
the connectivity of the hydrogen bonds rather than the detailed
structural parameters. Table 2 lists the rotational constants
obtained for these five model structures, the coordinates of

Figure 4. A model geometry for the cage hexamer. Only the centers
of mass are shown. The lines also represent the hydrogen bond
connectivity established between the monomers.

Figure 5. Four nondegenerate cage hexamers,{dd}, {du}, {uu}, and
{ud}, produced by flipping the two doubly bonded monomers. A
calculated47 structure,{du}*, which is approximately enantiomeric to
{du} in term of the hydrogen bond connectivity, is also shown. The
two curved arrows next to the free hydrogens on{dd} indicate the
directions of the flipping motion, which may be responsible for the
observed perpendicular hybrid bands.

TABLE 2: Calculated Rotational Constants of the Four
Cage Structures Interconnected through Flipping of the Free
O-H Bonds on the Two DA Monomersa

A/MHz B/MHz C/MHz

{dd}b 2133.2 1102.7 1074.7
{du}b 2134.1 1103.2 1075.4
{ud}b 2133.6 1102.1 1075.5
{uu}b 2133.4 1105.5 1079.0
{du}* ,c 2280.8 1159.6 1109.6

aNotations are defined in the text;{du}* represents the approximate
(due to the different methods used to obtain the two structures)
enantiomeric form of{du}. b This work. cDQMC structure, rotational
constants not averaged (see ref 47).
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which are also used in the dipole modeling presented below.
As shown in Table 2, flipping of the light hydrogen atoms only
changes the B and C rotational constants by a few MHz, the
change inA constant is even less because the flipping hydrogens
are near thea-axis.
The observed hybrid perpendicular band is consistent mainly

with the flipping motions of the two DA monomers about their
donor O-H bonds, which could be accompanied by the
cooperative motions of other moieties. The dipole moment
changes associated with the flipping are predominantly along
theb- andc-inertial axes (see Table 9 below), thereby producing
two types of mutually orthogonal perpendicular bands. Thus,
the observed VRT band is likely to correspond to the transitions
between the eigenstates that are supported by the above four
nondegenerate structures linked by flipping; the resulting
eigenfunctions must be quite delocalized.
4. Degenerate Structural Rearrangement Analysis: Tun-

neling Pattern. We now attempt to explain the triplet spectral
fine structure observed for each rovibrational transition of the
cage hexamer. The permutation-inversion (PI) symmetry
group51-53 is employed to rationalize the degenerate structural
rearrangement dynamics, which is responsible for the ob-
served splitting patterns. The procedure used here is similar to
those well-established treatments for the water dimer54 and
trimer.35,49

There exist a number of low-energy nondegenerate isomers
identified for the hexamer in previous calculations. For the
high-resolution tunneling splitting patterns observed in this work,
however, it is only necessary to consider the symmetrically
equivalent or degenerate structures obtained through permutation
of identical nuclei and space-fixed inversion, based on the fact
that the two essential features, the line spacing (∼1.9 MHz)
and intensity ratios (9:6:1), characteristic of the observed triplet
pattern are invariant with respect to the rotational quantum
numbers.
Here we address three fundamental points that argue against

attributing the splitting to transitions within different non-
degenerate structures, the first two in terms of the vibrational
shift and rotational line spacings, the third concerning the
intensity ratios. (1) For the calculated∼50 cm-1 energy
separations among the four nondegenerate cage structures (other
forms of the hexamer are more widely separated from the
cage),47 it is unlikely that the vibrational shift from each
conformation which would cause the triplet is only 1.9 MHz in
a nonrigid system wherein vibrational anharmonicity dominates.
(2) Even if the vibrational frequencies could be coincidentally
identical, nondegenerate geometric structures, by the very
definition, imply different vibrationally averaged molecular
constants and hence different rotational spacings. Such differ-
ences should be manifested in the spectrum, especially at high
J andK quantum numbers wherein the finite differences between
molecular constants can be strongly amplified. (3) The intensity
of an electric dipole transition is proportional to the product of
the cluster number density, the nuclear spin statistical weight
and the Boltzmann temperature factor. The spin weights of
different isomers must be the same (equals overall number of

spin functions) due to their identical chemical composition; by
symmetry, the nuclear spin weight can only be distributed
among different symmetry species of the degenerate, rather than
nondegenerate isomers. Therefore, the intensity ratios of
rovibrational transitions attributed to nondegenerate structures
would be subject to change upon experimental conditions (e.g.,
temperature) wherein the cluster distribution can be varied. Such
a change was not observed in our experiments. Furthermore,
it seems too coincidental that a closely spaced spectral multiplet
caused by nondegenerate structures, after unusually satisfying
the above vibrational and rotational requirements, could also
match theJ, K independent intensity ratios derived below for a
degenerate tunneling process. All the above features, however,
are completely explained bydegeneratestructural rearrange-
ments.
Based on the two possible facile motionss“flipping” and

“donor tunneling” (or “bifurcation”) established for the water
trimer,35,49,50,55-59 we now deduce for the cage hexamer the
appropriate MS group, the simplest group sufficient to explain
the resolvable spectral features. The flipping motion mainly
involves the low-barrier torsion (for the trimer, the zero-point
level is above the barrier56) of a water molecule essentially about
its donor O-H bond axis, whereas the “donor tunneling”
generally refers to the exchange of the bound and free hydrogens
within a monomer for which the transition state in the dimer60

and the trimer57 has a “bifurcated” hydrogen-bonding geometry.
As shown in Figure 1, the equilibrium structure of the cage
hexamer hasC1 point group symmetry. Flipping of the free
O-H bonds in the two DA and the two DAA monomers results
in inequivalent structures, therefore it is symmetry forbidden
as regards the degenerate tunneling; such symmetry simplifica-
tion has also been found in the mixed isotopic trimers37 and in
the tetramer.
The bifurcation pathway involves the breaking of a hydrogen

bond and thus is associated with a higher barrier than is the
flipping motion. Numerous theoretical49,57,60,61and experimen-
tal34,62,63work has characterized this bifurcation pathway and
resulting tunneling features in smaller water clusters. It was
recently found by van der Avoird and co-workers58,59 that, in
order to explain the detailed tunneling dynamics and Coriolis
coupling in the trimer VRT spectra, the bifurcation pathway
must involve the inversion operation (E*); namely, it must be
accompanied by flipping motions of the two nonbifurcating
monomers. However, as reasoned for the mixed trimers,37when

TABLE 3: Character Table of the Permutation Group G4
a

G4 E (12) (34) (12)(34)

Aa 1 1 1 1
Ab 1 1 -1 -1
Ba 1 -1 1 -1
Bb 1 -1 -1 1

aOperation labels 1, 2, 3, and 4 refer to the hydrogen atoms shown
in Figure 6.

TABLE 4: Tunneling Splitting Pattern Predicted for the
Cage Hexamer under the Permutation Group G4a

symmetry
(spin weights)

relative
tunneling energy

symmetrized
eigenfunction

Aa (18, 72) â1 + â2 + â3 (φ1 + φ2 + φ3 + φ4)/2
Ab (6, 36) â1 - â2 - â3 (-φ1 - φ2 + φ3 + φ4)/2
Ba (6, 36) -â1 + â2 - â3 (-φ1 + φ2 + φ3 - φ4)/2
Bb (2, 18) -â1 - â2 + â3 (φ1 - φ2 + φ3 - φ4)/2

a The numbers in the parentheses are the nuclear spin weights given
for (H2O)6 and (D2O)6, respectively. The tunneling matrix elements
ân’s are determined to be negative (see text). The basis functionsφn (n
) 1, 2, 3, and 4) correspond to the localized wave function of thenth
degenerate version of the cage hexamer (Figure 6).

TABLE 5: Line Strengths λa(Jτ,Jτ′) Used in the Stark
Energy Calculations (τ ) Ka - Kc)

ground state (κ′′ ) -0.8864) Excited state (κ′ ) -0.8819)

asymmetry doublet
(Jτ - Jτ′) λ′′

asymmetry doublet
(Jτ - Jτ′) λ′

44 - 43 7.1988 33 - 32 5.2485
53 - 52 5.8630 55 - 54 9.1655
51 - 50 3.2908 62 - 61 4.9447
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flipping becomes symmetry forbidden, the bifurcation tunneling
may become an effective monomerC2 rotation, which is
intuitively expected to be associated either with a longer pathway
or higher barrier (or both) than those found for the dimer and
isotopically homogeneous trimer. Likewise, the cage hexamer
donor tunneling studied here is postulated to undergo the
effectiveC2 rotation, with associated flipping motions being
infeasible.
For the cage hexamer, the DA monomers, which are less

constrained than the triply bonded DAA and DDA monomers,
are most likely to undergo theC2 tunneling. This assumption
does not affect the following general conclusion. Here we shall
consider the doubly bonded monomers. Due to the slight
inequivalence between the two monomerssone is bonded to
two DAA molecules and the other to two DDAsseachC2

pathway is expected to experience slightly different barriers and
thus to produce different tunneling matrix elements. Following
the Hückel tunneling treatment of Wales,49 we associate the
tunneling matrix elementâ1 with the symmetry operation 12,
which permutes H1 and H2 (Figure 6),â2 with the operation
34, andâ3 with the operation (12)(34). The operation (12)(34)
corresponds to the concertedC2 rotations of both DA monomers,
and thusâ3 should be much smaller thanâ1 andâ2 since this
pathway involves the breaking of two hydrogen bonds. The
group generated by the above symmetry operations is G4, the
character table of which is given in Table 3. The irreducible
representations (irreps) are defined such that the capital letters
A and B label the symmetric and antisymmetric species with
respect to the operation 12, and the subscripts a and b
accordingly to operation 34. Note that this group is a pure
permutation group because the inversion operation associated
with the flipping motion is not feasible.
To predict the symmetry properties and tunneling patterns

of the cage hexamer from the properties of the group G4, we
consider the following basis set for the phenomenological

J-independent 2-D tunneling HamiltonianHtun with each degree
of freedom corresponding to the state of a DA monomer. We
define four localized statesφ1, φ2, φ3, andφ4, corresponding to
the structures1-4 in Figure 6, respectively. The tunneling path
between the four degenerate cage structures can therefore be
established symbolically as

e.g.,

and

The tunneling matrix in the{φn, n ) 1-4} basis is

whereHnn ) φnHtunφn andHmm) Hnn (m* n) due to structural
degeneracy, withm, n) 1-4. On the basis of the connectivity
defined above for the three possible tunneling operations, the
tunneling matrix elements are expressed as

wheren) 1-4. Note that a different definition ofâi was used
in our previous paper25 whereinâi is the tunneling splitting,
which is twice the tunneling matrix element defined here. The
tunneling levels resulting from theHtunmatrix are listed in Table
4; schematic transitions between the VRT levels are shown in
Figure 7 with the selection rule ofΓi T Γi imposed.

Figure 6. Four degenerate cage structures linked through the effective
C2 tunneling of two doubly bonded monomers. The off-diagonal
tunneling matrix elementsân (n) 1-3) connecting different localized
wave functionsφn (n ) 1-4) are shown with the corresponding
permutation operations defined in the text. Note that the flipping motion
of the doubly bonded monomers does not yield degenerate structures
that can be considered in classification of tunneling symmetries.

TABLE 6: Dipole a-Components (in Debye) Obtained from
Fitting the Stark Patterns

33 r 44 55 r 44 55 r 54 64 r 53

µa′′ 1.85 1.85b 2.07 1.82
µa′′ 1.89 1.99 1.99b 1.89
rms/kHz 50 56 15 36

a Transitions from which the dipoles are fit are labeled asJ′Ka′ r
J′′Ka′′. The uncertainties in the peak splittings were set to 50-70 kHz
in the nonlinear least-squares fit.b Fixed to the values of common states
in the fit.

TABLE 7: Structural and Electrical Properties of the
Water Monomer Employed in the Induced Dipole Model
Calculationa

electrical properties

structural parameters
polarizability/
×10-24 cm3

quadrupole moment/
× 10-26 esu

freeRO-H/Å 0.959 Raa) 1.52882 Qaa) 2.6383

boundRO-H/Å 0.971 Rbb ) 1.46882 Qbb ) -0.1383
H-O-H angle/deg 104.52 Rcc ) 1.52882 Qaa) -2.5083

a Principal axes are defined in the text.

φm*n ) (12)φn with m, n) (1, 2) or (3, 4) (3)

φ1 ) (12)φ2 or φ2 ) (12)φ1

φm*n ) (34)φn with m, n) (2, 3) or (1, 4) (4)

φm*n ) (12)(34)φn with m, n) (1, 3) or (2, 4)
(5)

(H11 â1 â3 â2

â1 H22 â2 â3

â3 â2 H33 â1

â2 â3 â1 H44

) (6)

â1 ) φnHtun(12)φn (7)

â2 ) φnHtun(34)φn (8)

â3 ) φnHtun(12)(34)φn (9)
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The predicted quartet spacings are therefore given as follows:

The spacing between the central doublet (Ab and Bacomponents)
is expected to be small since the barriers to operations 12 and
34 are similar, i.e.,â1 - â2∼ 0 for both the ground and excited
states. As this splitting becomes less than the instrumental
resolution (2 MHz), the quartet collapses into a triplet of the
intensity ratios of 18:(6+ 6):2 corresponding to the nuclear
spin statistical weights of (H2O)6 (Table 4) associated with the
Aa, Ab x Ba, Bb symmetries, respectively. This is believed to
be the case observed for the cage hexamer in our VRT
experiments.
By comparing the predicted tunneling pattern to the observed

triplet, we can establish two qualitative constraints on the
tunneling matrix elements. First, the two spacings in the
observed triplet are approximately equal (within 100 kHz). This
leads to

which is consistent with a high-barrier (12)(34) tunneling process
involving concerted breaking of two hydrogen bonds. Second,
from the observation that the splitting∆ν(Ab - Aa) ∼ 1.8 MHz
(the strongest componentAa occurs to the red ofAb), we obtain

neglectingâ3′ andâ3′′. If vibrational excitation promotes the

C2 tunneling, i.e.,|â2′| > |â2′′| > 0, which is likely to be the
case, then we obtainâ2′, â2′′ < 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< |â2′| < |â2′′|) would yieldâ2′, â2′′ > 0. A similar
set of relations also hold forâ1′ andâ1′′, asâ1 is close toâ2.
Note that the relative ordering of the tunneling levels in Figure
7 is chosen with all the matrix elements being negative, namely,
the first scenario wherein tunneling splittings increase in the
excited state.
Finally, it is noteworthy that the cage hexamer exhibits a static

chirality, unlike thetransientchirality effected by the facile
flipping motions in the water trimer.34 The barrier to intercon-
version between the cage enatiomers is likely to be high since
it requires cleavage of multiple hydrogen bonds. As such, the
structural degeneracy caused by enantiotropy does not affect
the present tunneling model.
In summary, the above tunneling analysis only requires that

â1 be similar toâ2 in order to fully interpret the fine triplet
spectral feature observed in the VRT spectra of the cage
hexamer. While this is a nonunique criterion for the structural
determination, since the boat structure25 also satisfiesâ1 ) â2
due to the existence of two equivalent DA monomers, other
important experimental evidence, especially the rotational
constants reported above and the dipole moment projection
measured through Stark effect presented below, supports our
assignment of the observed triplet pattern to the cage form of
the hexamer. We point out that the same procedure also applies
to the isotopically mixed trimers containing only two homoge-
neous monomers, (H2O)(H2O)(HOD) or (D2O)(D2O)(HOD) or
(D2O)(H2O)(HOD), wherein the fully resolved quartet as well
as the triplet resulting from the collapsed quartet have both been
observed.37

5. Dipole Moment Analysis. An important complementary
structure characterization is provided through the molecular
electric dipole momentsa measure of the electric charge
distribution. The electric dipole of the water dimer has been
determined to be 2.6 D along thea-axis,64-67 which is the
approximate prolate axis of the linear H-bonded cluster. It is
found that the dipole moment exhibits strongK dependence
(nonmonotonic behavior) but small variation with theJ quantum
number. A simple vector sum of the two monomer permanent
moments cannot fully account for the measuredµa. The
enhancement was described by the dipole- and quadrupole-
induced dipole moments and charge transfer from the proton
acceptor to the proton donor.64,68 It is to our interest to
systematically investigate such enhancements of individual
monomer dipoles with variations in cluster size, on the basis of
an electrostatic model similar to that applied to the water dimer,
and on structural and electric properties derived from experi-
ment.
5.a. Experimental Measurements.Stark effects measured

by terahertz laser spectroscopy for four pairs of asymmetry

Figure 7. Schematic energy diagram illustrating the VRT transitions
giving rise to the triplet spectral pattern (top trace) with the intensity
ratios proportional to the nuclear spin weights (numbers shown atop
the sample spectrum) of the tunneling state symmetries. The tunneling
energies relative to the nontunneling limits are also given with the
symmetry labels of the MS group G4 in the parentheses. The energy
levels (solid lines) are constructed with allân’s being negative andâ3

being either negligible or finite; nonzeroâ3 would lead to uneven
spacings in triplet, in contradiction with the observed pattern.

∆ν(Bb - Ba) ) 2(-â2′ + â2′′) - 2(â3′ - â3′′) (10)

∆ν(Ba - Ab) ) 2(-â1′ + â2′) - 2(-â1′′ - â2′′) (11)

∆ν(Ab - Aa) ) 2(-â2′ + â2′′) + 2(â3′ - â3′′) (12)

|â3 - â3′′| < 25 kHz (13)

-â2′ + â2′′ ∼ 0.9 MHz (14)

TABLE 8: Principal Dipole Moment Components
(Permanent+ Induced, in Debye) of the Dimer, Trimer, and
Pentamer Calculated with the Polarization Modela

dimer trimer pentamer

µa 2.61 (0.57) 0.03 (0.02) 0.31 (-0.07)
µb 0.08 (-0.01) -0.20 (0.04) 0.06 (0.02)
µc 0.00 (0.00) 0.64 (-0.03) 0.55 (-0.02)
µtotal 2.61 0.67 0.64
µa (exptl) 2.62,64

aDipole components of tetramer and hexamer vanish due to their
respectiveS4 andS6 symmetries. The induced-dipole contributions are
given in the parentheses.
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doublets of the near prolate cage hexamer are analyzed to
determine the dipole moment projections along the approximate
prolate axis. The Stark energies were calculated following a
treatment analogous to that of the Fermi-resonance interaction
between two adjacent states, in this case the asymmetry doubling
of a near symmetric rotor.69,70 Assuming the second-order Stark
contributions from levels other than the asymmetry doublet (this
induces a pseudo-first-order effect) are small, this is valid as
per the explanation given below, the Stark energies are

whereW1
0 andW2

0 are the unperturbed energies of the interact-
ing pair which can be calculated from the fitted molecular
parameters listed in Table 1. The perturbation termE2ê2 is
related to the rotational line strengthλa(Jτ,Jτ′) as follows:

The conversion factor 0.503 44 is used when the electric field
is in V/cm, the dipole moment in Debye, and the resulting
energy in MHz.70 The line strengths,λa(Jτ,Jτ′) are obtained
by interpolating the tabulated values;71 theλ’s used in this work
are listed in Table 5 and are based on the ground and excited
states asymmetry parameters. The use of eq 15 to accurately
describe the Stark pattern is ensured in the predicted first-order
behavior of the Stark splittings even at low (20-40 V/cm)
electric fields wherein [(W1

0 - W2
0)/2] , E2ê2, in agreement

with the observed behaviors for all the near-degenerate asym-
metry doublets.
The Stark patterns observed in this work are complicated by

the presence of tunneling splittings and in certain cases by the
incompletely resolved individual Stark components. Special
procedures are accordingly required to deconvolute the spectra.
Lindfors and Cornwell72 have demonstrated a rate-of-growth
technique for the measurement of molecular dipole moments
in the case of cluttered spectra, wherein the direct analysis of
resolved Stark splittings is not feasible. An analogous procedure
is devised here for reconstructing the splitting pattern based on
the experimental line shape. First, triplicate sets of stick spectra
associated with each tunneling component are calculated using

the trial dipole moments for the ground and excited states at a
given value of the electric field. The spacing between succes-
sive tunneling sets is chosen to be 1.8 MHz from simulation of
a field-free hexamer triplet using the same procedure described
herein; the relative intensities between the three sets of line
frequencies were scaled according to the nuclear spin weight
ratios of 18:(6+ 6):2 and within the set scaled according to
the values reported for the differentM components in literature.69

Second, a Gaussian line shape of 2.1 MHz fwhm is assumed
for each line frequency. The overall superimposed Stark profile
was then twice differentiated to approximate the experimental
second derivative line shape resulting from the 2f lock-in
detection. The 2.1 MHz Doppler line width was established
through a singlet (H2O)3 absorption measurement under the
identical modulation conditions employed for resolving the
hexamer triplet features. The calculated peak positions are
compared to the observed ones for preliminary assignments.
Finally, we point out that it is the splittings between various
peaks measured as a function of the electric field strength, rather
than the spectral line shapes or the absolute frequencies (which
are less accurate), that were fit in the nonlinear least-squares
routine to yieldµa′ and µa′′. The observed Stark splittings
depend linearly on the applied electric field. To minimize the
uncertainty in locating the peak positions, the “observed”
splittings at any given field in the fitting routine were calculated
from the first-order relations established through fitting the finite
number of measurements. The uncertainties in these splittings
were set between 100 and 200 kHz, spanning about 4-6 data
points in a calculated spectrum; note that a simulated or an
experimental singlet peak contains at least 60 data points
between the two minima of the second derivative line profile.
The results are listed in Table 6. The correlation between

µa′ andµa′′ was removed either (1) by fitting simultaneously
the ∆M ) 0 and(1 Stark patterns for the same asymmetry
doublet, e.g., for the P(4) transitions of∆Ka ) 3r 4 shown in
Figure 8 with individualM components clearly resolved in both
cases, or (2) by fixing theµa values of common states between
different asymmetry transitions when case 1 is infeasible, e.g.,
for the R(4) (∆Ka ) 5 r 4) transitions,µa′′ was fixed to the
value determined from P(4) because of their common ground
states. For the R(5) transition (Figure 9) which shares no
common states to other transitions studied in the Stark measure-
ment, adding a field calibration parameter in the fit, as discussed
below, fortuitously helped remove the correlation; the dipoles
listed for R(5) in Table 6 were obtained by extrapolation to the
point where the calibration parameter became zero. Other
special constraints were also added to the nonlinear least-squares
fitting routine to avoid meaningless digression of the simulated
pattern from experiment regardless of a good convergence.
From the observed selection rules for the Stark patterns, one

can establish the relative sign ofµa between the ground and
excited states.73 When the perturbed wave functions corre-
sponding to the energiesW( in eq 15 are fully mixed, as is the
case here, the sign of linear combination of the unperturbed
wave functions depends on the sign ofµaM. As a result, the
sign of dipole moment changes if the Stark transitions involving
M * 0 occur betweenW+ T W- or W- T W+ levels of the
ground and excited states, but remains the same ifW T W(

transitions take place. It is the latter case that we have observed
in the present Stark measurements.
It is found that a conservative 5% (δ) error inE translates

nonlinearly into a 4.6% error inµa′ or µa′′ for P(4). Much
smaller percentage errors were observed for the dipoles deter-
mined from the other three transitions withδ ) 5%: <1.7%
for the R(4),<1% for the Q(5), and<0.2% for the R(5).

TABLE 9: Principal Dipole Projections (in Debye)
Calculated with the Polarization Model for the
Nondegenerate Cage Structuresa

triply bonded doubly bonded cluster µtotal

{dd} µa 1.90 (0.42) 0.08 (0.07) 1.97 (0.50) 2.05
µb -0.84 (-0.303) 0.37 (0.38) -0.47 (0.08)
µc 0.89 (0.55) -0.57 (-0.59) 0.33 (-0.04)

{du} µa 1.88 (0.40) 0.12 (0.08) 1.99 (0.49) 2.91
µb -0.76 (-0.21) -0.34 (0.39) -1.10 (0.17)
µc 1.21 (0.83) -3.02 (-0.60) -1.81 (0.23)

{ud} µa 1.95 (0.46) 0.17 (0.07) 2.12 (0.53) 2.48
µb -1.03 (-0.49) 2.16 (0.40) 1.13 (-0.09)
µc 1.03 (0.70) -1.63 (-0.59) -0.60 (0.11)

{uu} µa 1.94 (0.45) 0.08 (0.08) 2.02 (0.53) 3.45
µb -0.98 (-0.45) 1.75 (0.44) 0.76 (-0.02)
µc 1.27 (0.94) -3.97 (-0.58) -2.70 (0.36)

{du}* µa 1.82 (0.29) -0.35 (0.07) 1.47 (0.36) 1.88
µb 0.91 (0.31) 0.10 (-0.45) 1.01 (-0.14)
µc 2.91 (1.02) -3.51 (-0.88) -0.60 (0.14)

a Two groups of constituent monomers, the two flipping DA
monomers (doubly bonded) and the DAA+ DDA tetrameric ring (triply
bonded) are reported separately. The rotational constants of these
structures are given in Table 2. The induced-dipole contributions are
given in the parentheses for reference.

W( )
W1

0 + W2
0

2
( [(W1

0 - W2
0

2 )2 + E2ê2]1/2 (15)

Eê ) (0.50344)Eµa M[ λa(Jτ,Jτ′)
J(J+ 1)(2J+ 1)]1/2 (16)

Cage Form of the Water Hexamer J. Phys. Chem. A, Vol. 101, No. 48, 19979003



Therefore, we conclude that the uncertainty in the dipoles listed
in Table 6 due to the lack of rigorous electric field calibration
is in general less than 5%.
For the asymmetry doubling levels studied here, the contribu-

tion of the second-order Stark energy from the neighboring|J,
Ka, Kc〉 states (at least 1 GHz separated from the doublets of
interest) through nonzeroµb or µc components amounts to less
than 30 kHz splitting at the highest experimentally attainable
field of 40 V/cm, 30 kHz being the interval between adjacent
data points in the experimental or simulated spectra. The
associated errors are thus negligible.
The cage hexamerµa′ and µa′′ values both exhibit strong

dependence on the quantum numbersJ andKa. An attempt to
obtain a unique set of the ground and excited state dipole
moment components by simultaneously fitting all the Stark
transitions is likely to lead to unrealistic results. In fact, such
a fit was never converged.
No change in tunneling splitting upon applying an electric

field was detectable in present work. This is not surprising since
Stark mixing is forbidden to occur between states of different

VRT symmetries Aa, Ab, Ba, and Bb according to the electric
dipole selection rules derived from the MS group G4. The
absence of the Stark shifts in the tunneling splittings is a
supporting piece of evidence for the absence of a symmetry-
required (rather than accidental) degenerate tunneling state, such
as the E state in the water dimer.64 A symmetry required
degenerate tunneling state would exhibit a first-order Stark
effect, which scales asµEMK/J(J + 1) in the symmetric top
limit. For the R(5) transition reported here, this would introduce
a∼1.5 MHz splitting in a degenerate state for a dipole of 1 D
at a field of 40 V/cm. While a preliminary estimate, such a
qualitative change should be resolvable if present in these
measurements. Bemish, Chan, and Miller74 have used dc
electric fields to quench the tunneling motion in the HF dimer,
but that required a large electric field (>kV/cm) such that
molecular wave functions are significantly altered as a result
of field-induced asymmetry imposed on the double-well po-
tential along the tunneling coordinate. This is certainly not the
case here.
5.b. Dipole Modeling.We treat the electrostatic interactions

among the six polar water molecules of the cage hexamer in an
induction expansion model, which includes the permanent and
induced dipole moments and excludes charge-transfer effects.
Each monomer has a permanent dipole vectorµi and a
quadrupoleQi, both being located at the monomer center of
massr i. The overall dipole moment (permanent+ induced) of
the monomeri is75

whereRi is the polarizability tensor (also defined with respect
to the monomer center of mass) andEi is the field acting on
the monomeri. The fieldEi is summed over the fields from

Figure 8. The fully resolved experimental and simulated∆M ) 0
electric field splitting patterns of the P(4) (corresponding toJ′ ) Ka′
) 3 r J′′ ) Ka′′ ) 4) VRT transitions of the cage hexamer at an
electrical field of 40.2 V/cm, and the field-free patterns illustrated for
comparison. Stark transitions correlating to the four tunneling sym-
metries (Aa, Ab, Ba, and Bb) are deconvoluted into three sets of stick
spectra at each field; the middle stick spectrum contains two overlapping
tunneling components (Ab + Ba). The observed pattern is consistent
with a first-order Stark effect wherein transitions occur between theM
components belonging to the same halves of the perturbed energy levels
relative to the centers of the unperturbed asymmetry doublings; namely,
the selection rule is upper (excited state)T upper (ground state) and
lowerT lower as a resulting of strong mixing between theJ ) Ka +
Kc andKa + Kc + 1 levels. This suggests the same sign ofµa in both
the ground and excited states.

Figure 9. The partially resolved∆M ) (1 Stark patterns of R(5),J′
) Ka′ + 2 ) 6 r J′′ ) Ka′′ + 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 18:(6+ 6):2 tunneling
pattern, but proportional to the sum of two triplets as 18:[(6+ 6) +
18]:[2 + (6 + 6)] which correlate to the symmetries Aared:[(Ab

red +
Ba

red) + Aa
blue]:[Bb

red + (Ab
blue + Ba

blue)] neglecting the weakest Bbblue

component of spin weight 2, where the superscripts denote the “red”
and “blue” halves of the asymmetry doublet.

Mi ) µi + RiEi (17)
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all other monomers at the monomeri

whereinEij is expanded through the dipole and quadrupole
terms. Modifying the expression given by Gray and Gubbins,76

we obtain

wherer ij ) r i - r j, and T(2)(rij) ) ∇∇(1/rij), T(3)(rij) ) ∇∇∇(1/
rij) with rij being the magnitude ofr ij. Substituting eq 17 into
21 into eq 20 produces a set of linear equations, which must be
solved in a self-consistent manner, due to the induced fields
RjEjT(2)(r ij), to yield the converged fieldsEi. An iterative
numerical procedure was found to be efficient for the present
calculation. WhenM j in eq 19 is approximated by the
permanent dipoleµj, we obtain the noniterated overall dipoles
which serve as a comparison to the iterated results.
Table 7 lists the monomer structure and electric properties

employed in the model. To place a monomer permanent dipole
vector at the monomer center of mass, we employ a point-charge
method, which is only for computational convenience since in
the cluster the monomer permanent dipole vector no longer
bisects the H-O-H angle because of the monomer geometry
distorted from the isolated one according to ab initio cal-
culations.7,13,50,61,77-79 Thus, the monomer permanent dipole
is calculated by assigning a point charge,+q, to the hydrogen
atoms,-2q to the oxygens. The chargeq ) 1.853 D Å-1 is
chosen so that it reproduces the dipole (1.855 D80) of an isolated
water molecule with the OH bond length of 0.9572 Å81 and
the bond angle of 104.52°.81 The distorted monomer geometry
listed in Table 7 produces a dipole that is artificially greater
than 1.855 D of the isolated molecule. This enhancement
fortuitously represents the effect of charge transfer on the dipole
moment, which is not explicitly considered in the model but
was found not negligible (although small) in the water dimer.64,68

For the principal polarizability tensor components82 and the
electric quadrupole moments,83 we used the values reported in
the original papers since there are two inconsistencies found in
the water dimer paper by Dyke, Mack, and Muenter.64 The
first involves the inconsistent sets of the principal axes defined
between the polarizability and quadrupole tensors and the second
in that the signs of the quadrupole moments were all reversed,
which should not change upon the choice of axis system because
the dependence of the quadrupole components on the molecular
coordinates is quadratic. In this work the principalb-axis of a
monomer is theC2 axis and thec-axis is perpendicular to the
molecular plane.
To examine validity of the above model, we have calculated

the dipole components for the dimer, trimer, tetramer, and
pentamer (Table 8) with their structures optimized to reproduce
the experimental rotational constants.3,37 The dipole projection
µa of the water dimer has been experimentally measured64-66,84

collectively by several groups to be 2.6 D with a perpendicular
componentµ⊥ ) (µb

2 + µc
2)1/2 less than 0.6 D. Using our dimer

model geometry, we obtainµ⊥ ) 0.08 andµa ) 2.61 D. The
induced dipole of 0.566 D along the dimera-axis is in close
agreement with the experimental value of 0.45( 0.20 D
determined by Dyke and co-workers.64,84 The dipoles of the
cyclic trimer, tetramer and pentamer have not been measured
but were estimated to have an upper bound of 0.05 D in the
molecular beam electric deflection studies,27,28whereas ab initio
calculations at the HF level predict that theequilibriumdipole
of the trimer, dominated by theµc component, is in general

less than 1.2 D.78,79 The equilibriumS4 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 rotors.35,41

We now proceed to consider the dipole projection along the
cluster principala-axis, which can be directly compared with
the measuredµa 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
two groups of monomers within a cage structure: (1) the triply
bonded monomers, which do not participate in the flipping
motions concerned here and therefore remain common in all
four cages, and (2) the two flipping DA monomers. Table 9
summarizes theµa 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
among the nonflipping tetrameric rings are due to the minor
adjustments of the principal axes between the cages.
As seen in Table 9,µa from the triply bonded monomers in

all five structures are close to the values obtained in the Stark
measurements. The contribution toµa from the DA monomers
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 in{du}* is slightly larger
and negative in sign. Since the experimental structures repro-
duce the measured rotational constants better than{du}*, we
believe theµas calculated for the former slightly better reflect
the actual structure. The reason that{du}* gives poorµa is
likely related to the lack of vibrational averaging caused by
nondegenerate flipping motions in the calculation. With proper
averaging considered in their DQMC calculations, Gregory and
Clary85 recently obtainedµ ) 3.0 D andµa ) 1.8 D, in good
agreement with the experimental values forµa, as well as with
the simple model discussed in this work.
6. Trends in Water Cluster Properties: Quantifying

Cooperativity. 6.a. Nearest-Neighbor Interoxygen Distance
RO-O. It was previously noted in ab initio studies6,7,77,86that
the equilibrium interoxygen distancesRO-O contract nearly
exponentially with increasing cluster size up to the cyclicS6
hexamer. TheRO-O distances calculated at the MP2 level
approach the values found for liquid water and ice even at a
cluster sizeg3. A similar behavior (Figure 10) has also been
established by recent experiments for clusters up to the pentamer
3 using vibrationally averagedRO-O’s obtained from model
structures which reproduce the measured rotational constants.
A fit of the experimentalRO-O distances of the dimer and cyclic
clusters yields

wheren is the cluster size. Such behavior is a consequence of
the increasing relative contributions of many-body interactions
(which areattractiVe in the cyclic hydrogen-bonded systems)
to the total binding energy with increasing cluster size.8,77,79,87-89

For the noncyclic cage hexamer, however, theRO-O distance
is not expected to follow the same trend formed by the linear
dimer and the quasi-planar cyclic clusters. As shown in Figure
10, the averageRO-O of the cage hexamer clearly deviates from
the curve established for the family of cyclic clusters by+0.064
Å, compared to the value 2.756 Å 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

Ei ) ∑
j*i
Eij (18)

Eij ) M jT
(2)(r ij) - 1/3Qj:T

(3)(r ij) (j * i) (19)

RO-O
(n) ) 2.748+ 1.3 exp(-0.8644n) (20)
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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 geometry.90 Indeed,
ab initio calculations by Mhin et al.19 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-O distances vary

between monomers of different bonding geometries in the cage)
2.82 ÅRO-O of the cage hexamer is close to the liquid water
value of 2.84 Å (4°C),91 whereas the 2.756 Å of the cyclicS6
hexamer resembles the 2.759 Å O-O separation measured for
the ice Ih at 223 K.92,93 The resemblance of cluster structures
to those found in liquid and ice have been recognized in a
number of theoretical treatments. The six-memberedS6 ring
hexamer has been used to describe the hexagonal crystal bonding
of ice Ih,94,95but extra energy is needed to pucker the isolated
cyclic structure to conform to that in ice I; stabilization of this
additional puckering can be provided through hydrogen bonding
to the molecules surrounding the ring.96 Moreover, such small
water polygons have been implicated in computer simulation
as partially accounting for the anomalous macroscopic properties
of liquid water.97-100

Even more interestingly, the cage hexamer closely mimics
the basic unit of one of the high-density polymorphs of ice, ice
VI.101,102 The cage hexamer is the central part of the unit cell,
as partially illustrated in Figure 11; chains of the hexamer cage
unit connected through the DA monomers run parallel to the
crystal c-axis with four neighboring chains hydrogen-bonded
laterally to each other, thereby forming the entire network of
ice VI. All three types of nearest-neighborRO-O distances found
in ice VI are about 2.81 Å at-175 °C, while the O‚‚‚O‚‚‚O
angles vary from 128° (found at the joint of two cages along
the chain, this angle only exists in the crystal) to as small as
76°. These parameters are nearly reproduced in the isolated

cage hexamer withRO-O being 2.82 Å and the two types of
O‚‚‚O‚‚‚O angles being 88.71° and 77.24°.
We stress that the above numerical agreement between the

cage and ice VI could be fortuitous, considering the range of
RO-O values in the cagesRO-O varies about 3-4% according
to the theoretical equilibrium structure{du}*. Nevertheless,
such detailed structural similarities, especially the similar
connectivity of the hydrogen bond network, constitute direct
evidence for the notion that an IPS which can accurately describe
the properties of small water clusters should also be able to
reproduce the unusual properties of the condensed phases of
water. Furthermore, the tendency for isolated water molecules

Figure 10. The experimental (vibrationally averaged) and theoretical
(equilibrium),6,7 exponentially contracting interoxygen distanceRO-O
with the increasing water cluster sizen. The experimental values3 are
obtained through model structures which reproduce the measured
rotational constants. Note that, using a MC procedure37 to simulate the
vibrational averaging effect caused by the flipping motion, the trimer
RO-O is reduced to 2.84 Å, 0.05 Å 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 thatRO-O’s of different isotopic species only vary
within 0.01 Å. The experimental curve is extrapolated to the cyclic
hexamer to indicate the prominent deviation ofRO-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 (Ih),92,93 the value of 3-D
cage structure resembles mostly those of the high-density polymorph
of ice (VI)101 and liquid water.91

Figure 11. One of the two interpenetrating frameworks of ice VI.101

Only the oxygen atoms (balls) are shown. Hydrogen bonds are
represented by sticks. (A) The cage hexamer (shaded) is shown as the
basic unit forming the hydrogen-bonded chain, which runs parallel to
the crystalc-axis (vertical line). (B) Four such chains are linked
sideways (striped sticks) to form one framework structure of ice VI.
The unit cell is outlined within this framework structure. Two
interpenetrating, but noninterbonded frameworks (not shown) are
combined within a single cell to form the complete structure of ice VI;
one framework is rotated 90° relative to the other. High density is thus
achieved with the interstitial cavities of one framework accommodating
those of a second.
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at ultralow temperatures (in a supersonic expansion) to aggregate
into compact crystalline ice structures may provide a micro-
scopic clue to the macroscopic nucleation process, wherein
vapor-deposited water forms the high-density amorphous ice
at low temperatures of the substrate, presumably due to
insufficient thermal energy for the molecules to rearrange into
the geometries corresponding to ordered crystalline forms.103-105

6.b. IndiVidual Monomer Dipole Moment.Sophisticated ab
initio calculations7 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.80 On the other hand, the dipole moment of a single water
molecule in liquid at 25°C is predicted to be 2.35, 2.18, and
2.52 D with three different empirical water-water potentials
(SPC/E, TIP4P,106 and PPC, respectively107). These are in
agreement with the generally accepted value (2.45 D) for a water
molecule in liquid at 0°C, which decreases to 2.37 D at 83°C,
as deduced from dielectric relaxation experiments.96,102,108 It
is therefore expected that in small water clusters there exists a
trend in the monomer dipole moment enhancement induced by
increasing numbers of neighboring molecules. An intriguing
question remains open as to the convergence of this trend to
the bulk phase values; an answer to this question may elucidate
the average length scale over which the cooperative H-bond
interactions exist.
In parallel to the contraction in theRO-O distances found in

sequentially larger water clusters, a second manifestation of the
hydrogen-bond cooperativity is the enhancement of the mono-
mer dipole moment from its isolated gas-phase value of 1.855
D80 to the 2.6 D value of ice I.109 To quantify such effects in
small water clusters, we have used the same induction expansion
model to extract the dipole moments of individual monomers
from the structures which establish the experimentalRO-O curve.
The results are displayed in Figure 12 for both the iterated and
noniterated results.
The enhancement in the monomer dipole found from its

values in the dimer to the cyclic hexamer can also be described
by an exponential function. For the iterated curve, we have

wheren ) 1-6. The bond lengths and bond angles used in
this calculation are given in Table 7. Two important features
are readily identified. First, the monomer dipoles in the cage
hexamer are smaller than the values predicted for its cyclic form
and than the dipoles found in the pentamer. Second, the
monomer dipole projections in the cage hexamer vary drastically
from 2.23 to 2.61 D, whereas the difference between individual
dipoles within the other clusters is at most 0.045 D (as in the
dimer, but<0.001-0.02 D for the cyclic ones). Both are the
consequence of the orientation dependence of the induced dipole,
for which enhancement only occurs when the monomer dipole
is favorably aligned in the electric field produced by the
neighboring molecules. Recall that the averageRO-O of the
cage is longer than the value predicted for the cyclicS6 isomer.
Together with the dipole enhancement, this seems to suggest a
unifying explanation for the behavior of the cage hexamer: more
restricted by the tetragonal hydrogen bonding network, the
monomers in the cage are oriented less favorably for cooperative
interactions (induction) than those in the quasiplanar cyclic
arrangement, thereby producing a relatively longer averageRO-O
distance and a smaller average monomer dipole than expected.
We point out that the enhancement of individual monomer

dipoles does not necessarily lead to a increase in the overall
cluster dipole, for their vector sum in the cluster-fixed axis
system may be destructive, e.g., theS4 tetramer and theS6

hexamer both have vanishing dipoles along the symmetric top
axis even though their alternating arrangements of the monomer
µc favor the dipole enhancement. Moreover, the structural
dependence of the monomer dipole enhancements in water
clusters is less sensitive than the overall cluster dipole due to
the weak anisotropy in the monomer polarizability tensor (Table
7).
Finally, our calculation yielded an average dipole of 2.755

D for a fragment of ice Ih comprised of 160 molecules forming
three lattice layers with each being perpendicular to the crystal
c-axis. A second model calculation involving five water
molecules arranged in a tetrahedral bonding geometry produced
an enhanced dipole of 2.68 D for the central monomer. Both
are substantially larger than those of the isolated clusters of sizes
e4. The small difference between the results of the two model
calculations suggests that the dipole enhancement is induced
primarily by the electric field from the first tetrahedral shell,
implying a spatial scale of the hydrogen-bond cooperativity on
the order of a few nanometers. Note in Figure 12 that the
calculated ice Ih dipole is readily reached by its gas-phase
analogue, the monocyclic hexamer which has a value of 2.70
D.

IV. Discussion

Although it is predicted that the ZPE level of the cage may
lie only 62 cm-1 below that of the prism,25 this seemingly small
separation becomes significant when compared to the low
temperatures (kT < 7 cm-1) accomplished by supersonic
expansions. Direct absorption spectroscopic measurements of
jet-cooled clusters therefore may offer a clue as to the relative
stabilities of these nearly isoenergetic conformations. Evidence
implies that Ar as a carrier gas is effective at producing the
most stable structure for a given water cluster.110 We have
investigated the relative populations between two states of
known energy separation using the same planar supersonic

µ(n) ) 3.13- 1.64 exp(-0.229n) (21)

Figure 12. Exponential enhancement of individual monomer dipole
momentsµ(n) with increasing cluster sizen. The dipole moments are
calculated using an induction expansion model described in the text.
The monomer dipoles of the four experimental cage structures are
displayed; the diffuse values of the cage (with a slight horizontal offset
from the integer 6 for clarity) are due to different monomer orientations.
The cage hexamer clearly shows weaker dipole moments than its cyclic
form. In parallel to the trend found inRO-O, the dipoles of the cyclic
hexamer converge to the values of solid water109 with a substantial
(50%) enhancement from the vapor-phase dipole of 1.855 D,80 whereas
the average monomer dipole of the cage approaches that of the
liquid.96,108
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nozzle. This was performed particularly on the R(2) and R(3)
pure rotational transitions of the (H2O)2 E( states belonging to
the upper and lower halves of the acceptor tunneling splitting
(∆E ) 9.4 cm-1 63). Because collisional relaxation is allowed
between the E( symmetries, the lowerJ ) 2 (E-) and 3 (E+),
Ka ) 0 tunneling states (signal-to-noise ratio∼ 20-50) were
found to be at least 1 order of magnitude more populated than
the upper E( states of the sameJ, Ka quantum numbers, which
is consistent with the Boltzmann factor of e-∆E/kT (T ∼ 5 K);
in fact, the upper E( transitions were not detected with the same
sensitivity. Therefore, given the theoretical predictions and the
low internal temperatures afforded by supersonic expansions,
we have compiled fairly compelling evidence that the cage is
the most stable form of water hexamer or it is perhaps within
at most a few wavenumbers to the global ground-state structure.
A similar hexamer cage form has also been observed in the

resonant ion-dip spectroscopic study of the jet-cooled benzene-
(H2O)6 by Pribble and Zwier.31 The structure assignment was
established by the capability for mass selection and by the close
agreement between the measured intramolecular vibrational
frequencies with those calculated at the MP2 level of theory
by Jordan and co-workers.16 The fact that the same intrinsic
water cluster structure has also been observed when it is weakly
bound to a hydrophobic molecule also suggests that the most
dominant species of water hexamer produced in supersonic
expansions is indeed the cage, which should also likely be the
most stable form. Other conformations and the interconversion
dynamics between them remain interesting subjects to future
studies.
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-workers111 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 adopted
by Mukamel and co-workers.112 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 (2-3 ps) of the individual hydrogen
bonds.111 In the MD simulation of intermolecular vibrational
spectra of water clusters by Bosma, Fried, and Mukamel,112

longer propagation times (up to 2.1 ns) were used to generate
the results. The donor tunneling splitting in the cage hexamer
could be larger than the triplet line spacing (1.9 MHz) observed
in our VRT spectra, since it is likely that we have measured
the difference of this splitting between the ground and excited
states. This suggests an even longer time scale (at least 80 ns)
for computer simulations of low-temperature, large water
clusters!
The induction expansion model used here to calculate the

dipole moments of water clusters is a classical approach, which
is known to be valid only for the electrostatic forces at long-
range intermolecular separations, wherein there is little or no
overlap of electron clouds.113 At the average O-O distances
in small water clusters, which correspond to an intermediate
range of separations, this simplified treatment should be viewed
as a convenient means of providing semiquantitative results even
though the physical origin of the intermolecular forces may be
incomplete. Along these lines, contributions from the higher
(>quadrupole) multipole moments to the induced dipole in the
present model were neglected, since the total dipole moment
and theµa component of the water dimer calculated at the level

of quadrupole-induced dipole are already in good agreement
with the experimental values.2,64-66 A rigorous description of
this problem should invoke quantum calculations with proper
inclusion of vibrational averaging, as carried out by Gregory
and Clary.85

Despite the accuracy of ab initio calculations on cluster
structures and energetics, prediction of the vibrational frequen-
cies, especially for the low-frequency intermolecular vibrations,
is usually poor due to two factorsssevere anharmonicity and
mode mixing. It is likely that the vibrational band observed in
this work can also be described by a low-dimensional torsional
Hamiltonian, based on the argument of the flipping motions of
the two DA monomers being the origin of the perpendicular
transition types. Stretching of the hydrogen bonds alone without
accompanying monomer torsional motions would not produce
the band types observed in this experiment, nor does it seem
likely that the 83 cm-1 (band origin) radiation energy is
sufficiently high to excite the stretching motions. Following
the pseudorotation model employed to treat the low-barrier
torsional motions of the water trimer with reasonable suc-
cess,38,50,55,56,58,59the vibrational problem would be in a simpli-
fied manner equivalent to that of a 2-D hindered rotation with
a 4-fold asymmetric potential,114 which links the four non-
degenerate structures through flipping of the free O-H bonds
on the two DA monomers, as introduced above. An experi-
mental test of this adiabatic approximation is to search for the
corresponding vibration in (D2O)6, which ought to occur at about
half the vibrational frequency of (H2O)6 because its reduced
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 in theBh
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
statesBh rotational constants. Furthermore, the motions of the
free O-H bonds on the doubly bonded monomers alone cannot
impose the 7 MHz change in theA constant (Table 2). Such a
change must also involve the motions of the hydrogen atoms
further away from thea-axis.

V. Conclusions

By means of terahertz VRT laser spectroscopy, we have
characterized a cage form of the normal water hexamer (H2O)6
and presented evidence for this being the lowest energy
structure. Characterization of the structure and hydrogen bond
network rearrangement dynamics are facilitated by the following
arguments. The most definitive structural evidence is the good
agreement of the precisely determined vibrationally averaged
rotational constants between experiment and a DQMC simula-
tion based on a realistic model potential. The fact that this
conformation is detected in supersonically cooled (6 K) mo-
lecular jet, using both the current method of direct absorption
laser spectroscopy as well as the resonant ion-dip technique,31

supports the prediction made by both ab initio theory and
DQMC simulations that the cage is the most stable form of the
water hexamer. The stability of the cage is a consequence of
the competition between maximizing the number of hydrogen
bonds and minimizing the strains within them. Many-body
(cooperative) forces are crucial in this competition, generally
favoring the more open cyclic structures.
Tunneling analysis based on the cage structure has explained

the triplet spectral features associated with each rovibrational
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transition. Unlike the dimer and the trimer, torsional motions
of the free O-H bonds (“flipping”) no longer lead to degenerate
tunneling pathways. An effectiveC2 proton exchange within
two monomers having similar bonding geometries is postulated
as the tunneling mechanism giving rise to the observed triplet
spectral pattern. While a boat (cyclohexane) form of the
hexamer could also be consistent with the splitting pattern, this
is not supported by the rotational constants or energetics, nor
by the vibrational transition type, as explained below.
The donor tunneling splitting is an essential measure of the

rate of the hydrogen-bond breaking and making process within
water clusters, which decreases rapidly from the subnanosecond
time scale found for the H2O dimer to the submicrosecond scale
for the cage (H2O)6 in the terahertz region. The corresponding
splitting in (D2O)6 is expected to be much too small to be
resolved. Likewise, such splitting should be very small for
larger clusters, or at most comparable to that observed for the
cage.
From the small differences found between the ground and

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 changes
perpendicular to the approximate symmetrya-axis, 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
propose to solve a 2-D hindered rotation problem with 4-fold
asymmetric potential that links four nondegenerate structures
through flipping of the two single-donor single-acceptor mono-
mers.
The first-order Stark effect measured for the VRT transitions

of the cage has allowed us to quantify the electric dipole moment
projection along the moleculara-axis, thereby firmly ruling out
the possibility of a cyclic (S6) structure, which would be
nonpolar. From the fully and partially resolved Stark features,
we not only obtain the absolute values ofµa in the range of
1.82-2.07 D with strong dependence on the (J,Ka) quantum
numbers, but also determine that the signs ofµa are the same
for both the ground and vibrationally excited states. These
values agree reasonably well with the results from an iterated
induction model utilizing the cage structures deduced from the
experimental rotational constants as well as that optimized from
a realistic model potential. The same model also argues for
the origin of the observed vibration being the flipping motions
of the doubly bonded monomers. Furthermore, our model
predicts thatµa originates mainly from the triply bonded
monomers; terahertz excitation is not expected to interchange
the roles of proton donor and acceptor of these relatively
constrained monomers, which is consistent with the fact that
the same sign ofµa has been established for both the ground
and excited states.
Trends in the interoxygen distanceRO-O and the individual

monomer dipole moment have been examined for cluster sizes
up to the hexamer using the measured rotational constants and
the same induction model that produces the experimental dipole
projections, respectively. For the linear dimer and cyclic higher
clusters, theRO-O decreases exponentially with increasing cluster
size, whereas the monomer dipole increases exponentially from
1.855 D for the isolated water molecule to 2.70 D for the cyclic

hexamer. The former is a consequence of many-body forces,
the latter represents the polarization enhancement from the
surrounding molecules. In both cases, the cage deviates from
the trends extrapolated for the cyclic clusters; the cage average
RO-O is longer and its monomer dipoles are less enhanced when
compared with those of the ring. Together, these trends identify
the cyclic-to-noncyclic structural transition, wherein the 3-D
cage becomes less favored for the many-body (mainly three-
body) forces than the ring, which in turn produces a smaller
induced dipole.
The above two trends exhibit a rapid convergence of the

cluster properties toward the bulk values. WhileRO-O andµ
extrapolated for the hexamer ring are close to the values of ice
Ih, there is a resemblance between these parameters determined
for the cage and those of liquid water. Strong structural
resemblance has also been identified between the cage and the
basic unit of a high-density polymorph of ice (ice VI), not only
in terms of similar hydrogen bonding networks but also their
nearly identical averageRO-O (2.82 Å for the cage and 2.81 Å
for ice VI at -175 °C 101).
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 isomers.16 The
quantification 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.
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