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cule as a function of its geometry. The PES can
either be calculated from first principles (ab
initio) or with empirically derived functions.
Calculations of important water properties,
such as tunneling splittings and hydrogenbond vibrational frequencies, require a PES
that can accurately reproduce large amplitude
motions far away from local minima. This is
a severe test for even the most extensive ab
initio calculations. Popular empirical potentials for water can give qualitatively incorrect results even for the cluster structures. For
example, the simple point charge extended
(SPC-E) model incorrectly predicts the lowest-energy water pentamer and hexamer to be
tetrahedral (3), and a three-site transferable
intermolecular potential (TIP3P) erroneously
gives all-atom planar global minima for the
water trimer and tetramer.
Precise measurement of the hydrogenbond vibrational frequencies and the associated tunneling has been accomplished for
the water dimer through hexamer by farinfrared (terahertz) vibration-rotation-tunneling (VRT) spectroscopy and interpreted
from the calculated rearrangement pathways
(4, 5). These small clusters sample the canonical hydrogen-bond interactions (electrostatics, induction, dispersion, and exchange
repulsion) over a wide range of structures,
including the linear dimer, the cyclic trimer,
tetramer, and pentamer, and the cage geometry of the hexamer. Experiments and ab

initio calculations agree very well up to the
pentamer. However, there has been controversy regarding the energetic ordering of the
low-lying isomers of the hexamer (2). It is
important to resolve this ambiguity, because
the hexamer represents the transition from
monocyclic “two-dimensional” to multicyclic “three-dimensional” structures, and
global optimization studies indicate that clusters larger than the hexamer all favor such
concatenated ring geometries, usually with
a number of competing low-energy minima.
According to the tunneling splittings,
rotational constants, and torsional vibrations from terahertz VRT spectroscopy, the
lowest-energy form of the water hexamer is
a “cage” isomer, whereas ab initio calculations and empirical potentials have identified
three or four low-energy forms, with most
studies identifying a “prism” as the global
minimum on the potential surface (6). In fact,
the highest-level ab initio calculations predict four relatively low-lying cage isomers,
but none of them appears to have any lowbarrier, single-step rearrangements between
permutational isomers (7, 8), which is the
usual condition for tunneling splittings to be
observed. However, quantum dynamics calculations incorporating only the most important degrees of freedom predict that the lowest vibrational wave functions can be more or
less delocalized over the four cage isomers,
depending on the intermolecular potential (7,
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8). Assignment of the VRT spectrum to a single isomer for the ground vibrational state is
thus not inconsistent with the observed tunneling, if the excited states involve different
cage isomers. Clearly this system represents
a delicate case for theory, in terms of both
energetics and dynamics, and both enthalpic
and entropic factors must be carefully considered, even at the low temperatures achieved in
supersonic expansions.
Perez et al. have now measured the microwave spectrum of the water hexamer. They
unambiguously establish the structures and
energy ordering of the lowest three isomers (see the figure) by isotopic substitution and temperature variation. The authors
also observe rotational spectra of the heptamer and nonamer, but not of the octamer;
this is consistent with predictions of a cuboidal octamer structure, which is nonpolar and
therefore not detectable in these experiments.
These results were obtained with the powerful broadband Fourier transform method
pioneered by Pate and co-workers (9) and
comprise the first microwave detection of
a water cluster larger than dimer, for which
spectra were first reported in 1980 (10).
The impressive signal-to-noise ratios
obtained by Perez et al. promise even more
exciting studies of other benchmark water
clusters. Along with other new developments, such as the accurate measurement of
cluster dissociation energies (11), this work
will facilitate the long-sought-after “universal” model for water, from which a calculation could accurately predict properties of
water in all of its forms (12). If such a representation could be found, it would provide
a straightforward route to resolving some of
the many controversies (13) that continue to
arise regarding the nature of water.
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Hydrogen bonding in small water clusters. Theory and experiment generally agree regarding the global
minimum structures for the water dimer through pentamer (A), but not for the hexamer, which represents the
transition from monocyclic single donor–single acceptor geometries to multicyclic three-dimensional structures. Perez et al. report the experimental determination of the structures and relative energies of the lowest
three hexamer isomers (B). Precise characterization of these archetypal examples of aqueous hydrogen bonding advances the quest for an accurate “universal” model of water that applies under all conditions of interest.
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