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Parallel-tempering Monte Carlo simulations are used to characterize the finite temperature behavior of the
(H2O)n ) 6-9 clusters. The heat capacities, quenched energy distributions, and Landau free energies are calculated
and used to address the nature of the structural transformations that occur with increasing temperature.

Introduction

Water clusters have been the subject of numerous recent
experimental and theoretical studies.1-20 Despite the progress
that has been made in delineating the properties of these
fascinating species, relatively little is known about their finite
temperature behavior. An exception is the water octamer for
which several simulations have provided evidence of a “melting”
transition.13,14,21-25 However, the situation concerning other
small water clusters is less clear. For example, there have been
conflicting reports as to whether (H2O)6 undergoes a melting
transition.13,14,26-28 The presence of a pronounced peak in the
heat capacity versus temperature curves is often taken as an
indicator of a phase change in a cluster. However, isomerizations
can also give rise to peaks in the heat capacity curve, making
it necessary to use other criteria in establishing whether
transformations should be viewed as phase changes or isomer-
izations.

Cluster systems can prove particularly challenging for
computer simulations, as their potential energy surfaces often
possess large numbers of minima, separated by large potential
energy barriers. This can result in the trapping of the cluster in
local regions of configuration space, thereby preventing the
attainment of equilibrium. In this paper, the parallel-tempering
Monte Carlo algorithm,29-31 which has proven highly successful
in dealing with quasiergodic behavior, is used to calculate the
finite-temperature properties of the (H2O)6-9 clusters. Heat
capacity curves, quenched energy distributions, and Landau free
energies32 are used to determine whether the clusters are
undergoing melting-like transitions. Although these clusters have
been considered in previous theoretical studies,1,2,13,18,19,23-28 all
four clusters have not been treated using the same theoretical
approach, detailed information on the inherent structure distribu-
tion is available only for (H2O)6 and (H2O)8, and the Landau
free energy has been calculated only for (H2O)8.

Computational Details

A. Potential Model. The TIP4P two-body rigid-monomer
potential33 is used to describe the water-water interaction. In
this model, the water molecules interact through Coulombic and
Lennard-Jones 12-6 terms. The TIP4P model has been found

to give structures and relative energies of small water clusters
in surprisingly good agreement with those obtained from
polarizable models and fromab initio MP2 calculations.13

B. Monte Carlo Procedure. Water clusters tend to have
complex potential energy surfaces, and as a result, achieving
equilibrium in Monte Carlo or molecular dynamics simulations
can be problematic. In this study, the parallel-tempering Monte
Carlo procedure, which has proven particularly successful in
achieving equilibrium in “difficult” (complex potential energy
surfaces) systems,29,35 is employed. The parallel-tempering
Monte Carlo method is closely related to the jump-walk Monte
Carlo method,36 which was used in earlier studies of (H2O)6
and (H2O)8.23,25 In the following discussion, a brief overview
is first given for the jump-walk method, followed by a
description of the parallel-tempering procedure.

A jump-walk Monte Carlo simulation is initiated by perform-
ing a standard Metropolis Monte Carlo simulation34 at a
temperatureT1, which is sufficiently high so that all important
energy barriers are readily crossed. A subset of configurations
from the initial trajectory is saved, and a second simulation is
then performed at a lower temperatureT2 with most of the
moves being generated by Metropolis sampling and the remain-
der by sampling from the configurations saved in theT1

simulation. A subset of configurations sampled in theT2

simulation is retained for subsequent use in a simulation at a
lower temperatureT3, and the procedure is continued until the
temperature range of interest is spanned. The acceptance
criterion for the jump moves is

where rbi+1 refers to the current configuration in theTi+1

simulation andrbi is a randomly chosen configuration from the
subset of configurations saved from theTi simulation.âi and
âi+1 are related to the inverse temperatures (kbTi)-1and (kbTi+1)-1

respectively, andU(rbi) andU(rbi+1) are the potential energies of
the configurations sampled at the two temperatures. The
temperature difference betweenTi+1 and Ti must be small
enough so that there is a significant overlap between the
potential energy distributions of the two simulations, which, in
turn, ensures that a sizable fraction of the jump moves is
accepted. In the present study, the temperatures were chosen
so that approximately 50% acceptance of the jump moves was
achieved.

* Corresponding author. E-mail: jordan@imap.pitt.edu.
† Current address: Henry Eyring Center for Theoretical Chemistry,

Department of Chemistry, University of Utah, Salt Lake City, UT 84112.

acc(rbi+1 f rbi) )
min[1,exp{-(âi - âi+1)(U( rbi+1) - U( rbi))}] (1)
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The parallel-tempering algorithm is similar to the jump-walk
algorithm except that jump moves are replaced by exchange
moves and that the simulations for the entire set of temperatures,
{Tj}, are carried out in parallel. The acceptance criterion for an
exchange between two configurationsrbn and rbm generated in
simulations at the respective temperaturesTn andTm is

A major advantage of this method is that the storage of
configurations is unnecessary, because the exchange configura-
tions are generated “on the fly”. Thus, for long simulations,
the number of configurations available for an exchange is much
larger than would be available in a jump-walk simulation, which
can greatly improve convergence to equilibrium. In addition,
the correlations between the configurations generated at different
temperatures are generally less in parallel-tempering than in
jump-walk simulations.29 As for the jump-walk procedure, the
highest temperature should permit the barriers to be surmounted,
and there must be appreciable overlap between the potential
energy distributions from the simulations (replicas) at adjacent
temperatures.

An additional requirement for successful finite temperature
simulations of cluster systems is the exclusion of evaporative
events, which can propagate downward in temperature in jump-
walk and parallel-tempering simulations and introduce errors
in the low temperature results. In this study, a constraining
sphere is used to prevent evaporation. For each trial move, the
cluster’s center of mass is located at the origin of the constrain-
ing sphere. If any molecule is located outside the constraining
sphere, the trial move is rejected. The constraining sphere radius
must be small enough to prevent evaporation, yet large enough
so that the cluster geometries are not appreciably distorted. For
large clusters, it is sometimes not possible to satisfy both these
requirements, making it preferable to adopt alternative strategies
for excluding evaporative events. However, this was not a
problem for the size clusters considered here. The constraining
sphere radii were ranged from 3.75 Å for (H2O)6 to 5.50 Å for
(H2O)9.

In the present work, parallel-tempering Monte Carlo simula-
tions were performed on each of the (H2O)6-9 clusters. In these
studies, exchanges were attempted only between configurations
for simulations (replicas) at adjacent temperatures. The details
of the simulations (i.e., the number of production and equilibra-
tion moves, exchange frequencies, range of temperatures
employed, and constraining sphere radii) are given in Table 1.
At each temperature in the parallel-tempering simulations, 2.0
× 108 production moves were employed for (H2O)6, (H2O)7,
and (H2O)8, whereas 2.5× 108 production moves were
employed for (H2O)9. The production moves were preceded by

2 × 108 equilibration moves for each of the clusters. The
temperature ranges considered were 15-200, 40-220, 70-280,
and 100-290 K for (H2O)6, (H2O)7, (H2O)8, and (H2O)9,
respectively. The simulations employed from 25 to 44 temper-
atures. For the standard Metropolis steps, translational and
rotational moves were attempted in succession for molecules
selected at random. On the basis of comparison of the results
obtained from shorter simulations and on the insensitivity of
the results to the choice of the initial configuration, we are
confident that the simulations have achieved equilibration.

C. Melting criteria. A commonly used criterion for a phase
change is the appearance of a pronounced peak in the heat
capacity versus temperature curve.37 In this study, the heat
capacity is calculated from the potential energy fluctuations

whereR is the gas constant andM is the number of degrees of
freedom.

For a transition to be properly described as melting, it is
essential that there be a sufficiently high density of states in
the high temperature “phase”. In clear-cut cases, this manifests
itself in a bimodal potential energy distribution or a double
minimum in the free energy as a function of an order parameter.
In this work, Landau free energy curves32 are calculated as a
function of two different order parameters. In addition, the
inherent structures38 are obtained by quenching configurations
generated at different temperatures. The following subsections
describe the Landau free energy calculations and the quenching
methodology.

D. Landau Free Energy Curves.The calculation of the
Landau free energy as a function of an order parameter is based
upon an approach pioneered by Lynden-Bell and Wales who
proposed that “if an order parameter,ø, can be found such that
the Landau free energy has double minima as a function ofø,
then two distinct phases can be said to coexist”.32 The existence
of the double minimum in the free energy curve indicates that
a free energy barrier exists between two distinct phases. In using
the Landau free energy, it is necessary to identify an order
parameter that is a smooth function of the 3N atomic coordinates
and is invariant with respect to translations and rotations of the
cluster’s coordinate frame. In this studyQ4,32 which is based
on bond orientations, andU, the potential energy, are employed
as order parameters. In general, qualitatively similar results are
obtained for the two order parameters, and only those based on
the potential energy are reported here.

E. Quenching Methodology.Quenching of configurations
sampled in a simulation allows one to determine the populations
of various inherent structures.38 In this study, subsets of the
configurations generated at various temperatures were quenched
(optimized) using the “Orient” program,39 and the resulting
structures were binned according to the energy. In those cases
in which different isomers are very close in energy, different
structures can end up in the same bin. This problem was avoided
by visually inspecting the quenched structures. The quenched
distribution plots, when combined with the Landau free energy
curves, provide insight into the structural changes associated
with the peaks in the heat capacity curves.

Results

The heat capacity versusT curves for (H2O)6-9 as described
by parallel-tempering simulations are shown in Figure 1. For
(H2O)6 and (H2O)8, the resulting heat capacity curves are in

TABLE 1: Details of the Parallel-tempering Monte Carlo
Simulations

system

no. of
production

cyclesa

jump or
exchange
frequencyb temp rangec

constraining
sphere radius

(Å)

(H2O)6 2 × 108 600 15-200 K (24) 3.75
(H2O)7 2 × 108 700 40-220 K (36) 3.75
(H2O)8 2 × 108 800 70-280 K (25) 4.25
(H2O)9 2.5× 108 900 100-290 K (44) 5.50

a A move includes both an attempted translation and an attempted
rotation of a water monomer. 2× 108 equilibration moves were used
for each cluster.b Number of standard Monte Carlo moves between
attempted exchanges.c The numbers of temperatures used are given
in parentheses.

acc(rbn f rbm) ) min[1,exp{-(âm - ân)(U( rbn) - U( rbm))}]

(2)

CN,V,T )
〈U2〉 - 〈U〉2

RT2
+ M

2
R (3)
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close agreement with those obtained from prior jump-walk and
parallel-tempering simulations.18,23,25,40The heat capacity curves
of (H2O)8 and (H2O)9 have pronounced peaks near 212 and 207
K, respectively. In contrast, the heat capacity curves of (H2O)6
and (H2O)7 display only very weak peaks (near 90 and 170 K,
respectively). In analyzing these results, it is useful to refer to
the distributions of local potential energy minima depicted in
Figure 2. (H2O)8 has the smallest number of low-energy minima
(here, low energy is arbitrarily taken to meane 2 kcal/mol).
Specifically, it has two nearly isoenergetic low-lying cubic-like
minima (of S4 andD2d symmetry) followed by an energy gap
of 1.8 kcal/mol from a group of six higher-lying cubic-like
structures, with a high density of noncubic structures starting
at about 3.8 kcal/mol. (H2O)9 has nine local minima between 0
and 1.8 kcal/mol, with a high density of local minima starting
near 2.0 kcal/mol. (H2O)6, although having a comparable number

of low-energy minima as (H2O)9 does not display a high density
of local minima at energies more than 2.0 kcal/mol above the
global minimum). (H2O)7, on the other hand, has a high density
of local minima, starting just above the global minimum in
energy. In presenting the detailed results for the individual
clusters, (H2O)8 and (H2O)9 are considered first because they
show the most pronounced structure in the heat capacity curves.

A. (H2O)8 Results. Figure 3 shows the potential energy
histograms for theT ) 210 and 215 K replicas from the parallel
tempering simulations on (H2O)8. These temperatures bracket
that associated with the peak of the heat capacity curve. The
histograms are bimodal, consistent with the interpretation of
coexisting phases.18,23,25

Figure 4 depicts the structures of the 20 lowest-energy minima
(shown in order of increasing energy) of (H2O)8 obtained by
quenching configurations saved at each temperature in the
parallel-tempering simulations. As noted above, (H2O)8 has two
low-energy cubic structures (ofS4 andD2d symmetry) followed
by a sizable (∼2 kcal/mol) energy gap, then six more cubic-
like structures.25 At still higher energies, there are other cubic
structures plus a large number of non-cubic structures. Figure
5 shows the population distributions of different inherent struc-
tures as a function of temperature. At temperatures below 160
K, the two low-energy cubic (H2O)8 configurations dominate
the population distributions. As the temperature increases beyond
160 K, the populations of these two cubic structures rapidly
decrease and the populations of the noncubic species rapidly
grow. The higher energy cubic structures are most important
around 215 K but never account for more than 12% of the total
population. It is clear from this figure that the pronounced peak
in the heat capacity curve is due to a transition from the two
low-energy cubic structures to the higher-energy noncubic
structures rather than to the higher-energy cubic structures. This
is consistent with the conclusions of Nigra et al.18

Figure 6 reports for (H2O)8 the Landau free energy as a
function of the potential energy. The Landau free energy curves

Figure 1. Heat capacity curves of (H2O)6-9 calculated by means of
parallel-tempering Monte Carlo simulations.

Figure 2. Relative energies of the potential energy minima of (H2O)6-9

determined by quenching configurations sampled in the parallel-
tempering Monte Carlo simulations.

Figure 3. Histograms of potential energies of (H2O)8 from theT )
210 and 215 K replicas from a parallel tempering Monte Carlo
simulation.
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display a minimum with a shoulder at either high or low energy,
consistent with the coexistence of two phases. The Landau free
energy curves associated with the 210 and 215 K replicas have
very flat minima, consistent with the presence of two phases of
nearly the same free energy.

B. (H2O)9 Results. The heat capacity curve of (H2O)9 is
qualitatively similar to that of (H2O)8. The peak of the heat
capacity curve of (H2O)9 occurs near 207 K and has an
approximate value of 23 cal/K-mol-molecule. The potential
energy distributions of (H2O)9 obtained from parallel-tempering
simulations carried out at 180, 200, and 219 K, are shown in
Figure 7. In contrast to (H2O)8, for (H2O)9, the potential energy
distributions from replicas at temperatures close to that of the
peak in the heat capacity curve do not show bimodality.

Figure 4. Structures of the 20 lowest-energy minima of (H2O)8 found
in the parallel-tempering simulations.

Figure 5. Distributions of various inherent structures of (H2O)8 as a
function of temperature. Results from parallel-tempering simulations.

Figure 6. Landau free energies for (H2O)8 calculated as a function of
the potential energy. Results are based on parallel-tempering Monte
Carlo simulations.

Figure 7. Histograms of potential energies of (H2O)9 from theT )
180, 200, and 219 K replicas from a parallel tempering Monte Carlo
simulation.
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However, the widths of these distributions are only slightly
narrower than those of (H2O)8 calculated at temperatures close
to the maximum in its heat capacity curve. This strongly
suggests that the potential energy distributions of (H2O)9 arise
from two overlapping distributions.

Figure 8 depicts the structures, in order of increasing energy,
of the 20 lowest-energy minima of (H2O)9 found in the
quenching calculations. The low-energy structures can be viewed
as resulting from inserting a water molecule into one of the
edges of one of the two low-energy cubic forms of (H2O)8.9

We refer to these as “inserted-cubic” species. There are
additional, higher-energy inserted-cubic structures that can be
viewed as resulting from insertion of a water molecule into the
edge of one of the higher-energy cubic structures of (H2O)8.
Finally, there is a very large number of other structures, a few
of which are shown in Figure 8.

Figure 9 reports the distributions of various inherent structures
as a function of temperature. The structures are divided into
three classes: low-energy inserted-cubic (species 1-4, 6, and
8 in Figure 8), higher-energy inserted-cubic structures, and
non-cubic-derived isomers. At low temperatures, the quenched
distributions are dominated by the low-energy inserted-cubic
structures, whereas at temperatures above the peak in the heat
capacity curve, the non-cubic-derived structures dominate. The
higher-energy inserted-cubic structures never acquire a popula-
tion above 0.12. This is analogous to the situation for (H2O)8,
for which the high-energy cubic structures do not attain a high
population at any temperature.

Figure 10 reports the Landau free energy of (H2O)9 calculated
at each ofT ) 180, 200, and 219 K and using the potential
energy as the order parameter. None of the Landau free energy

curves displays double minima, although that calculated using
configurations sampled in theT ) 200 K replica does show
slight broadening at low free energies. The Landau free energy
curves calculated using the Q4 order parameter (not shown) also
did not show double minima in this case. We note, however,
that it may be possible to devise an order parameter that would
display such behavior.

To gain additional insight into the lack of bimodality in the
potential energy distributions and the lack of a double-well

Figure 8. Structures of the 20 lowest-energy minima and seven
representative high-energy minima of (H2O)9 found in parallel-
tempering Monte Carlo simulations.

Figure 9. Distributions of various inherent structures of (H2O)9 as a
function of temperature. Results obtained from the parallel-tempering
Monte Carlo simulations.

Figure 10. Landau free energy curves of (H2O)9 calculated as a
function of the potential energy. Results are reported for parallel
tempering Monte Carlo simulations carried out atT ) 180, 200, and
219 K.
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character in the Landau free energy curves of (H2O)9, each
configuration sampled in theT ) 200 K replica was quenched
to its inherent structure. The quenched configurations were
divided into two groups, the low energy inserted-cubic structures
and the non-cubic-derived structures. In Figure 11 we plot the
potential energy distribution of the configurations that quench
to each of these two groups. It is clear from this representation
of the data that the single peak in the potential energy
distribution from theT ) 200 K simulation (Figure 7) derives
from two overlapping distributions (i.e., from inserted-cubic and
non-cubic-derived clusters).

For comparative purposes, we have carried out a similar
analysis on the configurations from theT ) 215 K replica from
the parallel-tempering simulation on (H2O)8. Figure 12 plots
the potential energy distribution of the configurations that
quench to the two lowest-energy cubic structures and those that
quench to noncubic structures. Comparison of the distributions
reported in Figures 4 and 12 reveals that the bimodal nature of
the distributions in Figure 4 arises from the overlap of two
distributions, one due to cubic-type structures and the other to
noncubic structures. In the case of (H2O)8, the peaks from
the two distributions are separated by about 12 kcal/mol,
whereas in the case of (H2O)9 they are separated by only 6
kcal/mol. This is consistent with the smaller energy gap be-
tween the inserted cubic and non-cubic-derived isomers
of (H2O)9 than between the cubic and non-cubic isomers of
(H2O)8.

C. (H2O)6 Results.Potential energy histograms for theT )
15, 45, 65, 70, 100, and 135 K replicas from the parallel
tempering simulations on (H2O)6 are shown in Figure 13. There
is no evidence of bimodality in any of the potential energy
histograms; nor does there appear to be broadening of the
distribution obtained from the replica atT ) 100 K, which is
close to the temperature of the maximum in the broad peak in
the heat capacity curve).

Figure 14 depicts the low-lying inherent structures found by
quenching configurations generated in the parallel-tempering
simulations on (H2O)6. As has been previously reported, with
the TIP4P potential, (H2O)6 has two low-lying cage-like minima,
followed at somewhat higher energy by five prism structures.25

Even at energies as high as 4 kcal/mol above the global
minimum, the density of local minima is quite sparse when
compared to the densities of local minima of the (H2O)7 and
(H2O)9 clusters.

Figure 11. Potential energy distributions of configurations of (H2O)9
sampled in the 200 K replica from the parallel-tempering Monte Carlo
simulations. The two classes of sampled structures (low-energy inserted-
cubic and non-cubic-derived) are identified according to the inherent
structures to which they quench.

Figure 12. Potential energy distributions of configurations of (H2O)8
sampled in the 215 K replica from the parallel-tempering Monte Carlo
simulations. The two classes of sampled structures (two lowest-energy
cubic and noncubic) are identified according to the inherent structures
to which they quench.

Figure 13. The potential energy histograms of (H2O)6 obtained from
the 15, 45, 65, 70, 100, and 130 K replicas from a parallel-tempering
Monte Carlo simulation.

Parallel-Tempering Monte Carlo Study of (H2O)n)6-9 J. Phys. Chem. A, Vol. 107, No. 38, 20037385



The distributions of the inherent structures from the quench
calculations are shown in Figure 15. At temperatures below 50
K, the two low-lying cage configurations dominate the distribu-
tions. As the temperature is increased above 50 K, the population

of these cage structures decreases, and the populations of prism
and book structures grow in importance, with the latter having
their maxima nearT ) 160 and 135 K, respectively. The ring-
type structures have a small (<2%) population forT ) 130-
155 K and grow in importance asT is increased above 155 K.

Each configuration sampled in the 100 K replica was
quenched to its inherent structure, and the distributions of
configurations that quench to the cage structures, prism, and
book structures are separately plotted in Figure 16. These three
distributions are appreciably overlapped, with their peaks being
separated by less than 1 kcal/mol. The Landau free energy
curves for (H2O)6 derived from the 25, 45, 80, and 100 K
replicas and using the potential energy as the order parameter
are shown in Figure 17. None of the Landau free energy curves
displays bimodal character.

D. (H2O)7 Results. The heat capacity curve of (H2O)7,
depicted in Figure 1, has a very broad, weak peak centered near
175 K. The potential energy histograms of the configurations,
shown in Figure 18, do not display bimodality.

Figure 19 depicts a subset of the low energy inherent
structures of (H2O)7. These are grouped into three categories.
Minima 1, 2, 4, and 6, which can be viewed as being derived
from a cubic (H2O)8 cluster by extraction of a water molecule,
are grouped into category I; minima 3, 5, 8, and 18, which can
be viewed as being formed by adding a water monomer to a
cage form of the hexamer, are grouped together in category II;
all other structures are placed in Category III.

The distributions of the inherent structures in the different
categories are shown in Figure 20. At temperatures below about
150 K, category I structures dominate the population. Starting
near 100 K, the category II structures rapidly increase in
importance. At 175 K, near the temperature corresponding to
the peak of the (H2O)7 heat capacity curve, category I, II, and

Figure 14. Structures of the 22 lowest-energy minima of (H2O)6 found
by quenching configurations from the parallel-tempering Monte Carlo
simulations.

Figure 15. Distributions of the inherent structures of (H2O)6 as a
function of temperature. Results are from parallel-tempering Monte
Carlo simulations.

Figure 16. Potential energy of configurations of (H2O)6 sampled
in the 100 K replica from the parallel-tempering Monte Carlo
simulations. The different classes of sampled structures (cage, book,
and prism) are identified according to the inherent structures to which
they quench.
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III structures comprise approximately 62, 30, and 8% of the
population, respectively.

The configurations sampled in the 175 K replica were
quenched to their inherent structures and used to generate Figure
21, which reports the distributions of the sampled configurations
that quench to inherent structures in each of the three categories
discussed above. The distributions associated with inherent
structures belonging to categories II and III fall under the

distribution associated with category I, with the peaks in the
three distributions falling within 1 kcal/mol of one another.

The dependence of the Landau free energy of (H2O)7 on the
potential energy order parameter is depicted in Figure 22.
Results are reported for theT ) 40, 90, 150, and 200K replicas.
None of the free energy curves display double minima character.

Figure 17. Landau free energies for (H2O)6 calculated as a function
of the potential energy. Results are based on parallel-tempering Monte
Carlo simulations.

Figure 18. Histograms of potential energies of (H2O)7 obtained from
parallel-tempering Monte Carlo simulations.

Figure 19. Structures of the 20 lowest-energy minima of (H2O)7 from
the parallel-tempering Monte Carlo simulations.

Figure 20. Distributions of the inherent structures of (H2O)7 as a
function of temperature. Results are based on parallel-tempering Monte
Carlo simulations.
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Discussion and Conclusions

The heat capacity curves of (H2O)8 and (H2O)9 display
pronounced peaks near 212 and 205 K, respectively, while those
for (H2O)6 and (H2O)7 display much weaker, broader peaks at
lower temperatures. In the case of (H2O)8, the peak in the heat
capacity is due to the transition from the two low-energy cubic
structures to the noncubic structures. For (H2O)9, the peak in

the heat capacity curve derives from the analogous transition
between low-energy inserted-cubic structures to non-cubic-
derived structures. The peak in the heat capacity curve of (H2O)6
is due to a transition from the low-energy, cage-like structures
to prism and book-like structures, and that in the heat capacity
of (H2O)7 is due to a transition from category I to category II
plus III structures. This can be viewed as a transformation
between depleted-cubic structures (cubic structures missing one
water molecule) to type II and III structures.

We now address the issue of whether these structural
transformations should be viewed as melting transitions. Only
in the case of (H2O)8 does the potential energy distribution
display bimodal character and does the plot of the Landau free
energy versus potential energy order parameter show clear-cut
phase coexistence. We conclude, therefore, that the transforma-
tion occurring near 212 K in (H2O)8 is a melting transition.

The failure of the potential energy histograms and Landau
free energy curves of (H2O)9 to display behavior characteristic
of phase coexistence is somewhat surprising, given the pro-
nounced peak in the heat capacity versusT curve of this cluster.
However, by associating the sampled configurations with the
inherent structures to which they quench, it is demonstrated that
the single peak in the potential energy histogram obtained from
the T ) 200 K replica results from two partially overlapping
distributions, the peaks of which are separated by about 6 kcal/
mol. A similar analysis of (H2O)8 reveals that the two distribu-
tions (cubic and noncubic) are separated by a larger amount
(≈12 kcal/mol) than in the (H2O)9 case, which is why clear-cut
bimodal behavior is seen in the potential energy distribution of
(H2O)8. Because of the relationship between the potential energy
distributions and the Landau free energy curves, this also
explains why the Landau free energy curves (using the potential
energy as the order parameter) failed to display a double
minimum for (H2O)9. If the Landau free energy were reanalyzed
in terms of inherent structures, the double minima nature would
become apparent. We conclude, therefore, that the transition
associated with the pronounced peak in the heat capacity curve
of (H2O)9 should also be viewed as arising from a melting
transition.

For (H2O)6 and (H2O)7, the potential energy distributions
involved in the structural transitions are strongly overlapped
with peak separations of less than 1 kcal/mol. This explains
why, for these clusters, the potential energy distributions fail
to show bimodality, the Landau free energy curves do not
display double minima, and the resulting peaks in the heat
capacity curves are so weak. This different behavior of (H2O)6
and (H2O)7 from that of (H2O)8 and (H2O)9 is related to
differences in the distributions of local potential energy minima
of these clusters. Given the relatively low density of local
minima and the trends in the quench distributions, we conclude
that the weak peak in the calculated heat capacity curve of
(H2O)6 should be viewed as due to a cage to (prism, book) type
isomerization rather than as arising from a melting transition.
We conclude also that (H2O)7, does not undergo a well-defined
melting transition. However given the relatively high density
of low-energy local minima of this cluster, it is possible that
this cluster displays “glasslike” behavior. To establish this would
require examination of the dynamics of the cluster.
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