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The parallel-tempering Monte Carlo procedure is used to characterize the (CO2)n, n ) 6, 8, 13, and 19,
clusters. The heat capacity curves of then ) 13 and 19 clusters are found to have pronounced peaks that can
be associated with cluster melting. In addition, there is evidence of a low temperature “solidT solid” transition
in the case of (CO2)19. The low-energy minima and rearrangement pathways are determined and used to
examine the complexity of the potential energy surfaces of the clusters.

1. Introduction

Carbon dioxide has attracted considerable experimental and
theoretical attention both because of the importance of its
supercritical state for chemical separations and because it is a
prototype for molecules for which the dominant electrostatic
interactions are quadrupole-quadrupole in nature.1 Despite this,
our knowledge of the properties of CO2 clusters lags behind
that for clusters of polar molecules such as water. Although
several Monte Carlo and molecular dynamic simulations of
(CO2)n clusters have been carried out,2-6 there remain unre-
solved issues including the connections between the thermo-
dynamic behavior and the topology of the underlying potential
energy surfaces. Also, it appears that some of the earlier
simulations failed to achieve equilibrium, particularly at the
lowest temperatures considered.

In the present study the parallel-tempering Monte Carlo
method,7 which is well suited for achieving equilibrium in low-
temperature simulations when there are large energy barriers
separating low-lying local potential energy minima, is combined
with long production cycles to calculate the finite-temperature
behavior of the (CO2)n, n ) 6, 8, 13, and 19, clusters. To aid in
analyzing the nature of the transitions associated with peaks in
the heat capacity curves, the populations of inherent structures
are calculated as a function of temperature. For each cluster
considered, the low-energy minima and transition states are
located using the eigenmode-following method8-10 and used to
construct disconnectivity graphs to provide insight into the
topology of the potential energy surface, in particular, the
accessibility of different regions of configuration space as a
function of energy.

2. Methodology

2.a. Model Potential. The CO2-CO2 interactions are de-
scribed by a two-body model potential due to Murthy et al.11

This is a rigid monomer model with CO bond lengths equal to
the experimental (Re) value and interactions between monomers
described by electrostatic and 6-12 Lennard-Jones terms. The
former are incorporated by means of five point charges on each
monomer, the locations and values of which are given in Table
1. The Lennard-Jones terms are atom-atom in nature, with the
parameters being given in Table 2.

For (CO2)2 and (CO2)3 the Murthy potential gives structures
and binding energies in good agreement with the results of
experiment and MP2 calculations.12,13At first glance, the success
of the Murthy potential for describing (CO2)2 and (CO2)3 is
somewhat surprising since it does not include an explicit
induction contribution, which has been shown by symmetry-
adapted perturbation theory (SAPT) calculations to be important
for these clusters.14 This suggests that either the LJ or the
electrostatic term (or perhaps both) in the Murthy potential is
too attractive, thereby “mimicking” the induction interactions.
The use of enhanced electrostatic terms to incorporate induction
is a common procedure, with a representative example being
the TIP4P model for water.15

2.b. Parallel Tempering Monte Carlo Procedure. The
Monte Carlo simulations were carried out using the parallel
tempering algorithm,16,17 in which simulations over the range
of temperatures of interest are carried out in parallel. The sets
of configurations generated at the various temperatures are called
“replicas”. Most moves are “local”, i.e., confined to individual
replicas, with trial moves translations or rotations of individual
molecules, being accepted or rejected according to the Me-
tropolis algorithm:

where Pifj is the probability for accepting a move from
configuration “i” with energyEi to configuration “j” with energy
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TABLE 1: Location of the Point Charges in the Murthy
CO2 Potentiala

site Z(Å) Q(e)

1 -1.5232 0.1216
2 -1.0663 -0.6418
3/Cb 0 1.0404
4 1.0663 -0.6418
5 1.5232 0.1216

a Ref 11.b The third point charge is located on the C atom.

TABLE 2: Lennard-Jones Parameters for the Murthy CO2
Model Potentiala

atom pair ε(K) σ(Å)

C-C 26.3 2.824
O-O 75.2 3.026
C-O 44.5 2.925

a Ref 11.

Pifj ) min{1, exp[-â(Ej - Ei)]} (1)
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Ej, andb is related to the inverse temperature viab ) (kT)-1.
In the implementation of the parallel tempering algorithm used
in the present study, the local moves were carried out by
attempting, in succession, translation and rotation of molecules
selected at random. The maximum step sizes were chosen so
as to maintain close to 50% acceptance ratios. The remaining
moves involved attempted swaps of configurations between
replicas at adjacent temperature. The acceptance probability for
an attempted exchange of configurations from theTi andTi+1

replicas is given by

wherebi ) (kTi)-1. Exchanges were attempted once every 100
moves, and were made only between replicas at adjacent
temperatures. On odd swap cycles, the attempted exchanges
were between the (T1, T2), (T3, T4), etc., replicas, and on even
cycles, between the (T2, T3), (T4, T5), etc., replicas. Additional
details on the parallel tempering code used to carry out the
simulations are given in ref 18.

At the highest temperatures used in the simulations, evapora-
tive events could occur, which would seriously impact conver-
gence. This problem was avoided in the simulations on the three
smaller clusters by rejecting moves that placed one or more of
the molecules over a specified distance [6 Å for (CO2)6 and
(CO2)8, and 8 Å for (CO2)13] from the center of mass of the
cluster. For (CO2)19, moves that placed the C atom of an
individual monomer more than 5 Å from the C atoms of all
other monomers in the cluster were rejected.

One of the challenges in carrying out parallel-tempering
Monte Carlo simulations is the choice of an appropriate grid of
temperatures. The temperature range should encompass regions
over which the structural transformations of interest occur. It is
also essential that all important energy barriers are readily
overcome at the highest temperature employed and that there
is appreciable overlap between the potential energy distributions
from the simulations at adjacent temperatures. In the present
study, twenty temperatures spanning 20-150 K were used for
(CO2)n, n ) 6, 8, 13, and twenty-four temperatures spanning
20-200 K were used for (CO2)19. These temperature ranges
were chosen on the basis of a series of preliminary parallel-
tempering Monte Carlo simulations with different choices of
the temperatures. Additional simulations, employing up to thirty-
two temperatures, were also carried out, but are not reported
here since the results obtained were very close to those from
the simulations using fewer temperatures.

For each cluster studied, two parallel-tempering Monte Carlo
simulations were carried out, one starting from a configuration
chosen at random from a preliminary high-temperature Me-
tropolis Monte Carlo simulation, and the other starting from
the global minimum structure. Comparison of the results of the
two simulations provides a check on attainment of equilibrium.
For each simulation, averaging was done over 2× 107 moves
following an equilibration period, which ranged from 107 moves
for (CO2)6 and (CO2)8 to 2 × 107 moves for (CO2)13 and 3×
107 moves for (CO2)19. The heat capacity was calculated using

whereR is the gas constant.
For monitoring convergence of the simulations and for

interpreting structural transformations, it is useful to examine
the distributions of inherent structures, obtained by “quenching”

configurations sampled in the simulations. In the present study,
500 configurations, chosen at equal intervals, were saved from
each replica and optimized to their inherent structures by use
of the eigenmode-following method as implemented in the
Orient 4.3 program.19

2.c. Disconnectivity Graphs.Over the past few years much
progress has been made in establishing the relationship between
the topology of the potential energy surface and the difficulty
of achieving equilibrium in finite temperature (or energy)
simulations.18,20,21 This requires locating the local potential
energy minima and the transition states connecting the minima.
In the present study, this was accomplished by carrying out
eigenmode-following (EF)8-10 searches in directions, both
parallel and antiparallel to specific eigenvectors of the Hessian,
for each of the minima located in the course of the optimizations.
Searches were done along the eigenvector associated with the
lowest 8, 15, 24, and 50 eigenvalues for (CO2)6, (CO2)8, (CO2)13,
and (CO2)19, respectively. For each transition state located in
this manner, subsequent searches were carried out to identify
the minima connected to the transition state, allowing construc-
tion of the rearrangement pathways. These results were used to
construct disconnectivity graphs,21 which show the minima that
are accessible at different energy thresholds and thus provide a
convenient visual representation of the connectivity/disconnec-
tivity of different regions of the potential energy surface.22,23

3. Results

The heat capacity vs temperature curves, obtained from the
parallel-tempering simulations, are shown in Figure 1. For each
cluster, curves from both the simulation started at the global
minimum structure and that started from a randomly selected

Figure 1. Heat capacity curves of the (CO2)n clusters calculated by
means of parallel tempering Monte Carlo simulations. For each cluster,
run1 denotes the simulation starting from global minimum and run2
denotes the simulation starting from a random geometry.

Pifi+1 ) min{1, exp[(âi - âi+1) (Ei - Ei+1)]} (2)

CN,V,T(T) )
〈U2〉 - 〈U〉2

RT2
(3)
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structure are reported and found to be in excellent agreement,
providing evidence that the calculations have achieved equi-
librium. The heat capacity curves of (CO2)6 and (CO2)8 display
broad, weak peaks centered nearT ) 70 K. In contrast, the
heat capacity curves of (CO2)13 and (CO2)19 display pronounced,
narrower peaks nearT ) 90 K. In analyzing these results, it is
useful to examine the low-energy minima from the EF optimi-
zations, the distributions of inherent structures sampled in the
finite temperature simulations, and the disconnectivity graphs.
The energies of the low-lying local minima of the various
clusters are indicated in Figure 2. The analyses of the results
for various clusters are presented below.

3.a. (CO2)6. The six lowest-energy minima of (CO2)6 obtained
from the EF optimizations are shown in Figure 3. These isomers
are very close in energy, being spread over only 0.57 kcal/mol.
The global minimum, which can be viewed as two interacting
cyclic trimers, is only 0.04 kcal/mol more stable than the second
lowest-energy isomer with an octahedral-like structure, which,
in turn, is only 0.28 kcal/mol stable than the next lowest-energy
structure (see Figure 2).

Figure 4 reports the distributions of inherent structures of
(CO2)6 sampled in theT ) 20, 55, 80, and 100 K replicas. In
the T ) 20 K replica, only the two lowest-energy inherent
structures have significant population. The populations of these
two isomers gradually decrease and those of the higher energy
structures gradually grow in with increasing temperature. AtT
) 55 K, which corresponds to a weak, low-temperature shoulder
on the broad peak on the heat capacity curve, the six lowest-
energy structures account for about 70% of the inherent structure
distribution. Even atT ) 100 K, the two lowest-energy
structures together still account for about 9% of the population
and the six lowest-energy structures for about 32% of the
population. Although Etters et al.2 concluded that (CO2)6

undergoes a melting transition near 70 K, in our opinion, the

density of states at this temperature is not sufficiently high to
attribute the broad, weak peak in the heat capacity curve to a
melting transition.

The disconnectivity graph for (CO2)6 is shown in Figure 5.
Overall, the diagram is quite simple, and the potential energy
surface can be characterized as having a single funnel. There is
a barrier of about 1 kcal/mol for interconversion of the two

Figure 2. Energy level diagram for the (CO2)n clusters. Each horizontal
line corresponds to the energy of a local minimum as determined from
quenching calculations.

Figure 3. Structures of the six lowest-energy minima of (CO2)6 from
eigenmode-following optimizations.

Figure 4. Distributions of local minima generated by quenching
configurations from parallel tempering Monte Carlo simulations on
(CO2)6.
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lowest-energy isomers. Thus it should be possible to achieve
sizable populations of both these isomers in a seeded expansion.

3.b. (CO2)8. The (CO2)8 cluster possesses a very large number
of low-lying potential energy minima. In fact, we have identified
158 minima within 1 kcal/mol and 490 minima within 2 kcal/
mol of the global minimum. These are considerably in excess
of the number of local minima found for the (CO2)6, (CO2)13,
and (CO2)19 clusters in the same energy ranges.

The six lowest-energy isomers of (CO2)8, fall within an energy
range of 0.24 kcal/mol and are depicted in Figure 6. The inherent
structure distributions for (CO2)8 are reported in Figure 7. For
the T ) 20 K replica, the global minimum structure is most
populated (∼73%), with about 20% of the remaining population
being associated with the second lowest-energy isomer. In the
T ) 50 K replica, the population of the two lowest-energy
isomers combined has dropped to 40%, with most of the
remaining population being spread over a group of isomers with
inherent structure energies ranging from-20.3 to-19.8 kcal/
mol. In the T ) 80 K replica, the net population of the two
lowest-energy isomers has dropped to about 7%, with the
remaining population being spread over a large number of
isomers.

The disconnectivity graph for (CO2)8 is shown in Figure 8.
The potential energy surface of this cluster is characterized by
two low-energy basins, each containing about 20 local minima.
There is a barrier of about 1 kcal/mol between the lowest-energy
structure in one basin to the lowest-energy structure in the other
basin. Comparison of Figures 7 and 8 reveals that nearT ) 70
K the (CO2)8 cluster has an appreciable population of higher-
energy structures associated with the two low-energy basins as
well as of a large number of structures associated with other
regions of the potential energy surface. While, the density of
inherent structures is high enough to view the cluster as “liquid-
like” for temperatures above about 80 K, this system does not
possess a sizable energy gap between the global minimum or
small group of low-energy minima and the remaining higher-
lying minima (see Figure 2), and it has been argued that such

an energy gap is required for a cluster to display a well-defined
melting transition.24 Due to the absence of the energy gap, the
broad transition found for (CO2)8 can be viewed as “glass-like”
rather than originating from a well-defined melting transition.

3.c. (CO2)13. The structures of the six lowest-energy isomers
of the (CO2)13 cluster are shown in Figure 9. In agreement with
ref 5, the global minimum has an icosahedral-like structure of
S6 symmetry. The global minimum is predicted to be 1.16 kcal/
mol more stable than the second lowest-energy isomer, which
belongs to a group of isomers with distorted icosahedral
structures. This situation is analogous to that for the LJ13 cluster,
for which the global minimum is a highly stable icosahedral
structure, followed in energy by a group of distorted-icosahedral
isomers, and then by non-icosahedral structures.25

The inherent structure distributions of (CO2)13 are reported
in Figure 10. Only the global minimum structure has an
appreciable population in theT ) 20 K replica. Even atT )
60 K, it accounts for over 99% of the total population. However,
at T ) 90 K, the population of the global minimum structure
has dropped to about 43%, with the remaining population being
spread over a large number of higher-energy structures. AtT
) 110 K, the population of the global minimum structure has
fallen to below 0.5%.

The inherent structure distributions and the large peak in the
heat capacity curve of (CO2)13 are both indicative of a relatively
sharp melting transition near 90 K. This is in agreement with
Maillet et al.,4 who concluded on the basis of molecular
dynamics simulations that the (CO2)13 cluster melts nearT )
95 K. The disconnectivity graph for (CO2)13 shown in Figure
11 displays a single-funnel topology similar to that found for
LJ13.21

3.d. (CO2)19. The geometries of the six lowest-energy isomers
of (CO2)19 are shown in Figure 12. All of these may be viewed

Figure 5. Disconnectivity graph for the (CO2)6 cluster. The numbers
designate the low-energy structures depicted in Figure 3.

Figure 6. Structures of the six lowest-energy minima of (CO2)8 from
eigenmode-following optimizations.
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as icosahedral-like with an approximately icosahedral (CO2)13

core and with the remaining six molecules forming a surface
layer. These six isomers are close in energy, being spread over

only 0.5 kcal/mol. The inherent structure distributions are plotted
in Figure 13. For the T) 20 K replica, about 87% of the

Figure 7. Distributions of local minima generated by quenching
configurations from parallel tempering Monte Carlo simulations on
(CO2)8.

Figure 8. Disconnectivity graph for the (CO2)8 cluster. The numbers
designate the low-energy structures depicted in Figure 6.

Figure 9. Structures of the six lowest-energy minima of (CO2)13 from
eigenmode-following optimizations.

Figure 10. Distributions of local minima generated by quenching
configurations from parallel tempering Monte Carlo simulations on
(CO2)13.
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population is associated with the global minimum, with the
remaining population being due to the next two-lowest energy
isomers. AtT ) 50 K, these three isomers still dominate, but
now isomer 2, is most populated at 38%. AtT ) 80 K,
somewhat below the temperature of the maximum in the large
peak in the heat capacity curve, the net population of the three
lowest-energy isomers has fallen to about 8%, with the
remaining population being distributed over a large number of

higher-lying isomers. AtT ) 100 K, there is no significant
population of the six lowest-energy isomers. The trends in the
inherent structure distributions provide strong evidence that the
large peak near 90 K in the heat capacity curve of (CO2)19 is
due to a melting-like transition. This is consistent with the
conclusion of Maillet et al.,5 who reported, on the basis of
molecular dynamics simulations, that (CO2)19 melts nearT )
95 K.

The heat capacity curve for (CO2)19 also displays a weak
shoulder nearT ) 50 K. This is due to a “solid”-to-“solid”
transition between isomer1 and isomers2 and 3. This
interpretation is supported by the disconnectivity graph of
(CO2)19 shown in Figure 14, which reveals that each of the three
low-energy isomers is associated with a different basin. The
barriers to go from the lowest-energy isomer to the basins
containing isomers2 and3 are over 3 kcal/mol.

4. Conclusions

In this paper the finite temperature behavior of the (CO2)n, n
) 6, 8, 13, and 19, clusters has been investigated by means of
parallel-tempering Monte Carlo simulations. The results have
been analyzed in terms of inherent structure distributions and
disconnectivity graphs. The question of when to characterize a
structural transformation in a small cluster as a melting transition
has been the subject of much discussion in the literature.24,26-27

For the present purposes, in labeling a transition as “melting”,
we required that the transition display a pronounced, sharp peak
in the heat capacity curve and that, over the range of temper-
atures corresponding to the rapid variation in the heat capacity,

Figure 11. Disconnectivity graph for the (CO2)13 cluster. The numbers
designate the low-energy structures depicted in Figure 9.

Figure 12. Structures of the six lowest-energy minima of (CO2)19 from
eigenmode-following optimizations.

Figure 13. Distributions of local minima generated by quenching
configurations from parallel tempering Monte Carlo simulations on
(CO2)19.
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the system evolves from having an appreciable population in a
small number of low-energy structures to a having the popula-
tion spread over a large number of higher-lying structures. We
have further required that there be a sizable energy gap between
the structures important on the low-temperature side of the heat
capacity peak and those important on the high-temperature side.
On the basis of these criteria it is concluded that the sharp peaks
nearT ) 90 K in the heat capacity curves of (CO2)13 and (CO2)19

are due to melting-type transitions whereas the broad peak in
heat capacity curve of (CO2)6 should not be taken as indicative
of melting. Although the broad peak in the heat capacity curve
of (CO2)8 is similar in appearance to that of (CO2)6, these two
clusters differ appreciably in the topologies of their potential
energy surface as reflected in their disconnectivity graphs.
However, due to the absence of a sizable energy gap between
a group of low-energy structures and the higher-energy struc-
tures populated nearT ) 70 K, we conclude that (CO2)8 also
does not undergo a well-defined melting transition. The broad
shoulder near T) 50 K in the heat capacity curve of (CO2)19

is attributed to a “solid-solid-like” transition.
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