
Eur. Phys. J. D 23, 375–383 (2003)
DOI: 10.1140/epjd/e2003-00091-y THE EUROPEAN

PHYSICAL JOURNAL D

Isomerization and dissociation of small (CH3CN)n molecular
clusters: a computational study

P. Parneixa
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Abstract. The isomerization and evaporation processes in the neutral homogeneous (CH3CN)n molecular
clusters (n = 2−7) have been investigated using classical molecular dynamics simulations. The evaporation
rate constants and the kinetic energy release in the dissociation have been analysed as a function of the
cluster size and as a function of the internal energy in the parent cluster. The competition between monomer
and dimer ejections has been also carefully studied. All the dynamical properties in these dissociative
processes have been discussed in relation to the static properties of the clusters involved in the dissociation
and also in relation to the solid-liquid like transition which appears in these homogeneous molecular
clusters.

PACS. 36.40.Ei Phase transitions in clusters – 36.40.Qv Stability and fragmentation of clusters

1 Introduction

Due to their large dipole moment, the interaction be-
tween acetonitrile molecules is largely influenced by strong
dipole-dipole forces. In acetonitrile liquids, both neutron
scattering and X-ray experimental studies have clearly
shown some specific orientational behaviours with a short
range order due to the strong dipole-dipole interac-
tion [1,2]. In bulk acetonitrile solids, the crystalline ar-
rangement of the molecules has also been analysed under
different temperature conditions. At low temperature, a
structure with paired parallel dipoles, called the α phase,
has been experimentally evidenced [3].

Far IR spectroscopy has been used to characterize the
anti-parallel structure of the acetonitrile dimer embedded
in an inert gas matrix [4,5]. Diffraction studies have also
allowed the observation of the antiparallel configuration
for the dimer in liquid matrices [6]. Information on the ge-
ometry of the free (CH3CN)n molecular clusters has also
been obtained from IR-photodissociation [7–12] and much
more recently from IR-photodissociation of acetonitrile
clusters embedded in cold helium droplets [13]. Recently
the electron photodetachment technique has been used in
order to extract information on mass-selected clusters [14].

From a theoretical point of view, different intermolecu-
lar semi-empirical potentials have been developed over the
last few years. The first one was proposed by Evans [15]
and the same year a potential model was proposed by
Böhm et al. [16] in which the electrostatic interaction was
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reproduced by point charges located on the 6 atoms of the
molecule. From this parametrization the dipole moment
was found to be 4.14 D compared to the experimental
value of 3.91 D [17]. Later an OPLS (optimized potential
for liquid simulation) has been developed by Jorgensen
et al. [18] in which only 4 point charges were used, allow-
ing a decrease of the computational time. However within
this new parametrization, the calculated dipole moment
was only 3.44 D. Much more recently, an ab initio calcu-
lation (MP2 level) has been performed for the (CH3CN)n

acetonitrile clusters up to n = 4 [19,20].
By using the semi-empirical potentials, structure cal-

culations have been performed [21,22]. Isomerization dy-
namics and thermodynamical properties of the (CH3CN)n

clusters have been also analysed from classical micro-
canonical [23,24] or canonical [25] simulations. As ex-
pected, the calculated properties have been found to be
very sensitive to the odd/even character of the number
of molecules inside the cluster. In particular, the melting
temperature associated with the solid-liquid like transition
is dramatically dependent on the number of molecules n
(the melting temperature was found higher when n is even
than when n is odd).

This typical evolution of the molecular cluster proper-
ties versus the cluster size and the strong trend to dimer-
ize inside the cluster, has led us to be interested in the
simulation of the evaporation dynamics in such a system
which can be considered as a model system for the analy-
sis of the competition between the ejection of a monomer
and a dimer from an initially highly vibrationally excited
parent cluster. Up to now, the simulation of the evapo-
ration dynamics has been mainly studied in the case of
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van der Waals atomic clusters [26–30] or metallic atomic
clusters [31–33]. Only very few studies have analysed the
dissociation dynamics in molecular clusters [34–36]. Some
of these theoretical studies have given evidence of the in-
fluence of the solid-liquid like transition in the product
clusters on the evolution of the evaporation rates and the
mean kinetic energy release versus the internal energy in
the parent cluster [29,30,34–36]. Such a sensitivity of the
evaporation dynamics to the thermodynamical phase of
the cluster has been first established by using the classical
Phase Space Theory statistical approach [29].

In this context, the present study is devoted to the
analysis of the possible effect of the solid-liquid like tran-
sition on the evaporation dynamics and particularly on the
competition between the monomer and dimer evaporation
as a function of the internal energy. Experimental charac-
terizations of the solid-liquid like transitions could then be
relatively easily achieved from time-of-flight experiments.

The paper is organized as follows: a first section will
be devoted to the description of the simulation methods
while the results will be discussed in a second section.

2 Methodology and numerical procedure

2.1 Potential model

Different potential models have been proposed in the re-
cent past to describe the interaction between acetonitrile
molecules. To make the comparison with previous theo-
retical studies on the equilibrium configurations of these
clusters but also on the isomerization dynamics, I have
considered the analytic potential model which has been
proposed by Böhm et al. [16], first developed to reproduce
the properties of liquid acetonitrile. In this approach, the
electrostatic interaction between the polar molecules is de-
scribed by considering 6 point charges localized on each
atom of the rigid molecule. The charges were deduced from
an ab initio RHF calculation with a 6-31G∗∗ atomic basis.
From this electrostatic potential, another contribution is
added which describes the van der Waals interaction be-
tween the molecules. A sum of Lennard-Jones atom-atom
potentials between all the atoms of each molecule is then
used. The analytic form of the total intermolecular poten-
tial between two molecules can be thus summarized by:

V =
6∑

i=1

∑
j>i

{
e2

4πε0

qiqj

rij
+ 4εij

[(
σij

rij

)12

−
(

σij

rij

)6
]}

(1)
rij corresponds to the distance between the ith and the jth
atoms. All the potential parameters are reported in Ta-
ble 1. In this table, C1 and C2 respectively correspond to
the carbon atoms in the methyl and cyanide groups. The
combination rules have been used to obtain the σ and ε pa-
rameters for the interaction between heterogeneous atoms:

εij =
√

εiiεjj

σij =
σii + σjj

2
· (2)

Table 1. Potential parameters for the empirical intermolecular
potential between two CH3CN molecules.

Atom Q |e| σ (Å) (ε) (kJmole−1)

C1 (CH3 site) −0.577 3.0 0.4177

C2 (CN site) +0.488 3.4 0.4177

N −0.514 3.3 0.4177

H 0.201 2.2 0.0835

All these potential parameters were adapted for a given
rigid geometry of the molecules. The C1C2, C2N, C1H and
HH distances were respectively equal to 1.460, 1.170, 1.087
and 1.771 Å. The angle HC1C2 was equal to 109.8 degrees.

It has to be mentioned here that other potentials have
been used in the litterature, leading to a change in the
topology of the potential energy surface. Consequently a
direct comparison with experiments is not at all obvious.
This study has to be much more considered as a modelisa-
tion of the evaporation dynamics for a model cluster with
polar molecules.

2.2 Molecular dynamics simulation

The dynamics of the (CH3CN)n cluster has been studied
using molecular dynamics (MD) simulations in the micro-
canonical ensemble by integrating Hamilton’s equations
to generate classical trajectories in phase space. Classical
trajectories were numerically propagated using a standard
fourth and fifth order predictor-corrector algorithm for
the rotation and translation, respectively. The acetonitrile
molecule was described as a rigid body and the quaternion
formalism [38] was used to describe its rotation in space.
The integration time step was equal to 0.5 fs and the en-
ergy conservation was equal to around 0.001%. All the
simulations were performed with the total angular mo-
mentum J = 0.

2.2.1 MD simulation of the isomerization dynamics

The isomerization dynamics has been analysed along
constant energy trajectories whose duration was equal
to 50 ns after an equilibration time of 200 ps.

The kinetic temperature for the non-rotating cluster
was calculated from the expression:

T =
2〈Ek〉

(6n − 6)kB
·

In this last equation, n corresponds to the number of rigid
CH3CN molecules and 〈Ek〉 is the time average of the
kinetic energy and kB the Boltzman’s constant.

The rigidity of the clusters has been analysed from the
fluctuations of the intermolecular distance as a function of
time. Quantitative information on these distance fluctua-
tions in a (CH3CN)n cluster has been obtained with the



P. Parneix: Isomerization and dissociation of small (CH3CN)n molecular clusters: a computational study 377

usual procedure, i.e. by calculating the root mean square
amplitude δ given by:

δ =
2

n(n − 1)

n∑
i=1

∑
j>i

√
〈r2

ij〉 − 〈rij〉2
〈rij〉 ·

In this expression 〈rij〉 corresponds to the time-averaged
distance between the ith and the jth molecules. It is gen-
erally admitted that a liquid-like behaviour of the clusters
can be characterized when δ becomes larger than approx-
imately 0.1.

2.2.2 MD simulation of the evaporation dynamics

The dissociation dynamics has been also investigated from
classical MD simulations. In the first step of the simula-
tion, the clusters were initially prepared with a high ki-
netic temperature (T = 100−150 K) allowing an efficient
communication between all isomeric forms. From this pro-
cedure, a large volume of the phase space was accessible
during this first trajectory. However, the internal vibra-
tional energy was not large enough to induce dissociation
of the cluster within a time of about 50 ns. Along this first
trajectory, initial conditions for an ensemble of evapora-
tive trajectories were generated each 2.5 ps by scaling the
linear and angular momenta to obtain the desired energy
value E. For each energy, 2000 dissociative trajectories
were thus generated which allowed reliable averaged val-
ues in the microcanonical ensemble to be obtained.

The evaporative trajectories were stopped when one
molecule was found at a distance larger than Rc = 30 Å
and the evaporation time was taken as the last time for
which the radial velocity of the center of mass of the
molecule was negative. This dynamical definition of the
time of evaporation prevents this time depending on
the release kinetic energy of the fragments in the disso-
ciation. If the evaporation time was less than 5 ps, the
event was rejected to avoid trajectories for which statisti-
cal redistribution of the internal energy in the cluster was
not yet achieved before dissociation.

For the (CH3CN)n clusters with n = 4 and 5, two
dissociative channels were opened in the energy regime
considered in this study. It corresponds to the evapora-
tion of one (monomer) or two molecules (dimer) from the
initial hot cluster. In the MD simulations, a geometri-
cal criterium was used to discriminate between these two
channels: if the distance between the evaporated molecule
and one other molecule was less than 8 Å, the product
was considered as a dimer. The maximum duration of
each individual dissociative trajectory was equal to 5 ns.
The branching ratio was directly determined as the ra-
tio of the number of trajectories involving respectively
monomer and dimer evaporations. For each internal en-
ergy, 10 sets of 200 trajectories have been considered in
order to estimate the uncertainty from the student’s statis-
tical approach employing a student’s coefficient confidence
of 95%.

The global evaporation rate constant ke was calcu-
lated from the linear fit of the ln[N(t)/N(t = 0)] curve
in which N(t) correspond to the number of clusters not
yet dissociated at time t. The specific evaporation rate
constants ke,m and ke,d respectively for the monomer and
dimer evaporation are just given by ke,m = p1ke and
ke,d = p2ke in which p1 and p2 are respectively the prob-
abilities to obtain a monomer and a dimer in the evapo-
ration process. When only these two evaporative channels
are opened, the two probabilities are obviously linked by
p2 = 1 − p1.

From the MD trajectories, information about the ener-
getics of the fragmentation could also be extracted. Con-
sider first the case of the monomer ejection from the hot
parent molecular cluster. The translational kinetic energy
of the fragments, ε

(1)
tr , was calculated from:

ε
(1)
tr =

P2
1

2µ1
(3)

where P1 is the linear momentum of the evaporated
CH3CN molecule expressed in the whole cluster cen-
ter of mass frame, and µ1 is the reduced mass of the
CH3CN + (CH3CN)n−1 system.

When the trajectory is stopped, the distance between
the monomer and the sub-cluster is large enough that the
interaction potential between the two fragments has be-
come very weak. Consequently the rotational energy ε

(1)
rot

is effectively constant and can be easily calculated. The
rovibrational energy of the sub-cluster (CH3CN)n−1 fol-
lowing the dissociation could thus be deduced from:

E
(SC)
rovib = E − ε

(1)
tr − ε

(1)
rot − E0. (4)

In this last expression E0 (>0) corresponds to the energy
difference between the most stable parent and product
clusters.

In the case of the dimer evaporation, the translational
kinetic energy release was obtained from equation (5)
by taking now the reduced mass of the (CH3CN)2 +
(CH3CN)n−2 system. From the knowledge of the rota-
tional energy of each individual molecules in the dimer,
from the interaction potential energy between the two
molecules and from the vibrational energy in the dimer,
its rovibrational energy has been deduced. Following the
scheme previously described, the rovibrational energy of
the sub-cluster has been thus calculated.

3 Results and discussion

3.1 Isomer configuration and isomerization process

Within the potential energy surface (PES), the minimum
energy configurations have been calculated for the small
clusters (n = 2−5) from a quenching procedure. For each
cluster size, the binding energies of the most stable isomer
has been reported in Table 2. These results are in perfect
agreement with the previous calculations realized with the
same intermolecular potential model [16,22].
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Table 2. Calculated binding energies and melting tempera-
tures for the most stable (CH3CN)n clusters up to n = 5.

Number of molecules Energy (cm−1) Tmelting (K)

2 −1936 220

3 −3750 28

4 −6896 153

5 −8606 32

For the dimer cluster, only one isomer has been found
whose minimum energy structure corresponds to an anti-
parallel configuration. This structure naturally allows a
minimization of the strong electrostatic dipole-dipole in-
teraction. The binding energy in such a configuration is
equal to −1 936 cm−1 with an intermolecular distance
equal to 3.44 Å.

For larger clusters, many minima in the potential en-
ergy surface have been characterized. For the n = 3 clus-
ter, the most stable isomer corresponds to a C3h structure
whose binding energy is equal to −3 750 cm−1. However
it has to be noted the presence of two other local minima
with only a slightly smaller value of the binding energy,
i.e. −3 718 and −3 678 cm−1 which could be formed in the
dissociative process of the (CH3CN)4 cluster.

For the (CH3CN)4 cluster, the most stable configura-
tion corresponds to a S4 geometry in which two dimers
are in an anti parallel configuration but with a dimer ro-
tated by 90 degrees with respect to the other. The bind-
ing energy of this structure is equal to −6 896 cm−1. The
analysis of the quenching trajectories for the tetramer
(CH3CN)4 cluster has revealed that the population in
a less stable D2d symmetry isomer (E = −6 662 cm−1)
is relatively large (about 20%) which indicates that this
metastable isomer should have an important role in the
dynamics of this n = 4 cluster. Finally the most stable
isomer for the pentamer can be viewed as a stable S4

tetramer on which a fifth molecule is attached.
The isomerization dynamics in homogeneous

(CH3CN)n clusters has been also investigated both
from microcanonical [23] and canonical [25] simulations.
These authors have clearly shown evidence for the
strong dependence of the melting temperature with the
odd/even character of the number of molecules. As I
was mainly interested in the relationship between the
evaporation dynamics and the solid-liquid like transition,
we have run very long MD trajectories (50 ns) in order to
obtain some precise values of the melting temperatures
for small (CH3CN)n clusters.

In Figure 1, the root-mean square amplitudes δ [see
Eq. (4)] and the kinetic temperature [see Eq. (3)] have
been plotted as a function of the energy for n = 3, 4
and 5. It appears clearly that the melting temperature
is significantly higher for n = 4 than for n = 3 or 5.
The melting temperatures for n = 2−5 are summarized
in Table 2 and these values are in quite good agreement
with the melting temperatures previously calculated by
Del Mistro and Stace [23] with the same PES but with
shorter MD trajectories.
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Fig. 1. Plot of the kinetic temperature T and the root-mean
square amplitude δ as a function of the internal energy per
molecule E/n for n = 3, 4 and 5.

0 1000 2000
<EK>T0

 /cm
−1

0

400

800

1200

N
ap

pe
ar

en
ce

0 1000 2000
<EK> T0

 /cm
−1

0

1000

2000

3000

N
ap

pe
ar

en
ce

0 1000 2000
<EK>T0 

 /cm
−1

0

200

400

600

800

N
ap

pe
ar

en
ce

0 1000 2000
<EK>T0

 /cm
−1

0

200

400

600

800

N
ap

pe
ar

en
ce

(a)

(b)

(c)

(d)

Fig. 2. Number of appearance of a given value of the time-
averaged kinetic energy 〈Ek〉T0 in the case of the tetramer
(CH3CN)4 at four different internal energies for which the ki-
netic temperatures are equal to: (a) T = 136 K; (b) T = 155 K;
(c) T = 165 K; (d) T = 169 K. T0 was equal to 1 ps.

As pointed out before with the analysis of the quench-
ing trajectories, a less stable isomer (E = −6 662 cm−1)
in the (CH3CN)4 cluster seems to play an important role
in the dynamics. Thus the distribution of the time aver-
aged kinetic energy 〈Ek〉T0 (calculated over T0 = 1 ps) has
been analysed for kinetic temperatures around the melting
temperature of 153 K. Distributions of short time averaged
kinetic energy are plotted in Figure 2. For a lower tem-
perature than the melting temperature, only one peak ap-
pears which indicates that the cluster just vibrates around
the equilibrium geometry associated with the minimum
energy configuration. On the other hand, two peaks can
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be clearly seen for the three temperatures T = 155, 165
and 169 K which are higher than the melting temperature.
This indicates the coexistence of two isomers (or class of
isomers) in the time window equal to T0 = 1 ps. This
dynamical coexistence can be seen as a phase coexistence
in the sense that a dynamical coexistence between a hot
solid (most stable isomer with a high mean kinetic energy)
and a cold liquid (metastable isomer with a lower mean
kinetic energy) can occur.

To test the number of isomers involved in this mech-
anism, we have run quenching trajectories for which the
initial energy was slightly larger than the energy neces-
sary for inducing the isomerization dynamics. Along this
trajectory, only the two most stable isomers (S4 and D2d)
have been found and the system spent 25% of the to-
tal duration in the metastable isomer D2d. The difference
of mean kinetic energy between the two peaks is equal
to about 400 cm−1 which is larger than the difference of
binding energies between the two most stable isomers in
the (CH3CN)4 cluster [=234 cm−1]. This larger value has
to be due to anharmonic effects whose magnitude are dif-
ferent in the two regions of the PES. From a theoretical
analysis of the vibrational shift of the CH3 rock mode in
the (CH3CN)4 cluster, Siebers et al. [22] have shown that
only the S4 geometry contributes to a red shift with re-
spect to the monomer mode (ν7 = 1 041.8 cm−1). In par-
ticular, they have been able to explain the spectroscopic
differences occurring in the IR-photodissociation spectra
between the free (CH3CN)4 cluster [11] and the (CH3CN)4
embedded in helium clusters [13], the S4 geometry being
much more favorable in the (CH3CN)4 in helium clusters
than in the free (CH3CN)4 cluster.

3.2 Evaporation process

Due to the strong electrostatic interaction between the
polar acetonitrile molecules, the evaporation dynamics at-
tempts to display some specific effects. In particular the
dissociation of dimers from the parent clusters should be
an efficient process in the energy range for which the MD
simulations can be run.

3.2.1 Monomer evaporation

First of all, the dissociation dynamics of a monomer from
the three parent clusters n = 3, 4 and 5 has been analysed
as a function of the energy. In Figure 3 the evaporation
rates are reported for these three cluster sizes. Due to the
odd/even character of the number of molecules, a strong
effect can be clearly evidenced. For a given internal energy
per molecule E/n value, the evaporation rate constant of
the n = 4 cluster is always lower than for n = 3 or 5. This
clearly indicates that a cluster with an even number of
CH3CN molecules is more resistant with respect to disso-
ciation due to its tendency to form dimer molecules inside
the cluster.

For E/n = 1 300 cm−1, the evaporation rates have
been calculated from n = 3 to n = 7. We note k
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e
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Fig. 3. Plot of the unimolecular evaporation rate as a function
of E/n in the case of the parent molecular cluster (CH3CN)n

with n = 3, 4 and 5.
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(n)
e and k

(n+1)
e being respectively the evaporation rates of the

(CH3CN)n and (CH3CN)n+1 clusters; (b) evolution of the dif-
ference between the binding energies of the (CH3CN)n and
(CH3CN)n−1 clusters versus the cluster size n.

and k
(n+1)
e respectively as the evaporation rates for the

(CH3CN)n and (CH3CN)n+1 parent clusters. In Figure 4a
the ratio [k(n+1)

e − k
(n)
e ]/k

(n)
e has been plotted as a func-

tion of n at the same internal energy per molecule E/n.
The general trend for such a curve is that k

(n+1)
e < k

(n)
e ,

consequently negative values are generally obtained for
the ratio previously defined. Figure 4a clearly shows an
alternation between positive and negative values which
demonstrates that the evaporation rate for an even num-
ber of molecules, k

(2n)
e , is thus lower than k

(2n−1)
e . This

behaviour can be related to the evolution of the binding
energies plotted in Figure 4b. The direct consequence of
such an evolution of the evaporation rate as a function of
the cluster size is that the cluster population in a typi-
cal mass spectrum will be larger for an even number of
molecules. It has to be noted that the same behaviour has
been observed for the pure Arn clusters in which the magic
number n = 13 (icosahedral structure) is characterized by
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Fig. 5. (a) Ensemble averaged kinetic energy release as a func-
tion of E/n for the parent (CH3CN)3 cluster; (b) ensemble
averaged rovibrational energy let in the dimer as a function
of E/n.

a smaller rate constant than its nearest neighbours n = 12
and n = 14 [29].

Information on the energetics of the loss of a monomer
from the parent cluster will be now discussed. Consider
first the monomer evaporation of the (CH3CN)3 parent
cluster for which only one dissociative channel is present
[(CH3CN)3 → (CH3CN)2 + CH3CN]. In Figure 5a the
evolution of the mean total kinetic energy release 〈ε〉
(= ε

(1)
rot + ε

(1)
tr ) in the unimolecular evaporation is reported

as a function of the energy per molecule E/n. Around
E/n = 1 000 cm−1, a change in the slope of this curve
can be seen. In Figure 5b the evolution of the internal
vibrational energy left in the sub-cluster (CH3CN)2 fol-
lowing the evaporation is reported. From the two curves,
the change in the slope for the total kinetic energy release
(TKER) takes place when the vibrational energy in the
dimer is equal to around 900 cm−1.

The analysis of the isomerization dynamics of the
(CH3CN)2 dimer (not shown here) has revealed an in-
crease of the δ parameter when the internal energy was
about 950 cm−1. Consequently, the evolution of the total
kinetic energy release as a function of the internal energy
in the parent cluster is altered by the change in the dy-
namics of the product dimer cluster. From a statistical
point of view, this change in the slope can be related with
the strong change of the density of states in the product
cluster. Indeed, in the Phase Space Theory framework, it
has been shown that the mean TKER can be written as:

〈ε〉 =

∫ E−E0

o εf(ε)ωp(E − E0 − ε)dε∫ E−E0

o f(ε)ωp(E − E0 − ε)dε
· (5)

In this equation, E0 is the difference between the bind-
ing energies of the most stable isomers of the parent and
product clusters. ωp corresponds to the vibrational den-
sity of states in the product cluster. The function f(ε)
can be evaluated by taking into account the constraints
induced by the conservation of energy and angular mo-
mentum in the dissociation [39]. It has to be noted that
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Fig. 6. Fraction of the rovibrational energy let in the
(CH3CN)n−1 sub-cluster with respect to the internal energy
injected in the parent (CH3CN)n cluster.

equation (7) is correct only when the dissociation of the
molecular cluster takes place without any potential barrier
along the dissociative path (loose state theory).

Due to the link between 〈ε〉 and the vibrational density
of states ωp of the product cluster and due to the fact that
ωp is altered around the solid-liquid like transition, the
TKER evolution can be sensitive to the solid/liquid transi-
tion in the sub-cluster. This phenomenon had been already
predicted in the case of the pure atomic Arn clusters [29]
and had also been clearly observed from MD simulations
in the case of the molecular clusters aniline-Arn [34] and
inhomogeneous atomic clusters [30].

The energy sharing between the relative translation
and the rotation of the evaporated molecule has been also
analysed. For all the energies considered in this study, the
evaporating molecule always has a larger amount of en-
ergy in the rotational degree of freedom than in the rel-
ative translational energy. The mean rotational energy is
approximatively 30% larger than the mean relative trans-
lational energy. This gives evidence of the relative strong
rotational energy excitation compared to the translational
one which can be related to the rotational reorganization
of the cluster in the dissociation dynamics.

As stated before, the change in the evolution of the
TKER is a direct consequence of the entropic effects in
such clusters. Some anharmonic effects in the sharing of
the internal energy in the evaporation process can be
also clearly seen when we plot the fraction of the rovi-
brational energy of the (CH3CN)n−1 sub-cluster with
respect to the internal vibrational energy in the parent
non-rotating (CH3CN)n cluster. These curves have been
plotted in Figure 6 in the case of the monomer evapora-
tion from the parent clusters n = 3, 4 and 5. Systemati-
cally, the proportion of the mean rovibrational energy in
the sub-cluster is increasing as a function of E/n which
indicates that the harmonic description is not at all re-
alistic in such systems. For n = 3, the strong increase of
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Fig. 7. (a) Ensemble-averaged vibrational energy of the dimers
following the dissociation of the (CH3CN)4 in two dimers.
Open squares and diamonds correspond to the energy of in-
dividual dimers. The filled circles correspond to the averaged
energy of the two dimers; (b) fraction of evaporated dimers as
a function of the internal energy per molecule E/n.

E
(SC)
rovib/(E − E0) near E/n = 1 000 cm−1 is linked to the

melting of the (CH3CN)2 product, as discussed previously.
A similar effect can be evidenced for n = 5 (upper panel)
where E

(SC)
rovib/(E − E0) begins to decrease for E/n = 950

and 1 000 cm−1. For n = 4, no strong effect appears in the
considered energy range because the melting of the prod-
uct (CH3CN)3 is at very low temperature (T = 28 K).
Consequently, MD simulations should be run at lower en-
ergy for which evaporative times should not be too long.

3.2.2 Dimer evaporation

Now we are going to analyse the dimer evaporation chan-
nel for the parent clusters n = 4 and 5. In Figure 7a, the
mean rovibrational energy of the two (CH3CN)2 clusters
following the dissociation of the parent cluster (CH3CN)4
has been reported. The open squares and the open dia-
monds correspond respectively to the mean rovibrational
energy of the first and the second cluster detected in the
simulation (with the geometrical criterium defined in the
previous section). As the centers of mass of these two clus-
ters are naturally at the same distance from the center of
mass of the whole system, the first detected cluster will
in fact have a generally larger distance between the two
molecules inside this cluster. This explains why its mean
internal energy is larger than the second one. The filled
circles correspond to the averaged value for the rovibra-
tional energy of the two dimers.

One interesting point to note is that, around
950–1000 cm−1, the two mean values have a tendency to
be even more different. In fact, this is the direct conse-
quence of the solid-liquid like transition in the n = 2
cluster. Indeed when one dimer tends to take more vi-
brational energy, the second dimer tends to take a lower
amount of energy due to the interaction between the two

dimers along the reaction coordinate. Consequently, the
mean vibrational energy for the two dimers (filled circle in
Fig. 7a) is now almost linear versus E/n. This appears to
be a notable difference with the situation of the monomer
dissociation in which the energy conservation induces di-
rectly a decrease of the energy in the external degrees of
freedom when the rovibrational energy of the sub-cluster
increases. Thus the translational energy of the molecular
fragments will be less sensitive to the solid-liquid like tran-
sition in the dimer evaporation compared to the monomer
loss channel.

As seen just before, a characterization of the phase
transition in the clusters is not really possible from the
analysis of the TKER in the dimer evaporation dynam-
ics. One other possibility could be the analysis of this
phenomenon from the analysis of the fraction of ejected
dimer in the dissociative events as a function of the energy.
In Figure 7b, the dimer fraction is plotted as a function
of E/n in the case of the dissociation of the (CH3CN)4
cluster. It appears that, in the energy range considered in
this study, the dimer fraction is almost constant at around
25%. For the dissociation of the tetramer, the two disso-
ciative channels have almost the same energy. The en-
ergy difference between the two asymptotic limits is equal
to 121 cm−1. The melting of the dimer occurs when the
vibrational energy is equal to about 950 cm−1, which cor-
responds to an internal energy per molecule in the parent
cluster E/n of about 1 275 cm−1. This is indicated by the
arrow on the figure. Unfortunately no clear effect on the
branching ratio can be evidenced at around this energy.

The lack of sensitivity of the dimer fraction to
the solid-liquid like transition in the product cluster
(CH3CN)2 is certainly due to the fact that the appearance
of the solid-liquid transition in the product (CH3CN)2
cluster has no effect on the external degrees of freedom
(see previous discussion). Consequently, the thermody-
namical change does not really affect the dynamics of the
dissociation and thus the branching ratio. One alternative
explanation could be the presence of a potential barrier
in the exit channel which means that the transition state
can not be considered as the product cluster (loose state
theory).

In Figure 8a, the dimer fraction has been plotted as
a function of E/n but now in the case of the dissocia-
tion of the pentamer (CH3CN)5 cluster. In this case there
is a large energy difference between the two exit chan-
nels, i.e. the (CH3CN)3 +(CH3CN)2 energy is 1 210 cm−1

higher than the (CH3CN)4 +(CH3CN)1 energy. The anal-
ysis of Figure 8a shows a different behaviour than in the
case of (CH3CN)4 evaporation. Now, the branching ratio
is strongly dependent on the internal energy in the parent
cluster. In the energy range considered in the MD simu-
lations, the branching ratio evolves from 10 to about 30%.

If we make the assumption that the evolution of the
dimer fraction is a monotonic function versus E/n, it is
possible to determine if the dimer evaporation is governed
by a potential barrier in the exit channel by extrapolating
this curve to zero. Following this procedure, we find that
the branching ratio tends to zero when E/n is equal to
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Fig. 8. (a) Fraction of evaporated dimers as a function of the
internal energy per molecule E/n for the dissociative process
(CH3CN)5 → (CH3CN)3 + (CH3CN)2; (b) ensemble-averaged
vibrational energy of the dimer following the same dissociative
process.

about (850 ± 50) cm−1. From this approximate value, we
could conclude that the dynamics is governed by a large
energy barrier Eb = (1 330 ± 250) cm−1 which could be
understood by an angular reorganization along the dis-
sociative path in the PES due to the strong dipole-dipole
electrostatic interaction. The presence of this barrier could
explain the lack of sensitivity of the branching ratio to
the solid-liquid transition in the product (CH3CN)2 dimer
which should appear at E/n ≈ 1 100 cm−1 (see the arrow
in Fig. 8) when the mean rovibrational energy 〈Edimer〉
in the dimer is approximatively equal to 950 cm−1 (see
Fig. 8b). However the energy barrier found previously
seems too high for such a molecular cluster.

A more convincing explanation can now be mentioned.
Up to now, we have only considered the solid-liquid like
phase transition in the (CH3CN)2 dimer in the exit chan-
nel (CH3CN)5 → (CH3CN)3 + (CH3CN)2. In the second
channel involving the loss of a monomer, a phase transition
also occurs in the product molecular cluster (CH3CN)4
when E/n ≈ 825 cm−1. This value is easily derived from
the knowledge of the temperature (T = 153 K) associ-
ated with the solid-liquid transition in this cluster (see
Tab. 2) and from information (obtained from MD simu-
lations) on energy shared between all the degrees of free-
dom (see Fig. 6). As explained before, in the case of a
monomer ejection, the external mean kinetic energy of the
fragments will be sensitive to the phase transition. Thus
the branching ratio is also sensitive and can be modified
around E/n ≈ 825 cm−1. Consequently, the branching ra-
tio may be not at all a monotonic function in this range
of energy. The lowering of the dimer fraction obtained
from MD simulations near E/n = 950 cm−1 is certainly
a consequence of the strong change in the entropy func-
tion for the tetramer. As discussed previously, a dynam-
ical phase coexistence has been clearly put into evidence
(see Fig. 2) over a broad energy region which means that
the effect on the branching ratio can still be seen around
E/n = 950 cm−1 although the onset of this phenomenon

must appear near E/n = 825 cm−1. Unfortunately, MD
simulations can not be directly run around this low energy
value because the typical time of evaporation is too low.

4 Conclusion

A classical molecular dynamics simulation of the isomer-
ization and evaporation dynamics in the free acetonitrile
clusters has been reported. The analysis of the isomer-
ization dynamics from long time simulations (50 ns) has
confirmed the value of the solid-liquid transition tempera-
ture, previously calculated from canonical [25] and micro-
canonical [23] simulations. A strong dependence of these
melting temperatures in acetonitrile clusters as a function
of the cluster size has been clearly confirmed.

For the first time, the evaporation of a molecular clus-
ter composed of strong polar molecules has been simu-
lated. As expected, a large fraction of dimers is evaporated
following the heating of the parent cluster. The influence
of the phase transition in the product clusters on the ener-
getics and dynamics in the evaporation process has been
discussed. Although the influence on the kinetic energy re-
lease has been well established in the case of the monomer
evaporation, this work has shown the difficulty in observ-
ing such a phenomenon for the dimer evaporation chan-
nel. This loss of sensitivity has been understood as the
consequence of the potential coupling between the dimer
and the sub-cluster at the first stage of the dissociation
which induces an efficient energy transfer between the vi-
brational degrees of freedom of the two components. The
kinetic energy release in the external degrees of freedom is
thus less modified when the solid-liquid like phase transi-
tion occurs in the (CH3CN)n−2 or in the (CH3CN)2 prod-
ucts following the dissociation of the parent (CH3CN)n

cluster.
The competition between the monomer and the dimer

evaporation has been carefully analysed as a function of
the internal energy. In the case of the evaporation of the
(CH3CN)5 cluster, a strong decrease in the dimer fraction
is seen, which has been explained as the consequence of
the melting of the (CH3CN)4 product cluster. From an ex-
perimental point of view, this could be tested by analysing
the dimer fraction in an experimental set-up with a time
of flight apparatus after injecting a given amount of en-
ergy into a mass-selected parent (CH3CN)+n ionic cluster.
A change in the dimer fraction is expected to appear near
the melting temperature associated with the (CH3CN)+n−1
cluster. A statistical study within the PST formalism is in
progress to confirm the effect of the solid-liquid like phase
transition on the branching ratio.
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