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The vibrational spectra of clusters of coronene molecules are theoretically calculated using a mixed quantum/
classical scheme, each molecule being described by a tight-binding Hamiltonian, the intermolecular forces
being provided by explicit Lennard-Jones and point charge sites. The normal modes of vibrations are shown
to exhibit significant variations upon clustering. In particular, for large clusters intra- and intermolecular
modes tend to mix and fill the mid-infrared range. We also calculate the heat capacity of the (C24H12)8 cluster
as a function of temperature, emphasizing the isomerizations that take place during melting. Quantum
delocalization effects, as obtained from the Pitzer-Gwinn semiclassical approximation, are important enough
to wash out all signatures of the structural transitions on the caloric curve. On the basis of a simple two-state
model we estimate that clusters containing about 300 molecules are required for melting to be detected on
the caloric curve.

I. Introduction

Infrared spectroscopy has become a powerful way of iden-
tifying the structure and even the dynamics of complex organic
molecules in gas or solvated phases. The advances brought by
IR spectroscopy have been quite spectacular for peptides,1-3

aromatic molecules,4,5 or hydrogen-bonded complexes,6,7 in
particular, water, methanol, or ammonia clusters.8-10 IR spec-
troscopy is also a standard tool in astronomical observations.
The aromatic infrared bands measured in many regions of the
interstellar medium were interpreted by Le´ger et al.11 and by
Allamandola et al.12 as the likely signature of polycyclic
aromatic hydrocarbons (PAHs). As suggested by the brightness
of these features, PAHs could represent up to 20% of all carbon
in the Universe, putting them among the most abundant complex
organic molecules.13 As a result, they should play an important
role in the energetic budget and chemistry of the Galaxy.

Many laboratory studies,14-24 including neutron scattering
measurements,25,26 as well as force field27,28 and quantum
chemistry calculations,29-39 on single PAH molecules have been
performed in the past, but no identification of individual

molecules in space could be achieved yet. From the astronomical
side, the observations of the European Infrared Space Observa-
tory led Cesarsky et al.40 to reveal the presence of very small
carbon grains, which were suggested by Rapacioli et al.41 to be
clusters of PAH molecules. Other observations from the Spitzer
Space Telescope analyzed by Berne´ et al.42 confirmed this result.
The forthcoming Herschel Space Observatory should be able
to search for bands associated with the very low-frequency
modes of free flying PAHs and PAH clusters in the far-IR
range.43,44

Beyond astrochemistry, the study of PAH clusters is also of
great interest in the field of combustion.45,46Polycyclic aromatic
hydrocarbon molecules could be involved as a step leading to
soot formation, a still-standing problem where PAHs are
believed to mark the transition between different growth
mechanisms.45-47

While significant work has been devoted to isolated PAHs,
clusters of PAH molecules are much less documented.
Experimental48-51 and theoretical50,52-57 investigations have
generally focused on small aggregates of usually small PAHs
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(typically, naphthalene or anthracene), far below the 400 carbon
atoms astrophysical limit.42 Clusters of coronene (C24H12)
molecules containing up to 20 units have been produced in a
gas aggregation source by Schmidt and co-workers.58,59 These
authors showed that the dissociation of coronene clusters
induced by multiphoton excitation of a near-UV laser proceeds
via the ejection of van der Waals-bonded coronene units.

We previously60 investigated the stable structures of poly-
cyclic aromatic hydrocarbon clusters containing up to 800
carbon atoms, for PAH molecules ranging from pyrene (C16H10)
to circumcoronene (C54H18). In agreement with other studies
on small agreggates,50,54,55,57the most stable structures were
found to be made of stacks. At small sizes, a single stack is
formed. After a critical size is reached, depending on the PAH
itself, the lowest energy structures consist of multiple stacks
lying next to each other.60 The atomistic model used in that
work was recently used in molecular dynamics simulations to
study the nucleation and decay mechanisms in PAH clusters.61

In the present paper, we address more specifically the issues
of vibrational and thermodynamical properties of PAH clusters,
aiming at characterizing the specific effects of aggregation.
Seahra and Duley62 investigated the vibrations in PAH clusters,
in the approximation of one-dimensional stacks. These authors
showed that the cluster modes lie in the approximate frequency
range between 25 and 120 wavenumbers. In the context of
astronomical observations, it is of fundamental interest to extend
these studies to the mid- and near-infrared ranges, where
intramolecular PAH modes are expected to be important. The
purely intermolecular potential used in ref 60 lacks a proper
description of these internal modes, hence we have comple-
mented our explicit potential with a suitable, quantum tight-
binding model initially developed for isolated PAH molecules.63

We also wish to characterize the caloric curve of a typical
PAH cluster, namely the coronene octamer, from this combined
model. As shown by Schmidt et al.59 the thermal excitations of
inner- and intermolecular modes are very different in magnitude,
and the contribution of internal modes is clearly dominant on
the caloric curve, essentially because the latter are more
numerous. In particular, strong quantum vibrational effects at
low temperature should be expected, associated with the inner
degrees of freedom. On the basis of mass spectroscopic
measurements interpreted in the framework of the evaporative
ensemble,64 Schmidt and co-workers59 estimated that coronene
clusters were stable up to about 470 K on the 500µs time scale,
while the single coronene molecule starts to dissociate via
hydrogen emission above 2000 K within 10µs. The thermo-
dynamical properties of the isolated coronene molecule have
been calculated and discussed previously.43,44,65Sallamie and
Shaw38 combined experimental and theoretical data to calculate
the constant pressureCP and constant volumeCV heat capacities
of bulk coronene in the solid state, assuming Debye expressions
for CV and empirical equations of states to estimate theCP -
CV differences. It should be stressed here that the measuredCP

data due to Wong and co-workers66 exhibit an extended anomaly
in the range 215-250 K, which was attributed by the authors
to several experimental difficulties. More recent data obtained
by Chickos et al.67,68 do not show this anomaly. Here we have
calculated the heat capacity of a PAH cluster by performing
classical Monte Carlo simulations, and correcting for quantum
vibrational effects using the Pitzer-Gwinn69 approximation.

The article is organized as follows. In the next section, we
describe the atomistic models used for clusters of PAH
molecules, including the explicit intermolecular potential and

the intramolecular tight-binding contributions. In section III, we
briefly describe the calculation of vibrational frequencies, and
how the contributions of the intermolecular and internal modes
were separated. In this section we also present and discuss our
results on the vibrational spectra for coronene clusters containing
up to 8 molecules. In section IV, the methods for calculating
the heat capacity are presented and the caloric curves are
discussed in the light of the isomerization processes that take
place at various temperatures. We finally summarize and
conclude in section V.

II. Model

Following our previous work on structural properties,60

clusters of neutral PAH molecules are modeled using simple
pairwise site-site Lennard-Jones and point charges forces,
assuming that the molecules remained frozen at the equilibrium
geometry of the monomer. The potential energyVinter(i,j)
between moleculesi and j reads

whereVLJ(riR jâ) is the dispersion-repulsion energy between
atomsiR of moleculei andjâ of moleculej, andVQ denotes the
electrostatic interaction between the partial charges carried by
the atoms. The Lennard-Jones parameters used for the disper-
sion-repulsion energy are taken from van de Waal,52 and the
partial charges were fitted from DFT/B3LYP electronic structure
calculations to reproduce the electrostatic potential around the
gas-phase coronene molecule.60 More details about the molecular
geometry and the partial charges used in the present work are
given in ref 60.

In order to include intramolecular interactions at a reasonable
computational level, we use a simple quantum tight-binding
(TB) scheme to model the intramolecular interactions. For a
cluster containingNmol molecules, the total Hamiltonian of the
system is thus written

the TB Hamiltonian of moleculei being here denoted as
Hintra(i). We use forHintra the tight-binding model developed
by Nguyen-Thi et al.63 This model was fitted to reproduce
energetic and vibrational properties of isolated PAH molecules.63

We did not change its original parameters. In Table 1 we have
listed the set of harmonic frequencies of the isolated coronene
molecule obtained with the present TB model, as well as
corresponding data from previous recent investigations by other
authors. Fleischer and Pulay27 fitted a semiempirical force field
to reproduce DFT/B3LYP calculations on benzene, and trans-
ferred this force field to the study of coronene vibrations. The
increasing computational power allowed Sallamie and Shaw38

to perform directly similar density functional calculations on
C24H12.

As can be seen from Table 1, the present TB model compares
very well with more sophisticated calculations, all vibrational
frequencies falling within 2% at most from these benchmark
values. Considering that DFT frequencies should be scaled by
a factor in the range 0.96-0.98 (see, e.g., ref 31) in order to
reach experimental agreement, the present values are indeed
very satisfactory. The vibrational spectra also agree with inelastic
neutron scattering data25,26 and with Raman spectroscopy
measurements on solid-state coronene.70

Vinter(i,j) ) ∑
R∈i

∑
â∈j

[VLJ(riR jâ) + VQ(riR jâ)] (1)

Htotal ) ∑
i)1

Nmol

Hintra(i) + ∑
i<j

Vinter(i,j) (2)
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The TB model was incorporated into the intermolecular
energy surface in a parallel fashion using the OpenMP protocol.
However, even with a nearly linear scaling with the number of
molecules, diagonalizing the quantum Hamiltonian a statistically
relevant number of times takes a significant computer time. In
comparison, the intermolecular potentialVinter is computationally
cheap, and allows an efficient sampling of the potential energy
surface by Monte Carlo methods (note, however, that the global
optimization of PAH clusters was far from trivial60). The
intermolecular vibrational modes lying in the far-IR range, and
which are not a priori expected to depend significantly on the
intramolecular modes, can be calculated usingVinter with rigid
coronene molecules. The various isomers and the disordered
phase of coronene clusters are also more conveniently sampled
using the intermolecular potential only. The way of incorporating
intramolecular modes in the thermodynamic properties will be
described in section IV.

III. Vibrations of Coronene Clusters

A. Methods. The complete vibrational frequencies of
coronene clusters have been obtained at the harmonic level, by
diagonalizing the dynamical matrix (that is the mass-
weighted Hessian matrix)Kij on the total Hamiltonian including
intermolecular and internal modes, at the global minimum
geometry:

Hereqi denotes any Cartesian coordinate. For a cluster having
Nmol molecules, each containingNat atoms (Nat ) 36 for
coronene),K is a square matrix with dimensionnmodes) 3Nmol

× Nat. The diagonalization of matrixK providesnmodeseigen-
values, among which six zero-frequency modes correspond to

the overall translation and rotation modes. The eigenvector of
model is denoted asul.

The cluster structure used for the Hessian calculation was
locally optimized from the cluster geometry obtained with the
pure intermolecular potentialVinter with the molecules assumed
to be rigid.60 The PAH molecules undergo barely noticeable
rearrangements upon releasing the internal degrees of freedom.
In practice, the dynamical matrix was calculated by numerical
differentiation of the first-order derivatives obtained analytically
thanks to the Hellmann-Feynman theorem.

The contribution of the intermolecular modes to the global
motion of model on theHtotal energy surface was determined
by projecting the eigenvectorul onto the vectors of a basis able
to span uniquely the intermolecular modes. These modes consist
of 3Nmol translations and as many rotations, considered for the
stable cluster structure in which all individual molecules are
treated as rigid (without sharing the same geometry). A suitable
basis for translations is built by considering the individual
translationstiR of moleculei along theR ) x, y, zaxes. Similarly
a basissjθ for rotations around the axesθ ) x, y, z of molecule
j is built, the infinitesimal rotation of atomk being written as
eθ × (r jk - r j

com). In this equationeθ is the unitary vector of
axis θ, r jk is the position of atomk of moleculej, andr j

com is
the position of the center of mass of moleculej. The set of
6Nmol vectorst and s already forms an orthogonal basis, and
we further normalize it into the{wk, k ) 1, ..., 6Nmol} set,
distinguishing the translation and rotation components by (t)
and (r) superscripts, respectively. The projection of the vector
ul onto the basiswk yields the vectorul

inter and introduces some
coefficientsckl

(t) andckl
(r) as

The weightsWl
(t) and Wl

(r) of intermolecular translation and
rotation of normal model are then expressed as

TABLE 1: Vibrational Frequencies for Gas-Phase Coronene

method source wavenumbers (cm-1)

DFT ref 38 90.6 90.8 130.5 167.5 232.2 303.0 303.3 307.3 307.6 376.2 376.3
B3LYP 390.2 390.7 463.9 465.1 483.7 492.0 507.0 507.2 526.1 537.8 559.1
6-31G 560.2 567.0 572.2 654.9 672.3 672.8 690.1 701.3 701.4 711.9 745.1

745.6 790.1 799.7 800.0 823.5 825.3 826.5 826.6 871.8 871.9 896.1
946.8 983.0 991.4 991.8 1004.9 1005.9 1013.1 1017.0 1017.0 1054.5 1176.1

1176.8 1186.3 1196.3 1202.2 1202.4 1217.3 1252.6 1252.7 1261.3 1262.3 1262.4
1282.4 1352.3 1352.3 1379.9 1384.3 1432.7 1433.0 1435.0 1435.1 1469.5 1470.1
1470.2 1492.2 1493.6 1524.8 1543.6 1543.9 1581.6 1583.6 1639.1 1654.7 1654.8
1655.6 1655.9 3155.8 3156.5 3157.1 3158.6 3158.8 3159.6 3177.0 3178.0 3178.6
3180.3 3180.6 3182.2

force field ref 27 87.7 87.7 127.6 163.3 223.8 295.8 295.8 297.8 297.8 367.0 367.0
380.2 380.2 446.7 446.7 468.3 478.2 494.8 494.8 515.7 544.6 544.6
555.6 558.6 623.9 643.8 658.5 658.5 670.7 680.8 680.8 758.4 758.4
759.6 778.0 778.0 780.1 800.8 800.8 803.1 803.1 837.1 837.1 857.3
926.6 932.6 934.0 934.0 945.0 945.0 952.6 989.6 989.6 1029.0 1134.2

1134.9 1134.9 1154.8 1154.8 1167.0 1178.5 1205.7 1205.7 1211.0 1216.9 1216.9
1229.9 1318.2 1318.2 1334.5 1340.2 1388.7 1388.7 1393.7 1393.7 1417.9 1433.8
1433.8 1446.5 1446.5 1484.1 1500.8 1500.8 1538.0 1550.9 1603.4 1615.4 1615.4
1619.2 1619.2 3038.4 3039.4 3039.4 3041.3 3041.3 3042.4 3055.4 3056.7 3056.7
3058.9 3058.9 3060.5

TB this work 92.2 92.2 130.5 163.5 242.6 308.0 308.0 310.6 310.6 378.3 378.3
408.9 408.9 476.7 476.7 499.4 524.6 524.6 565.6 576.1 585.6 585.6
589.4 595.1 693.6 713.8 728.2 728.2 731.1 746.9 746.9 832.4 838.5
838.5 849.6 849.6 908.2 908.2 926.9 926.9 937.8 937.8 955.4 961.3

1017.2 1106.3 1109.6 1109.6 1118.1 1122.4 1122.4 1130.4 1130.4 1134.6 1189.1
1229.8 1229.8 1277.3 1277.3 1297.8 1300.8 1313.7 1313.7 1316.2 1316.2 1323.2
1382.8 1402.6 1407.6 1407.6 1409.2 1431.2 1431.2 1470.4 1470.4 1489.4 1524.6
1524.6 1569.3 1596.4 1596.4 1635.8 1641.8 1641.8 1653.3 1653.3 1669.2 1671.9
1671.9 1693.4 3115.8 3116.0 3116.0 3116.5 3116.5 3116.8 3124.6 3124.9 3124.9
3125.5 3125.5 3125.7

Kij ) 1

xmimj

∂
2Htotal

∂qi∂qj
(3)

ul
inter ) ∑

k

ckl
(t) wk

(t) + ∑
k′

ck′l
(r) wk′

(r) (4)
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whereas the global intermolecular weight of model is Wl
(t) +

Wl
(r). These numbers are discussed more easily in terms of

percentages. Projecting the cluster vibrational modes obtained
with the full HamiltonianHtotal onto the intramolecular modes
is also possible, by rotating the eigenmodes of the isolated
coronene molecule in the reference frame of each molecule in
the cluster. Such a projection was performed for the dimer in
order to identify the intramolecular modes and their splitting
upon clustering.

We also calculated the vibrational frequencies of the purely
intermolecular potentialVinter, using global coordinates for the
PAH molecules. Initial attempts with the Euler angles were
found to be rather unstable,71 and we used the coordinate system
proposed by Murry and co-workers71 to get rid of the instability.
The results were checked using the OPTIM program72 which
uses a single unitary vector rigidly fixed to the molecular frame
as the orientational degrees of freedom.73

Before showing and discussing the results, we should
emphasize that we focus here on the vibrational frequencies,
but that we have not calculated the IR intensities. The TB model
used in the present work predicts relative intensities from the
second derivatives of the dipole moment that differ from those
observed experimentally or calculated byab initio methods.74

This is likely due to the imperfect description of charge transfer
within the TB model, which directly affects the dipole moment.
Therefore, we have not attempted to include intensities here, in
order to avoid spurious artifacts and misinterpretations of the
results.

B. Mid-Infrared Range. We first analyze the influence of
aggregation on the vibrational modes with above 50 wavenum-
bers, a value which is comparable to the softest mode in the
coronene molecule (about 90 cm-1, see Table 1). Depending
on whether their frequency is lower or higher than 300 cm-1,
modes will be denoted as “soft’’ or “hard’’, respectively. The
mid-infrared part of the vibrational spectra of coronene clusters
containingNmol ) 2, 4, or 8 molecules is represented in Figure
1. The spectrum of the single C24H12 molecule is also shown
for comparison. While the dimer and tetramer are single-stack
structures, the octamer has a handshake-like structure formed
by two four-stack next to each other.

As can be seen from Figure 1, the soft modes are strongly
affected by aggregation, and the dispersion of the new frequen-
cies is particularly clear in the 80-200 cm-1 range. However,
the effects differ notably between the single- and double-stack
structures. In a one-dimensional stack ofNmol molecules, and
for any given internal modek of the isolated coronene molecule,
a series of cluster modes emerge from a combination of this
molecular mode, each mode corresponding to individual mol-
ecules vibrating with different phases. At least one of these
modes stays close to the frequency of the original modek,
whereas the others are shifted toward higher wavenumbers. This
phenomenon is illustrated in the lower panel of Figure 1 on the
specific case of the “bowl’’ mode, located at 130.5 cm-1 in
gas-phase coronene. Two similar bowl modes are found in the
coronene dimer, in which the individual molecules vibrate in-
phase (case a, also denoted as- - or + +) or out-of-phase
(case b, also denoted as- + or + -). In the in-phase case, the
distance between the centers of mass of the two molecules
remains approximately constant during the vibrational motion,
and the relative orientations of the molecules are fixed. The
distances between atoms of two molecules do not strongly vary

during the motion; hence, the intermolecular energy is not
affected significantly. This explains why the corresponding
cluster mode is also found very close to 130.5 cm-1.

Conversely, the out-of-phase bowl mode depicted in Figure
1 involves a rather strong change in the pairs of atoms belonging
to either molecule, resulting in a nonnegligible contribution of
the intermolecular energy. In addition, the distance to the
equilibrium cluster geometry is larger for the out-of-phase mode,
leading to harder vibrations, consistently with the higher
frequency calculated for this mode, at 152.0 cm-1.

More generally, by projecting the vibrational mode obtained
from the total Hamiltonian on the vibrational modes of the single
coronene molecule, one can identify the in-phase and out-of-
phase molecular modes corresponding to each intramolecular
mode. In the tetramer, the bowl mode with all molecules
vibrating in-phase lies at 130.3 cm-1 and is again marginally
affected by the intermolecular energy. Other bowl modes
corresponding to different dephasing of the molecules are also
shifted to higher frequencies, the shift being more important if
neighboring molecules are out-of-phase. The- - ++, - ++
-, and- + - + patterns, associated with the frequencies of
137.4, 152.7, and 167.6 wavenumbers, respectively, are high-
lighted in Figure 1 as small arrows. As the number of molecules
in the stack increases, the combination of bowl modes will
broaden, with higher and higher frequencies.

Such shifts are not limited to the specific bowl mode, and
are observed on the other soft modes. However, the contribution
of the intermolecular energy on the magnitude of the shift will
depend on the nature of the internal mode. For the stacked dimer,
each vibrational mode is split into two cluster vibrational modes,
one in-phase and one out-of-phase, respectively, each having a
specific frequency. The relative shift of the cluster mode with
respect to the original intramolecular mode can then be
calculated for all the 3Nat - 6 ) 102 internal modes, as

Wl
(t) ) ∑

k

[ckl
(t)]2, Wl

(r) ) ∑
k′

[ck′l
(r)]2 (5)

Figure 1. Vibrational spectra of small (C24H12)n clusters in their global
minimum structure, forn ) 1, 2, 4, and 8, in the 50-500 cm-1 range.
The purely intramolecular “bowl’’ modes are highlighted in red and
marked with small arrows. In parts a and b, the two bowl modes of the
dimer, associated with the patterns- - and - +, respectively, are
illustrated along with their frequencies.
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represented in Figure 2. In this figure, we distinguished between
intramolecular modes corresponding to motions in the plane of
the coronene molecule, denoted as “in-plane’’, and out-of-plane
modes for which the eigenvector has an important component
perpendicularly to the coronene plane.

Figure 2 shows that the soft modes can undergo very strong
vibrational shifts due to aggregation, up to 50%. In general,
the shift is smaller for harder modes. The hard modes involving
direct C-C or C-H vibrations (located below approximately
600 cm-1) exhibit practically no shift (less than 1%), as seen
on the inset of Figure 2. This graph, as well as other calculations
on coronene clusters containing up to 16 molecules, indicate
that the hard modes are poorly sensitive to clustering in itself,
and to the structure of the cluster either, at the present harmonic
level of approximation. The band shift was found to be smaller
than 1% for modes having a frequency above 600 wavenumbers.

In the case of the dimer, the modes that are mainly affected
are also those involving out-of-plane motion, even if they lie
in the same frequency range as in-plane modes (e.g., near 200-
500 cm-1). Obviously, this correlation is not fortuitous. As
analyzed above for the specific bowl mode, the shift in
frequency is due to the contribution of intermolecular energy.
While in-plane modes are not significantly affected by this
energy, out-of-plane modes are generally hindered by the
presence of the other molecule, hence resulting in a blue shift.
Therefore, in the case of the single-stack clusters, the modes
that are the most affected by aggregation are those involving
out-of-plane soft modes.

The previous analysis is specific to the smaller clusters, more
stable as a single stack, and for which the intermolecular and
intramolecular modes are only weakly coupled. In particular,
the single-molecule modes can be clearly identified on the
cluster modes. We have decomposed all modes of the two-stack
coronene octamer into translation, rotation, and pure intramo-
lecular contributions, following the procedure described in
section III.A. The weights of the global intermolecular modes
(translation+ rotation) on the cluster modes are represented as
a function of the frequency in Figure 3. The same decomposi-
tion, for the single-stack isomer of the octamer, is also shown
on the lower panel of this figure. For clarity, small portions of
the graphs contain the full spectra.

As previously noticed on the dimer, all vibrational modes of
the single-stack isomer of the octamer are nearly perfectly
decoupled in terms of their intermolecular and internal contribu-

tions, the corresponding weights being always in the 0-1% or
99-100% ranges. On the contrary, the two types of modes can
mix significantly in the two-stack, global minimum structure.
Below 60 cm-1, the softer cluster modes are purely intermo-
lecular in nature. Above 200 wavenumbers, on the other hand,
the hard modes are purely intramolecular. In the intermediate
range, the degree of mixing is important, but not necessarily
monotonic with the frequency, or hardness, of the mode. In this
range, the softest internal modes of the coronene molecule within
a stack are strongly constrained by the molecules in the
neighboring stack. This is also true for the global rotations and
translations of a molecule in a stack, which rubs against the
other stack.

The combination of inner- and intermolecular vibrations leads
to an important strain experienced by the molecular skeleton
of the individual coronene molecule, as depicted in Figure 4
for four typical modes in the intermediate mixing range.

The snapshots for the two modes with a high intermolecular
component (one consisting of 57% rotations and one consisting
of 60% translations and 21% rotations) illustrate the rather small
deformations sustained by the molecules. The two modes with
a high intramolecular content deviate more strongly from the
flat, equilibrium geometry of coronene.

While Figure 1 compared vibrational spectra for clusters
having different sizes, Figure 3 emphasizes the dispersion in
the spectra due to the nonstacking effect, at a same given size.
The vibrations of the single-stack isomer of the coronene
octamer can be compared to the simple 1D model of Seahra
and Duley, who studied the discrete dispersion relation for stack
vibrations.62 For a stack ofNmol molecules theNmol vibrational
frequencies along the stack axis are expressed as

whereω0 ) 82.4 cm-1 is the frequency of the dimer breathing
mode.60 Among the 8 values calculated for the octamer, one is
zero, corresponding to the global translation. The remaining
seven modes are highlighted as small arrows on the lower panel
of Figure 3.

The stack vibration modes of the coronene octamer are well
reproduced by the above formula. However, around each value
of ωi

stack, there are many other modes corresponding to the

Figure 2. Relative variations in the vibration frequency upon stacking
together two coronene molecules, as a function of the initial frequency
in the single molecule. The upper and lower values are labeled in black
and red symbols, and the out-of-plane and in-plane vibrational modes
are distinguished. The inset highlights the 500-3500 cm-1 range.

Figure 3. Vibrational spectra of the (C24H12)8 cluster, in its 2-stack
global minimum [(a and A), upper panel] or as a 1-stack [(b and B),
lower panel]. The entire spectra are shown in the (a and b) minor parts
of the panels, while the contributions of intermolecular modes, obtained
by projecting the initial eigenvectors, are given (in percents) in the (A
and B) major parts of the panels. For the 1-stack structure, the linear
modes are also superimposed as red bars, and highlighted with arrows.

ωi
stack) ω0x2sin[π(i - 1)

Nmol
], i ) 1, ...,Nmol (6)
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combinations of the bending modeω0
bend (twofold degener-

ated) into the set of 14 extra modesωi
bend, each slightly below

ωi
stack. Other purely intermolecular modes are discussed in the

next section.
C. Far-Infrared Spectrum. We now turn to the far-IR modes

with frequencies below 100 cm-1. The spectra of these modes
obtained using either the total intermolecular+ internal Hamil-
tonian or theVinter potential alone with rigid C24H12 molecules
are represented on Figure 5 for the dimer, tetramer, and octamer.
The main difference between the dimer and the tetramer lies in
the presence of very soft modes (4.06, 5.86× 2, 6.03, and 6.05
cm-1) in the latter. These modes correspond to collective
deformations of the stack. For instance, the global twisting mode

occurs at 4.06 wavenumbers in the tetramer, but at twice this
frequency in the dimer. More generally, single-stack structures
will exhibit softer and softer modes as the stack size increases.
As the one-stack motif no longer competes with more compact
structures (for coronene, that means above seven molecules),
the vibrational modes should become significantly harder.

The collective deformation of the stacks are significantly
hindered in the two-stack structure of the octamer, which leads
to an important hardening of the intermolecular modes, as
manifested by a general increase in the frequency. The softest
mode in the two-stack structure of the octamer is found at 5.45
cm-1, and at 1.8 cm-1 only in the single-stack isomer. This
large difference can be interpreted by looking at the respective
contributions of the internal and intermolecular energies, fol-
lowing the corresponding eigenvector. Using the total Hamil-
tonian, the intramolecular energy is seen to bemaximumat the
cluster equilibrium geometry, whereas the total potential energy
is (correctly) a minimum. The intramolecular contribution
softens the mainly intermolecular mode, which shifts its
frequency toward lower values. This phenomenon can be
somewhat seen as the opposite of the shift exhibited by the
intramolecular modes upon including the intermolecular con-
tribution.

The two-stack structure of (C24H12)8 is also at the origin of
strong couplings between intermolecular modes. In the dimer,
intermolecular modes can be divided in two groups, the hardest
bending and breathing modes being around 80 cm-1, while the
soft twisting and shearing modes lie near 8 wavenumbers.75 In
single stacks, these modes combine together into collective
vibrations, with frequencies given by formulas similar to eq 6.
The cluster modes are in general marginally affected by the
internal degrees of freedom. As seen from Figure 5, assuming
the molecules to be rigid does not change the frequency of the
corresponding mode by more than 5%. This is no longer true
for the two-stack octamer, where the frequency of only few
cluster modes can be identified by the purely intermolecular
modes obtained with the rigid molecule assumption. The 8-80
cm-1 spectral range, which is rather sparse for the single-stack
isomer, is filled in the two-stack structure due to two related
effects. The first direct effect is the frustration experienced by
the collective, single-stack modes due to the presence of the
other stack, as illustrated in Figure 4 on the 124.5 cm-1 mode.
The accumulation of harder intermolecular modes above 20
wavenumbers due to the specific, two-stack structure is clearly
seen on the rigid modes. There is an additional, indirect effect
of clustering on the vibrational spectrum. As shown by the
difference between cluster modes calculated using all degrees
of freedom and those on theVinter surface with rigid molecules,
the geometry relaxation of individual molecules upon aggrega-
tion is significant, while it is negligible for single stacks. Another
hint that geometry relaxation affects the intermolecular modes
is the generally higher frequencies of the rigid modes, with
respect to the cluster modes obtained with all degrees of
freedom. Therefore, small differences in geometry have impor-
tant consequences on the softest vibrations.

The above study, as well as the previous discussion on the
mid-IR range, indicate that the couplings between intermolecular
and internal modes are strong for multiple-stack structures. In
particular, the assumption that collective modes arise from one-
dimensional, single-stack conformations is clearly too simplistic.
Our results show that bunches of cluster modes arise from
aggregation of coronene molecules into multiple stacks, and that
the geometrical strain significantly hardens the modes.

Figure 4. Illustration of some vibrational modes of (C24H12)8 with
various internal and intermolecular contributions. Each mode is
identified by its frequency, and the respective weights of translations
and rotations, respectively, are given between brackets as [W(t),W(r)].
The missing contribution of intramolecular modes complements 10%.

Figure 5. Vibrational spectra of (C24H12)n, n ) 2, 4, and 8, in the
far-IR range below 100 wavenumbers. For each cluster, the spectra
obtained by considering either the full Hamiltonian or by treating each
molecule as rigid are shown in the upper and lower half of the panels,
respectively.

3004 J. Phys. Chem. A, Vol. 111, No. 16, 2007 Rapacioli et al.



IV. Caloric Curves

A. Methods.The previous section was devoted to vibrational
properties at the harmonic level. We now seek to characterize
the finite temperature behavior of coronene clusters. The direct
simulation by Monte Carlo or molecular dynamics methods
using the full quantum/classical Hamiltonian is not conceivable,
essentially due to the relatively heavy numerical cost of the TB
model, to the need for a significant (ergodic) sampling of the
energy surface, but also the different magnitudes of atomic and
molecular motion. In order to sample the structural isomerization
in the cluster, we first performed Monte Carlo simulations on
the electronic ground stateHinter potential energy surface,
assuming frozen coronene molecules. These simulations were
improved with the all-exchange parallel tempering strategy76

using a geometric distribution of 50 temperatures in the 10-
1000 K range. For each replica, 106 MC cycles were carried
out following 5× 105 equilibration cycles. To prevent thermal
evaporation at high temperatures, the cluster was confined into
a hard-wall spherical container, all configurations with a
molecule distant by more than 8 Å from the center of mass
being rejected from the statistics in the propagation of the
Markov chain. The molecular orientations were described in
terms of quaternion coordinates. From the distributions of
potential energies, a multiple histogram reweighting procedure
provided the classical microcanonical density of states and, after
Laplace transformation, the anharmonic partition functionZinter

a,c

as a function of temperature.
Even though the frequencies are coupled between inter- and

intramolecular contributions, we assume that the internal modes
do not play an important role on the structural transitions, which
are primarily driven by isomerizations on the intermolecular
potential energy surface. Under this approximation the total,
classical partition functionZtotal

a,c of the cluster is obtained by
factorizing the inter- and intramolecular contributions as

The anharmonic partition functionZintra
a,c of the isolated coro-

nene molecule was calculated also from the distributions of
potential energies gathered during Monte Carlo simulations,
processed with histogram reweighting. A total of 20 trajectories
were carried out at temperatures in the 5-1000 K temperature
range, with 105 atomic steps per trajectory, the first 30% being
discarded for equilibration. Below 1000 K, regular deformations
and anharmonicities were found, the variations of the classical
heat capacity with temperature being essentially linear with a
small positive slope (about 10-3 kB/K). This indicates that
Zintra

a,c (T) deviates only moderately from the harmonic behavior,
which could be expected from the small number of soft modes
in coronene with respect to the total number of modes. We thus
write

whereωj is the geometric average of the vibrational frequency
of the coronene molecule (926 cm-1 with the present TB model),
and the prefactor 1/24 accounts for theD6h symmetry.

Quantum vibrational effects were included using the Pitzer-
Gwinn (PG) approximation.69,77 In this approach, the quantum
anharmonic partition functionZtotal

a,q (T) is the product of its
classical counterpartZtotal

a,c (T) by a quantum/classical correcting
factor corresponding to the same system, but treated at the
harmonic level:

In this equation,Ztotal
h,q /Ztotal

h,c is the ratio of the harmonic partition
functions calculated for quantum and classical oscillators,
respectively, taking inter- and intramolecular modes of the
ground state structure into account.

From the variations of the partition function, the canonical
heat capacity was obtained by numerical derivatives. To interpret
the caloric curve, the configurations from the MC trajectories
were periodically quenched. This method provides a connection
with the energy landscape associated with theHinter potential.
The quenches were performed with an adaptive stepsize steepest
descent local optimizer.

B. Results.The classical (p ) 0) and quantum heat capacities
of (C24H12)8 are shown in Figure 6.

In the quantum case, in addition to the reference curve for
which vibrational delocalization is exactly quantified by the
Planck constant, two other calculations are represented, corre-
sponding to intermediate but artificial regimes wherep/5 and
p/10 are used instead ofp. These extra curves illustrate how
quantum effects contribute to the overall shape of the heat
capacity.

The classical cluster exhibits a broad heat capacity peak at
low temperaturesT ∼ 50 -300 K, but the number of degrees
of freedom that contribute actively to the heat capacity (6Nmol

- 6 ) 42) is very small compared to the entire number of modes
(3NmolNat - 6 ) 858). This explains why the peak in the
classical curve only marginally exceeds the Dulong-Petit limit.

As quantum delocalization is switched on, the heat capacity
recovers the expected behavior, and vanishes asT goes to zero.
At p/10 delocalization already extends significantly up to 200 K,
removing all signatures of the bump in the classical curve. As
the Planck constant recovers its physical value, the variations
in the heat capacity become notably flat, consistently with the
strong internal modes of coronene. At the transition temperature,
the coronene molecules are all strongly rigid and frozen,
confirming our hypothesis that the thermodynamics of coronene
clusters can be separated into its internal and intermolecular
contributions. This also further supports the conclusions reached
by Schmidt et al.,59 that coronene clusters are extremely
heterogeneous also from the thermodynamics point of view.

Even though the magnitude of quantum effects is large
enough to hide all features in the classical caloric curve, the
underlying phenomena that are responsible for the bump in the
heat capacity are intrinsic to the cluster, and are not expected
here to depend significantly on its classical or quantum nature.
The spectra of isomers obtained from periodically quenching
1000 configurations are represented in Figure 7 against the
replica temperature in the MC simulations. Some typical
structures found during these quenches, including the global
minimum itself, are illustrated in Figure 8.

As temperature remains below approximately 100 K, a large
number of isomers appears with energies slightly higher than
the global minimum, in the range-700 kcal/mole E e -690
kcal/mol. Visual inspection reveals that all these isomers are
actually based on the same double stack, 4+ 4 motif as the
ground state structure, except that they differ slightly by a shift
and/or a twist in one or more molecules. The B isomer of Figure
8, for instance, has all molecules in each stack still parallel,
but the molecular sixfold axes are no longer aligned with the
stack axes. The multiple 4+ 4 double stack structures indicate
a strong geometric frustration associated with the competition
between inter- and intra-stack interactions. The sharp increase

Ztotal
a,q (T) = Ztotal

a,c (T) × Ztotal
h,q (T)

Ztotal
h,c (T)

(9)

Ztotal
a,c (T) = Zinter

a,c (T) × [Zintra
a,c (T)]Nmol (7)

Zintra
a,c (T) =

1
24 (kBT

pωj )3Nat-6

(8)
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in the classical heat capacity, seen in the inset of Figure 6 below
about 50 K, is thus the consequence of the many new, nearly
degenerate isomers that can be accessed even at low tempera-
tures.

As T reaches 200 K, a new band of structures arises, an
example being offered as isomer C in Figure 8. The rearrange-
ments needed to break one stack, leading to the 5+ 3 structure,
are more significant than those involved in twisting or shifting
around the 4+ 4 global minimum. This explains the small but
clearly visible energy gap in the range-690 kcal/moleE e
-685 kcal/mol in Figure 7. The peak in the classical heat
capacity nearT ) 200 K, which we interpret as the signature
of the melting phase change, is thus correlated with the thermal
instability of the stack units. Interestingly, the melting temper-
ature found here for 8 molecules lies notably below the melting
temperature of bulk coronene of 710.5 K.67,68 This strong
reduction in the melting point is the trend expected for such
small systems.

At temperatures higher than 300 K many isomers appear,
usually with even shorter stacks and possibly single molecules
not directly part of a stack. Isomer D of Figure 8, with energy
-653.27 kcal/mol, consists of a 4+ 2 + 2 triple stack structure.

The above results show that, even though the caloric curves
do not display sharply resolved variations, many isomers and
structural transitions take place in coronene clusters at temper-
atures as low as 100 K or even less. Because they are all based
on the same 4+ 4 two-stack motif, the isomers sampled at low

temperatures are likely to be separated by low-energy barriers,
and a relatively fast relaxation kinetics is expected. Breaking a
stack, on the other hand, should involve much higher barriers
and longer rearrangements, being thus also much slower.

On the basis of our findings the thermodynamical behavior
of larger PAH clusters can also be inferred, at least qualitatively.
As the number of PAH molecules in the cluster increases, the
heat capacity peak should become higher and narrower, and
shifted to higher temperatures. Conversely, quantum delocal-
ization does not vary much with the number of molecules.
Hence, above some critical size the melting peak should become
visible on the quantum caloric curve. Our results suggest that
Nmol ) 8 molecules are far below this limit. More precisely, a
simple model can reasonably account for the observed behavior
and allow a semiquantitative prediction of the crossover size
above which the melting transition could be detected on the
quantum caloric curve.

We will assume that the solid-liquid phase change is a first-
order transition rounded by size effects, which seems quite
reasonable for such molecular clusters.78 The idea consists of
writing eq 9 differently, by considering the harmonic quantum
state as the reference and the ratio involving only the classical
partition functions as the correction. For clarity we now denote
asN the number of molecules in the cluster. The melting phase
change occurs as a finite peak on the heat capacity∆CV(T,N),
which is an additional contribution to the normal, Dulong-
Petit partCV

h,c(T, N) ) (6N - 6)kB. A two-state approximation
for the partition function79 leads to a Gaussian expression for
∆CV(T,N) as

whereT*(N) is the center of the peak, that is the melting tem-
perature of the cluster, and∆T(N) is the width of the transition.
Cmax(N) marks the top of the peak, shown in the inset of Figure
6. For a first-order transition,T*(N) is expected to increase
roughly with the inverse radius of the cluster,80 and we write

whereT* (∞) ) 710.5K is the bulk melting temperature,67,68

andT0 a parameter. Similarly, and following Imry,81 the width
of the transition scales with size as

with δT another parameter. The value of the heat capacity at
the melting point, normalized by the number of molecules,
∆CV[T*(N)]/N ) Cmax(N)/N, controls whether the peak can be
distinguished from the main contribution to the heat capacity
due to the quantum vibrational modes of coronene,CV

h,q[T*
(N)]. Assuming that the latent heat of fusion does not vary
significantly with the number of molecules,Cmax(N) is found
to be proportional toN2, in agreement with Berry and Smirnov,79

and we writeCmax(N) ≈ aN2. Therefore, asN increases, the
heat capacity peak becomes narrower and sharper, as expected
for a first-order transition. Above some crossover sizeN* it
becomes comparable to the intramolecular contributionCV

h,q,
which is essentially constant withN, and thus noticeable. The
crossoverN* is defined such that the peak in the heat capacity
has the same order of magnitude of the intramolecular heat
capacity, or

Figure 6. Canonical heat capacity of the (C24H12)8 cluster obtained
from classical simulations, and corrected for quantum effects using the
Pitzer-Gwinn approximation, for various values of the Planck constant,
including the normal physical valuep as well as reduced, artificial
valuesp/5 andp/10. The inset shows the classical result, as well as
the Dulong-Petit curve as an horizontal dashed line.

Figure 7. Energies of (C24H12)8 isomers obtained from quenching
Monte Carlo trajectories, as a function of the replica temperature. Four
isomers are emphasized in red.

∆CV(T,N) ≈ Cmax(N) exp[- (T - T* (N)

∆T(N) )2] (10)

T*(N) ≈ T* (∞) -
T0

N1/3
(11)

∆T(N) ≈ δT
N

(12)
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The above simple model has only two free parameters, namely
T0 anda, which are fixed by the caloric curve obtained for the
octamer. We findT0 ) 1021 K anda ) 0.1875kB. Solving
numerically eq 13 with these values leads toN* ∼ 300
molecules. This relatively large number is consistent with the
rather small latent heat of fusion (0.2 eV) of bulk coronene,
which is barely noticeable on the caloric curve.59

While melting in large coronene clusters may involve
complex, and possibly competing interstack and intrastack
melting mechanisms, the general picture could be reasonably
well described by the present example of the octamer. Large
amplitude, global vibrations will first lead to a variety of
multiple stack isomers built around the ground state structure.
The onset of solid-liquid phase change should then occur with
the breaking and re-formation of stacks, leading to new classes
of isomers.

Here we have not explored the dynamical aspects of melting.
In the realistic situation of a gas-phase cluster without an
artificial container around it, the rearrangements involved during
melting, together with the rather short range of the intermo-
lecular interaction, will probably favor thermal dissociation. This
is supported by the low boiling temperature of bulk coronene,
only about 10% higher than the melting point.67,68 Hence, and
as in the case of C60 (refs 82 and 83), it is unclear whether the
liquid phase of coronene clusters will be stable, and what the
typical lifetimes of this phase could be.

Above 1000 K coronene clusters will undergo multiple
rearrangements before thermally dissociating. The molecules
themselves should become more and more floppy, and bond
breaking is expected above around 2000 K. At such high
temperatures, neutral PAH clusters should not survive for very
long times.

V. Conclusion

Fully coordinated polycyclic aromatic hydrocarbons can form
clusters in which the molecules are stacked in a one-dimensional
way along the same axis, or as intertwined shorter stacks for
larger clusters. PAH clusters are characterized by a strong
disparity between the inner covalent forces and the intermo-
lecular, dispersion and electrostatic interactions. In the present
paper, we theoretically investigated the vibrational spectra of
coronene clusters, using a quantum/classical atomistic model
combining a tight-binding Hamiltonian fitted to reproduce first-
principle data on isolated PAHs63 with an explicit site-site
pairwise potential60 to describe intermolecular bonding. The
normal modes of the most stable structures of (C24H12)n clusters
containing up to 8 molecules have been obtained at the harmonic

level. By comparing the results with the spectrum of the gas-
phase coronene molecule, we paid a particular attention to the
aggregation effects.

From a general point of view, the present model does not
lead to important variations in the frequencies of the hardest
infrared modes lying above 500 wavenumbers. Conversely, the
soft modes in the mid-IR range (80-300 cm-1) exhibit
significant shifts. By projecting the vibrational eigenvectors onto
restricted bases of purely intermolecular or internal modes, we
have shown that the vibrations of singly stacked clusters are
fully decoupled between those modes. Upon clustering the soft
internal modes are splitted into in-phase and out-of-phase
collective modes, the latter being significantly harder. Looking
more closely at the dimer, we also obtained the intuitive result
that individual modes having a component perpendicular to the
molecular plane are more prone to being shifted upon clustering.
For the two-stack octamer cluster, the internal and intermolecular
modes mix in the mid-infrared range. Because of the geometric
strain experienced by the molecules in their rubbing motion
against the other stack, the vibrational modes are much harder
than in the linear, single-stack isomer.

The far-IR part of the spectra also varies depending on cluster
structure. In single-stack clusters, the breathing or bending
modes of the coronene dimer combine into collective modes
that essentially follow the standard dispersion relations of one-
dimensional chains, and are located sparsely in the 20-100 cm-1

range. In the two-stack geometry, the intermolecular modes of
the octamer mix with inner modes, filling this range. Moreover,
the purely intermolecular vibrational frequencies obtained by
freezing the molecules in their gas-phase geometry underesti-
mate the frequencies of the actual cluster modes. This suggests
that the distortions experienced by the PAHs in the cluster, albeit
small, have manifestations on the softer modes.

We also investigated the finite-temperature behavior of the
coronene octamer. The classical, anharmonic partition function
was calculated as a function of temperature by performing
classical exchange Monte Carlo simulations on the intermo-
lecular energy surface. Here the frozen approximation is used
to sample the various isomer configurations, avoiding the extra
numerical cost of the TB model. Quantum effects were added
a posteriori, using the Pitzer-Gwinn semiclassical approxima-
tion. The much stronger intramolecular bonds were seen to damp
the heat capacity by significant amounts, hiding the possible
effects of a solid-liquid transition rounded by size effects.
Assuming that the transition is of the first-order type, we
predicted from a simple two-state model that several hundred
molecules should be necessary for the melting peak to be visible.
Even though the caloric curve is blurred by delocalization
effects, structural transitions take place indeed, as evidenced
on the spectra of isomers obtained from periodically quenching
configurations. The global minimum, two-stack structure of the

Figure 8. Typical isomers of (C24H12)8 labeled as A, B, C, and D in Figure 7. The global minimum is structure A.

Cmax(N*)

N*
) aN* ∼ CV

h,q[T* (∞) -
T0

(N*) 1/3] (13)
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cluster was seen to be rather soft, many isomers being found
upon shifting or twisting the molecules by a small amount. At
the heat capacity peak occurring near 200 K, the stacks break,
and new isomers based on the 5+ 3 motif appear. At higher
temperatures, the typical isomers consist of three or more shorter
stacks, or even molecules that do not belong to any stack.

The present work was limited to the case of homogeneous
and neutral coronene clusters, which are typical PAHs with a
reasonable size. Clusters of other molecules could be of course
investigated as well, but the high symmetry of coronene
significantly simplifies the problem in reducing the number of
vibrational modes. Heterogeneous clusters could be also studied
using the same combined Hamiltonian, but the mixing of modes
should be also much more important. Two other limitations are
the relative intensities of the vibrational modes, as well as
anharmonicities. While our atomistic model can account for the
frequency shifts, the TB part does not correctly reproduce the
intensities obtained from more sophisticated DFT data on the
gas-phase molecule.74 As far as static calculations are concerned,
upgrading the TB model to a DFT-like level would probably
improve the situation. At the expense of a new parametrization,
it would then be possible to predict relative intensities, and look
more closely at the clustering effects on the infrared spectra.
Another possibility for estimating the intensities would be to
use the density-functional based tight-binding method.84,85This
would be especially valuable in the mid-IR region where the
modes are not shifted significantly, but the intensities may be
affected.

Anharmonicities could be incorporated by performing mo-
lecular dynamics simulations on the ground state energy surface
of the Htotal Hamiltonian, using appropriate Fourier transform
of the square dipole moment. The identification of the modes,
however, remains a problem for such brute-force methods, and
it would be interesting to implement recent schemes such as
the one recently proposed by Martinez and co-workers86 in this
purpose.

From the experimental point of view, the present work
indicates that PAH clusters would be better characterized from
the vibrational spectra in the far-IR range, rather than the
mid-IR range. In the context of astrochemistry, where PAH
clusters are plausible candidates as precursors of free-flying PAH
molecules in the interstellar medium, this work shows that PAH
clusters are good candidates to account for the low frequencies
features. In particular, they could be evidenced by forthcoming
space observatories such as Herschel and its 16-175 cm-1

probing range. The neutral coronene clusters investigated here
are an oversimplified representation of actual aggregates with
various polycyclic aromatic molecules and various charge states.
PAHs are likely to carry a charge in the interstellar medium.16,87

Anions are likely to emit their electrons by photodetachment
in irradiated regions. Multiply charged molecules should be less
stable due to Coulomb repulsion, and will not form clusters.
Cationic PAHs, on the other hand, may be particularly stable.
In the case of clusters, the single positive charge should lead to
a significant stabilization with respect to neutral clusters, due
to charge delocalization over several molecules. This phenom-
enon was previously studied theoretically by Piuzzi and co-
workers50 on aromatic molecules smaller than coronene. Charge
delocalization over a few molecules strongly binds these
molecules to each other through partially covalent forces.
Around the charge core, the remaining (mostly) neutral mol-
ecules undergo polarization forces, which are also stronger than
standard dispersion and quadrupolar interactions. Thus, the
overall cohesion felt by any molecule in a cationic PAH cluster

is stronger. Consequently, clustering effects on the vibrational
properties should be even larger in the case of singly charged
clusters. Unfortunately, the collective effect of charge delocal-
ization cannot be described using simple explicit potentials, and
its modeling is an important task in itself.50 Despite these
limitations, we believe that the trends found here should be
rather general, and we hope they will be a first step in preparing
and interpreting the Herschel observational campaign.
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Bréchignac, C.Astron. Astrophys.2005, 442, 239.
(59) Schmidt, M.; Masson, A.; Bre´chignac, C.Int. J. Mass. Spectrom.

2006, 252, 173.
(60) Rapacioli, M.; Calvo, F.; Spiegelman, F.; Joblin, C.; Wales, D. J.

J. Phys. Chem. A2005, 109, 2487.
(61) Rapacioli, M.; Calvo, F.; Joblin, C.; Parneix, P.; Toublanc, D.;

Spiegelman, F.Astron. Astrophys.2006, 460, 519.
(62) Seahra, S. S.; Duley, W. W.Astrophys. J.2000, 542, 898.

(63) Van Oanh, N. T.; Parneix, P.; Bre´chignac, P.J. Phys. Chem. A
2002, 106, 10144.

(64) Klots, C.J. Phys. Chem.1971, 75, 10.
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