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Abstract

Neutral coronene clusters are produced in a gas aggregation source at 77 K. They are excited either by a UV-laser in vacuum or thermally by a
heat bath of helium. Fragmentations of clusters and molecules are investigated. Two well-separated thermodynamic regimes have been found for
the evaporation of coronene from the cluster and the fragmentation of the coronene molecule. The stability of the cluster has been measured and
the distribution of inner energies on inner- and intermolecular modes has been deduced.
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1. Introduction

Coronene Cy4Hjy is polycyclic aromatic hydrocarbon
molecule (PAH) with a mass of 300 amu. Its highly symmetric
structure is shown in the inset of Fig. 1. Due to its stability it is
a common product of incomplete combustion of organic mate-
rial. In the soot formation PAH molecules in the mass range
of coronene are of specific interest since they mark the transi-
tion between different growing mechanisms [1-3]. Small PAH
molecules grow by the HACA (hydrogen abstraction, carbon
addition) mechanism [4], while for soot particles products big-
ger than coronene the coagulation or clustering of preformed
PAH molecules dominates.

PAH molecules are also widely present in cosmic space.
They have been identified by their IR emission [5]. There
are synthesized in the outflows of carbon-rich stars [6]. High
velocity collisions of grains, PAH-molecules and clusters can
further influence the their size [7]. Recently we proposed an
additional growing mechanism that involves PAH-clusters and
UV-radiation [8]. The idea is that UV photons could dehydro-
genate some molecules in a cold van-der-Waals (vdW) bond
PAH-clusters. These molecules could then react in the cluster
by their dangling C-bonds. In analogy to the HACA mechanism
the reaction is based on the substitution of a C—H bond by a C—C
bond. The products are chemically bond PAH-clusters that are
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similar to soot particles. In order to support this possibility we
performed coronene cluster experiments that are reported here.
We will first discuss the thermodynamics of coronene
molecules, clusters, and bulk. Based on the caloric curve and the
concept of evaporative ensembles we extract typical energies and
temperatures for the ejection of coronene from the cluster and for
hydrogen from a single molecule. In the experiment coronene
clusters are excited either by a laser in vacuum or thermally in
a heat bath. The products are analyzed by a mass spectrom-
eter. Results on thermal stability, laser-ionization, and laser-
dehydrogenation and fragmentation dynamics are extracted and
interpreted within the thermodynamics of the special system.

2. Coronene cluster thermodynamics
2.1. Caloric curves of coronene molecule, cluster and bulk

Fig. 1 shows the caloric curve of the coronene molecule [9].
The classical Dulong—Petit limit is shown in comparison. Due to
rigidity of the C—C and C—H bonds coronene has a high Debye
temperature. At low temperature many degrees of freedom are
“frozen”. This reduces the heat capacity and thus the slope of the
caloric curve. Similar to graphite, which has a Debye tempera-
ture of ®p ~ 2500 K for the in-plane and 900 K off-plan modes
[10] the coronene molecule needs more than 2000 K before the
heat capacity reaches the Dulong—Petit limit.

Following the classical rule of Dulong—Petit the heat capac-
ity of a hot bulk material is kg per geometric degree of freedom
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Fig. 1. Dot-dashed line: caloric curve of the coronene molecule; thick dotted
line: classical limit for inner modes of the coronene molecule; the thin dotted
line is parallel to classical limit. Dashed line: classical limit for inter-coronene
modes in bulk; solid line: caloric curve of bulk coronene.

or 3kp per atom. Thus, a coronene bulk with its 36 atoms
per coronene molecule has a heat capacity of 3 x 36kp per
molecule. An isolated coronene molecule has 3 x 36 — 6 inner
degrees of freedom and a heat capacity of (3 x 36 — 6) kg. Con-
sequently 94.4% of the energy in hot bulk coronene is stored
in the coronene molecules and only 5.6% in the intermolecular
modes.

The horizontal lines indicate the energy steps due to adsorp-
tion of one 4 eV photon, the vertical lines the evaporative ensem-
ble temperatures for the evaporation of coronene and H-units
form a cluster or molecule of coronene (Section 2.2). The arrows
indicate melting and boiling points of bulk coronene under nor-
mal conditions.

The caloric curve of a macroscopic sample of coronene pow-
der, the bulk coronene, has been constructed by using the curve
of the coronene molecule and treating the intermolecular modes
classically. It is included in Fig. 1. The intermolecular modes
are soft. Their Debye temperature is low. Since the contribution
of the intermolecular modes to the total heat capacity of bulk
coronene is anyway small and the modes are soft compared to
the intermolecular ones, their quantum effects are neglected.
The coronene bulk melts at 710.5 K with a latent heat of fusion
is only 0.20eV [11]. Furthermore the latent heat of a cluster is
expected to be smaller than in the bulk and the melting point to
be reduced [12]. The step in the caloric curve due to the melt-
ing is therefore small (see Fig. 1). The coronene melting can be
almost neglected for many thermodynamical aspects.

In a coronene cluster the heat capacity of the inner modes
of coronene can be assumed to be almost perfectly bulk-like.
The difference between bulk and cluster are the intermolecular
modes. However, apart from phase transitions that difference
hardly affects the heat capacities even in atomic clusters [13,14].
Since furthermore the heat capacity of bulk-coronene is clearly
dominated by the inner modes the bulk caloric curve provides a
very good approximation for a cluster.

2.2. Evaporative ensembles

2.2.1. Evaporative ensemble of the neutral coronene cluster

A cluster in vacuum, which is sufficiently heated to evaporate
subunits before the detection after 10 s, forms an evaporative
ensemble [15]. Further energy input by a laser or a collision
does not increase the temperature of the clusters at the time of
detection. Instead the energy is used for fast evaporations of
subunits. The process is in analogy to the phase transition in
liquid—gas equilibrium [16]. The temperature of the evaporative
ensemble is coupled to the stability of the cluster. The higher
the dissociation energies D of the subunits are the higher the
evaporative ensemble temperature Teyap. The link between the
two quantities is given by, kg Teyap = D/G, where G is the Gspann
factor and kg the Boltzmann constant. G=23.5 describes many
different systems [15]. Only for some special cases like the Cgg
exceptional Gspann values like G=31 have been found [17].
The value of G is logarithmically time-dependent. It is adjusted
to 10 ws, the typical time scale of the mass spectroscopy. If the
time window of the experiment differs by one or two orders
of magnitude from 10 ps the result can be adjusted by using
the thermal rates, which are described by the Arrhenius’ law
k(T) ~exp(—D/kgT) [18].

There are different references for the value of the disso-
ciation energy D¢y of a coronene molecule from a coronene
cluster. Theoretical calculations have shown that coronene clus-
ters prefer stacked structures with a binding energy of about
1 eV [19]. Experimentally, the enthalpy of sublimation from bulk
coronene of 1.41eV per molecule is known [20]. The cluster
value is presumably smaller since many molecules are weaker
bond on the surface of the system. The experimental value of
the binding energy of a coronene molecule on a graphite sur-
face of 1.15eV [21] to 1.25eV [22] gives another approximate
value. The value for D¢, of around 1.2 eV is therefore reason-
able for neutral coronene cluster. This corresponds to a value
of about Tevap,cor =590K and an evaporative ensemble energy
Eevap,cor =2.0€V. A coronene cluster, which is heated by colli-
sions or a laser up to this values, evaporates molecules within
some microseconds until its temperature drops below Teyap cor
or the whole cluster is evaporated. The boiling point Ty, of bulk
coronene is at 798 K.! This is another rough upper limit for the
evaporative ensemble temperature [16].

Teyap.cor is smaller but quite close to the melting point Tiel
of bulk coronene. The ratio of melting and boiling points Thej
for bulk coronene is relatively high. There is no big temperature
gap between melting and boiling. This is typical for bulk- and
cluster-vdW systems [23]. Since Tel¢ and Teyap of a cluster are
usually reduced compared to the bulk melting and boiling, there
are two possibilities. Either the cluster melts under heating just
before evaporation, or, even more probable, it sublimates the
molecules from the solid phase without melting.

InFig. 1 avertical dotted line indicates the evaporative ensem-
ble temperature. Obviously the cluster starts to evaporate at a
temperature far below the ®p of the coronene molecules. One

! Data sheet of Sigma—Aldrich C8, 480-1.
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Fig. 2. Calculated temperatures of clusters with decreasing size resulting of
a successive evaporation steps. The fragmentation cascade starts with a Corjg
cluster and an excitation energy of one photon (4 eV) per molecule. The plot uses
the bulk caloric curve shown in Fig. 1 and D¢or = 1.2 €V. Thermalization of the
evaporated molecules in internal and external degrees of freedom is assumed
and a kinetic energy release of (6/2)kgT. The cluster temperature only drops
slowly. While the starting temperature of 850 K is far below the fragmentation
threshold of the coronene molecule (see Section 2.2.3) the trimer still has a
temperature above the evaporative ensemble (indicated by the dotted line). By
each evaporation between Corjo and Cors the rate, estimated by Arrhenius’ law,
drops by a factor of about 2. The slight flattening of the curve in the step from
5 — 4 at 713 K is due to the solidification of the particle.

third of the vibrational coronene modes are not yet active. Nev-
ertheless, most of the inner energy in the cluster is stored in
the coronene molecules and only 15.2% in the intermolecular
modes. For this reasons a coronene cluster forms an unusual
evaporative ensemble. In an atomic system the evaporative
ensemble is reached when about 10-20% of the dissociation
energy is stored per atom in the cluster [24]. Therefore the num-
ber of evaporated atoms after excitation is limited, the inner
energy and temperature drops with every evaporation remark-
ably. When on the other hand a coronene cluster becomes hot
enough to evaporate within the time window of the experiment,
it carries already more inner energy than necessary to evapo-
rate the cluster entirely. The coronene molecules buffer most
of this energy. Therefore a single evaporation step reduces the
cluster’s temperature and its evaporation rate much less than in
case of an atomic cluster (see Fig. 2). For the same argument
coronene clusters evaporate entirely down to the monomer, if
they are exited too strongly. As shown in Fig. 2 a Corjg clus-
ter with one 4 eV-photon per molecule evaporates down to the
dimer. With 5 eV per molecule it entirely evaporates down to the
monomer. The same happens to Corgg with 8 eV and Corgog with
12 eV per molecule. The inverted fragmentation chain shows: a
Coryg cluster that appears in a mass spectrum can be a fragment
of Corsp with 4.2 eV excitation energy per molecule, of Corgg
with 5.1 eV or of Corgpg with 8 eV per molecule. Clusters that
appear in the spectra have therefore very probably absorbed in
average less than two photons per molecule.

The concept of evaporative ensemble is based on the rapid
drop in rates of successive evaporation steps clusters. Therefore
it has certain limits for the cluster size, where the dependences
of the precise time window and the original excitation energy
becomes more important [25]. Due to the big heat capacity of
the molecule a coronene cluster reaches its limits earlier than an
atomic system.

2.2.2. Evaporative ensemble of the charged coronene
cluster

The bonds between neutral coronene molecules are of van
der Waals type. As a vdW-cluster the electrical conductivity
between neighboring units is very low. Like a rare gas cluster
the coronene will therefore localize its charge. But unlike to
a rare gases atom that entirely changes its character by charg-
ing and therefore forms chemically bond cores of two to four
atoms inside the vdW-cluster [26], the big coronene molecule
can buffer a charge without necessarily forming chemical bonds
to its neighbors. It is therefore reasonable to guess the charge
as being localized on one single coronene molecule. The charge
of the molecule could cause strong additional interactions of
the neighboring coronene dipoles with the charge and therefore
strongly amplify the binding and therefore Teyap cor Of a charged
cluster. Since no experimental or theoretical data are available
predictions of the evaporative ensemble cannot be made. How-
ever, the problem only concerns very small clusters, where the
evaporating coronene molecules are direct or indirect neighbors
of the charged center. With increasing cluster size the effect
vanishes due to a bigger distance of the evaporating coronene
molecules from the charged center.

2.2.3. Evaporative ensemble of the single coronene
molecule

At temperatures above Teyap cor Only chemically bond units
of the clusters like the coronene molecule itself can endure a
period of several microseconds. However, after evaporating all
vdW-bond subunits the coronene itself can be heated further
until it reaches its own evaporative ensemble limit, which is
given by the emission of hydrogen or carbon units. The low-
est fragmentation channel is here the evaporation of hydrogen
atoms [27,28] that are bond with Dy =4.5 eV. The correspond-
ing evaporative ensemble temperature Teyap,H is about 2200 K
calculated with a Gspann factor G of 23.5 and still 1700K in
case that G is 31 like for of C60 [17]. The stability of different
PAH molecules including coronene has already been studied
experimentally. An evaporative ensemble energy of 10.6 eV has
been found for a time window of 10~%s [29]. Based on the
caloric curve (Fig. 1) this corresponds to 7= 1800 K. The single
molecule has to absorb three photons of 4 eV before it starts to
evaporate H within 100 ws. For better comparison we transform
this values into the 10 ps time range by using the Arrhenius
law (Section 2.2.1): Teyap,H = 2000 K, Eeyap g =12 €V. Note, that
evaporative cooling at that high temperature already is in con-
currence to radioactive cooling by IR emission.

As shown in Fig. 1 there are well-separated temperature
regimes for the coronene loss from a coronene cluster and for
H loss from a coronene molecule. While a coronene cluster
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with 2eV inner energy per molecule already starts to evapo-
rate coronene, it needs 10—14 eV for a H-evaporation. A cluster,
which has enough time to thermally distribute its inner energy
before fragmentation, will therefore not evaporate hydrogen
from a molecule before the last vdW bond unit has left the clus-
ter. However, in case of non-thermal activation with a laser or a
high-energy collision, the cluster could nevertheless reach a non-
equilibrium state, in which single coronene molecules are hot
enough to evaporate hydrogen while the intermolecular modes
are still too cold to break. It implies a weak coupling of the inner-
and intermolecular modes in the coronene cluster. This is not
very probable, since the softest modes of the coronene molecule
are the off-plane modes [10] like the butterfly mode that should
couple well to the intermolecular modes. Let us assume that
this non-equilibrium state could be reached in an intensive laser
field and some coronene molecules could evaporate H before
the cluster thermalizes and evaporates. If the dangling C-bonds
of the dehydrogenated coronene molecules reacted fast enough
intermolecularly, the system could form chemically bond com-
plexes that resist the fragmentation. The simplest forms of those
complexes are n-coronene molecules that are connected by C—C
bonds formed by the dangling bonds after a partial dehydrogena-
tion [30]. Due to the missing H-atoms they have masses slightly
smaller than n x 300 amu.

3. Experimental set-up

Coronene clusters are produced in a gas aggregation source.
Coronene powder (Sigma—Aldrich C8, 480-1) is thermally evap-
orated from a fused silica crucible (85-240°C) into a liquid
nitrogen cooled He-atmosphere at 10-20 mbar. The coronene
vapor condenses to clusters and thermalizes in the helium gas
with the aggregation chamber at 77K ((a) in Fig. 3). The first
coronene monomer signal is detectable at 85 °C oven temper-
ature. After aggregation the cluster embedded in the helium
pass though a thermalization stage (d) with variable tempera-
ture (77-500 K). The duration of stay in the thermo stage is
500 ps.

A focused excimer laser pulse (XeCl) irradiates the neutral
clusters in vacuum after their separation from the helium buffer
gas by differential pumping ((c) in Fig. 3). The laser wavelength
of 308 nm (4.02¢eV) is close to an UV resonance of coronene
[20]. Upon absorbing photons, the coronene is electronically
excited. The electronic excitation couples to the vibrations of
the coronene molecule and finally to the whole cluster. It ejects
subunits in consequence. The high vacuum precludes any fur-
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Fig. 3. A schematic experimental set-up: see text for description. The aggrega-
tion chamber (a) is liquid nitrogen (77 K) cooled. For ionization serves either
a discharge in the evaporation and clustering region of the coronene (b) or a
focused laser in vacuum after differential pumping (c). The thermalization cham-
ber (d) serves to regulate the cluster temperature between 77 and 700 K.
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Fig. 4. Mass spectrum of laser ionized coronene clusters Cor;* to Corps*. The
diffuse background as well as some peaks with reduced resolution corresponds
to clusters fragmentations within the spectrometer. The main peaks beside the
coronene clusters are due to Benzo[ghi]perylene at 276 amu, which is an impu-
rity in the sample. The inset shows an expansion of the Corg peak, with the
isotopic distribution due to '3C (triangles).

ther interaction, collision or chemical reaction between different
clusters or background gases during or after the laser excitation.
Evaporated subunits cannot condense back onto any cluster. The
clusters are completely decoupled from environment and are
forming here a microcanonical ensemble. All species detected
after laser excitation, are products of the complex fragmentation
process. Finally areflectron time of flight mass spectrometer [31]
analysis the positively charged cluster ions. A coronene mass
spectrum is shown in Fig. 4. The main peak series corresponds to
coronene. The diffuse background is due to evaporations within
the time of flight in the spectrometer.

4. Results
4.1. Lost hydrogen atoms as thermometer

When the 4 eV excimer laser ionizes the coronene molecules
in vacuum there is always a certain percentage of molecules
with lost hydrogen atoms. Under normal experimental condi-
tions about 25% of the detected ionized molecules have lost
hydrogen, in average 2 atoms. Reducing the laser power reduces
the H-loss but also the ionization probability and therefore the
ion-intensity. Even at the sensitivity limit of the spectrometer
the H-loss cannot be entirely suppressed at this photon energy.
Increasing the laser power by additional focusing enhances the
H-loss und finally induces even pronounced carbon loss (Fig. 5).
Following the caloric curve shown in Fig. 1 and assuming a
thermal emission of H-atoms (Eeyapy =12 €V, Dy of 4.5eV and
IE 7.21eV [32]) it turns out that 25% of the ionized coronene
molecules have been excited by 24 eV or six photons.

Even under high laser power coronene clusters have
been observed. But compared to the monomer, the dehy-
drogenation of coronene clusters is strongly suppressed
(Fig. 6). A lower limit for the suppression ratio is given by
[1(298)/1(300)1/[1(598)/1(600)] > 220, where I(m) is the inten-
sity at given mass m in atomic units. The ratio is limited by ionic
background and sample impurities (Section 4.4). This shows
that there is a difference in the maximal temperature that is
reached in free coronene molecules and in those that are embed-
ded in a cluster. The clusters cool themselves very efficiently
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Fig. 5. The coronene molecule (300, 301, 302 amu) after strong laser excitation:
a laser power that leads to a mean number of more than three hydrogen atoms
(upper figure) excides a small percentage of molecules strong enough to produce
charged fragments with many lost carbon atoms (lower figure).

by coronene evaporation even during the laser pulse of 10ns.
The single coronene molecules in the cluster therefore do not
reach sufficiently high temperatures to evaporate hydrogen. This
implies a relative fast coupling from the coronene vibrations
to the intermolecular modes of the cluster: It has to be fast
enough to compensate the heating by the multi photon absorp-
tion during the laser pulse of 10ns. Using the Arrhenius law
(Section 2.2.1) one finds that the cluster temperature had to be
increased by about a factor of 2 from the evaporative ensem-
ble to reach an evaporation rate of about 1ns. Based on this
estimation the coronene evaporation limits the cluster tempera-
ture during the laser excitation to about 1200 K even if several
photons per coronene molecule are absorbed in average. While
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Fig. 6. Mass spectraof therange of n x 300+ 10ton x 300 + 4 amu withn = 1-6.
The intensities above n x 300 correspond to the isotopic distribution due to the
presence of 3C. The peaks below 300 amu belong to dehydrogenation of the
monomer.

the free coronene molecule strongly fragments under this con-
ditions, the dehydrogenation of coronene in a cluster is strongly
suppressed. Additional to the evaporative cooling the ionization
probabilities enhance the temperature difference between of the
clusters ions and the singly charged molecule (see Section 4.2).

4.2. The ionization

The coronene molecule has a first ionization energy IE of
7.21eV [32]. At least two of the 308 nm-photons are therefore
necessary to ionize one of the molecules. Since the electron
phonon coupling in the molecule is much faster than the dura-
tion of the laser pulse of 10ns, the second photon has to be
adsorbed before the energy of the first photon is transferred
into vibrations. This strongly enhances the number of necessary
photons. The majority of coronene ions that are shown in Fig. 6
adsorbed more than six photons (Section 4.1). On the other hand
all molecules in the cluster pass though the same laser field and
it has been figured out in Section 2.2.1 that the neutral coronene
molecules do not absorb more than one or two 4 eV-photons per
molecule. Otherwise the clusters evaporated entirely down to
the monomer before they could be detected. The solution of this
apparent contradiction is the small ionization probability. Even
if the mean photo absorption probability is one per molecule,
there are still 0.5%o of the coronene molecules that absorb six
or more photons.? If only those are ionized und thus detected,
the average of ionized coronene molecules is much hotter than
the invisible neutrals. Assuming an original size of 50 neutral
coronene molecules per cluster this correspond to 2.5% ioniza-
tion probability per cluster. Absorbing in average one photon
per molecule Corsg evaporates down to about Corj; before the
rate drops below time window of the machine.

No double-charged species have been found. This supports
the interpretation of a low ionization probability, but it could
also be due to coulomb explosions of multiply charged clusters,
since the system is weakly bond.

4.3. Stability of neutral coronene clusters

To test their stability, coronene clusters are produced in the
aggregation chamber. After passing through the thermalization
chamber they are ionized by the excimer laser and analyzed in
the mass spectrometer. When now the thermalization chamber is
heated above 470 K the clusters are evaporated during their stay
of 500 s in the thermalization stage. The cluster signal vanishes
in the spectra and only the monomer remains. The clusters reap-
pear when the temperature falls again below the critical value.
Neutral coronene clusters evaporate coronene within the dura-
tion of stay in the chamber at that temperature. Nevertheless, it
is only a lower limit for the evaporative ensemble temperature
Tevap,cor Of coronene clusters. First, the duration of stay in the
thermalization chamber is by a factor of 50 longer than the 10 s,

2 This calculation is based binomial distribution and assumes independent
absorptions. It is a rough estimate, since the photo absorption cross-section
changes by every excitation step.
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which correspond to the evaporative ensemble. The influence of
the time window to Teyap is not strong due to the logarithmically
relation (Fig. 2), but it causes nevertheless a reduction of the
measured temperature limit by 65 K. Furthermore it cannot be
excluded that at 470 K there are still some small clusters, which
endure the stay in the heat bath. They might not appear in the
spectra, since they are destroyed by the laser excitation after
leaving the thermalization chamber. On the other hand bigger
clusters have to evaporate not only one but many molecules at
470 K within the thermalization time to appear as monomer in
the spectrum. By variation of the source conditions the influence
of the original cluster size has been studied and considered in the
error bar. Including the correction due to the time window the
experimental values for Teyap cor is 535 = 50 K. Using a Gspann-
factor of 23.5 this corresponds to Dcor =1.09 £0.15 eV, which
accords roughly with the expectations in Section 2.2.1.

4.4. Impurity accumulation by the evaporation process

Under certain cluster source conditions intensive additional
peaks appear beside the coronene clusters in the spectra [8]. The
coronene powder, which has been used for the experiments, con-
tains below 3% impurities.> The masses of those correspond to
the additional peaks that appear in the coronene cluster spectra.
However, the observed impurity intensities often exceed the 3%
limit. Their yields strongly depend on the cluster source param-
eters: high oven temperatures, long aggregation tube and high
helium pressure are standard parameters to increase cluster size.
In the experiments described in this paper they mainly increase
the appearance of impurities on the small cluster ions, while it is
very difficult to shift the cluster ion intensity to bigger masses.
Due to the strong fragmentation (Section 2.2.1) the monomer is
always dominating the spectra (Fig. 1).

All detected clusters ions result from a long evaporation cas-
cade (Section 2.2.1). The bigger the original neutral cluster, the
higher the probability to build in one or more molecules of impu-
rities. In the fragmentation process after the excitation the cluster
preferentially evaporates coronene and enriches the impurities
that are stronger bond than coronene. Since the binding ener-
gies correlate with the mass of the PAH molecules [33], those
that are bigger than coronene are accumulated. The longer the
fragmentation path is, the more impurities appear in the spectra.
This observation is independent of the type of excitation. The
fragmentation process can either be induced by the laser or by
the heat bath of He-gas in the thermalization chamber at around
500 K (Fig. 3 (d)). The evaporation during the 500 s in the heat
bath leads to the same ensemble of accumulated products as by
the laser.

An alternative explication for the intensive additional peaks
has been discussed in Section 2.2.3 and [8]. Based on a
pronounced non-equilibrium during the laser excitation the

3 Data sheet of Sigma—Aldrich C8, 480-1. Some of the used samples have an
additional pollution with Benzo[ghi]perylene at mass 276 that exceed the 3%.
Its appearance in the spectra is additionally enhanced due to a vapour pressure
that is higher than coronene [20].

coronene molecules in the cluster could evaporate hydrogen
and react intermolecularly. However, for the appearance of
those peaks the non-equilibrium is obviously not necessary,
since the cluster evaporation by the heat bath leads to the
same products. That the heat bath induces reactivity just as the
laser with the same ensemble of products is not probable. Any
coronene—coronene reaction, which could occur at 500K in a
free cluster within 500 ws, should occur just as well in a macro-
scopic sample. By contrast, it has been found that a macroscopic
coronene needs temperatures above 600 °C to pyrolyse on a
minute time scale [30]. Coronene is stable enough to endure
even hours at 460 K without intermolecular reactions in the oven
of the cluster source. Furthermore no pronounced dehydrogena-
tion of coronene molecules in clusters has been found after laser
excitation (Section 4.1) and finally, the most probable reaction
products, the n-coronenes (Section 2.2.3), are missing in the
spectra (Fig. 6).

The intensive additional peaks are therefore only due to the
enrichment of impurities in the evaporation process and not to
intermolecular reactivity in the cluster. If intermolecular reactiv-
ity occurred at all under our experimental conditions it is entirely
superposed by the accumulated impurities.

5. Conclusion

The fragmentation of coronene clusters and molecules occur
in two well-separated energy and temperature regimes. The neu-
tral coronene clusters eject coronene molecules on the 500 s
time scale at a temperature of 470 & 50 K. This corresponds on
the 10 ws time scale Teyap,cor =535+ 50K or to an evapora-
tive ensemble energy of 1.8 +0.17eV per coronene molecule
and a dissociation energy Dcor = 1.09 £ 0.15 eV. By contrast to
atomic systems the total binding energy of the coronene cluster
is smaller than its inner energy at the evaporative ensemble. This
causes long evaporative chains even after moderate excitations.
Although 1/3 of the inner degrees of freedom in the coronene
molecule are frozen at Teyap,cor, most of the inner energy is
stored in the vibrational modes of the coronene molecule and
only 16.7 & 1% in intermolecular modes.

The coronene molecule starts to evaporate hydrogen on the
10 s time scale at temperatures around Teyap, g = 2000 K or with
an inner energy of 12 eV. Compared to the evaporative ensemble
of the coronene cluster this is a factor of 4 in temperature or a fac-
tor of 6 in energy. The corresponding thermodynamic regimes
are well separated and cannot mix in equilibrium. The pro-
nounced fragmentation of the detected ionic coronene molecules
indicates a low ionization probability. Ionized are only those
molecules that adsorbed by chance an exceptional high number
of photons.

Even during the 10ns of multi-photon excitation by the
focused excimer laser at 308 nm the temperature equilibration
inside the cluster is fast. A cluster dominantly ejects vdW-bond
units while isolated molecules in the same laser field are heated
sufficiently to dehydrogenate and denature entirely. The rea-
son is the big energy gap between the binding of a coronene
molecule to the cluster and the binding of hydrogen to the
coronene molecule. By increasing the size of the PAH molecules
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in the cluster this gap could be closed. Most likely dehydro-
genation and intermolecular reactions could also be induced in
a coronene cluster by a higher laser power. Higher photon ener-
gies could also influence the result, but exceeding the ionization
potential the photons will rather ionize the coronene molecules
than heat them sufficiently to eject hydrogen atoms. A reso-
nant excitation of the C—H bond by monochromatic light [34]
could probably also dehydrogenate the coronene molecules in
the cluster and induce coronene—coronene reactions. Another
possibility to enhance the probability of intermolecular reac-
tions is increasing the cluster size. If the cluster was big enough
to cage evaporated and damaged molecules, reactions between
them become probable. The reactivity observed by the products
of UV-laser ablation experiments from bulk coronene [30] is
related to such processes. However, such mechanisms can bet-
ter be studied by bulk experiments than in a free cluster. No
cluster specific effects can be expected. Under our experimental
conditions the absorbed photon energy is dominantly used for
evaporation of vdW-bond subunits from the coronene clusters.
The resulting evaporative cooling effectively protects the single
PAH-molecules from dehydrogenation.

References

[1] H. Richter, J.B. Howard, Prog. Energy Combust. Sci. 26 (2000) 265.
[2] A. Keller, R. Kovacs, K.-H. Homann, Phys. Chem. Chem. Phys. 2 (2000)
1667.
[3] PT.A. Reilly, R.A. Gieray, W.B. Whitten, J.M. Ramsey, Combust. Flame
122 (2000) 90.
[4] M. Frenklach, Chem. Eng. Sci. 40 (1985);
M. Frenklach, H. Wang, in: H. Bockhorn (Ed.), Soot Formation in Com-
bustion, Spinger-Verlag, Heidelberg, 1994.
[5] L.J. Allamandola, D.M. Hudgins, S.A. Sandford, Astrophys. J. 511
(1999) L115;
K.-W. Chan, T.L. Roellig, T. Onaka, M. Mizutani, K. Okumura, I. Yama-
mura, T. Tanabé, H. Shibai, T. Nakagawa, H. Okuda, Astrophys. J. 546
(2001) 273.
[6] W.B. Latter, Astrophys. J. 377 (1991) 187.
[7]1 A.P. Jones, A. Tielens, D.J. Hollenbach, Astrophys. J. 469 (1996) 740.
[8] Ph. Bréchignac, M. Schmidt, A. Masson, T. Pino, P. Parneix, C.
Bréchignac, Astron. Astrophys. 442 (2005) 239.
[9] R.A. Alberty, M.B. Chung, A.K. Reif, J. Phys. Chem. Ref. Data 18
(1989) 77.
[10] J. Krumhansl, H. Brooks, J. Chem. Phys. 21 (1953) 1663.
[11] J.S. Chickos, W.E. Acree Jr., J.F. Liebman, J. Phys. Chem. Ref. Data
28 (1999) 1535-1673;
J.S. Chickos, P. Webb, G. Nichols, T. Kiyobayashi Pei-Chao Cheng, L.
Scott, J. Chem. Thermodyn. 34 (2002) 1195-1206.
[12] M. Schmidt, R. Kusche, B.V. Issendorff, H. Haberland, Nature 393
(1998) 238.

[13] M. Schmidt, R. Kusche, W. Kronmiiller, B.V. Issendorff, H. Haberland,
Phys. Rev. Lett. 79 (1997) 99.

[14] G.A. Breaux, C.M. Neal, B. Cao, M.F. Jarrold, Phys. Rev. Lett. 94
(2005) 173401.

[15] C.E. Klots, J. Chem. Phys. 83 (1985) 5954;

C.E. Klots, Nature 90 (1989) 1492;
C.E. Klots, Z. Phys. D 21 (1991) 335.

[16] M. Schmidt, T. Hippler, J. Donges, W. Kronmiiller, B.V. Issendorff, H.
Haberland, P. Labastie, Phys. Rev. Lett. 87 (2001) 203402.

[17] K. Hansen, E.E.B. Campbell, J. Chem. Phys. 104 (1996) 5012.

[18] The Arrhenius law is used here as an upper limit. The real rate of a
free cluster will always increase sub-exponential with energy due to the
influence of the activation energy and the finite number of degrees of
freedom. Note, that no important change of entropy as a phase transition
should fall into the extrapolated temperature range;

W. Forst, Theory of Unimolecular Reactions, Academic Press, New
York, 1973.

[19] M. Rapacioli, C. Joblin, P. Boisse, Astron. Astrophys. 429 (2005) 193.

[20] J.J. Murray, R.F. Potter, C. Pupp, Can. J. Chem. 52 (1974) 557, http://
chrom.tutms.tut.ac.jp/JINNO/DATABASE/2 1 coronene.html.

[21] N. Karl, Ch. Giinther, Cryst. Res. Technol. 34 (1999) 243.

[22] R. Zacharia, H. Ulbricht, T. Hertel, Phys. Rev. B 69 (2004) 155406.

[23] M. Moseler, J. Nordiek, Phys. Rev. B 60 (1999) 11734.

[24] C. Bréchignac, P. Cahuzac, J. Leygnier, J. Weiner, J. Chem. Phys. 90
(1989) 1492.

[25] K. Hansen, U. Naher, Phys. Rev. A 60 (1999) 1240.

[26] PJ. Kuntz, J. Valldorf, Z. Phys. D 8 (1988) 195;

Z.Y. Chen, B.D. May, J.A.W. Castelman, Z. Phys. D 25 (1993) 239;
R. Kalus, I. Paidarova, D. Hrivnak, P. Paska, F.X. Gadea, Chem. Phys.
294 (2003) 141.

[27] X. Guo, H.L. Sievers, H.F. Grutzmacher, Int. J. Mass Spectrom. 185-187
(1999) 1.

[28] S.P. Ekern, A.G. Marshall, J. Szczepanski, M. Vala, Astrophys. J. 488
(1997) L39.

[29] H.W. Jochims, H. Baumgirtner, Learch, Astrophys. J. 512 (1999)
500.

[30] Ch. Joblin, Ch. Masselon, P. Boissel, P. de Parseval, S. Martinovic, J.-F.
Muller, Rapid Commun. Mass Spectrom. 11 (1997) 1619.

[31] T. Bergmann, T.P. Martin, H. Schaber, Rev. Sci. Instrum. 60 (3) (1989)
347,

T. Bergmann, T.P. Martin, H. Schaber, Rev. Sci. Instrum. 60 (4) (1989)
792;
T. Bergmann, T.P. Martin, H. Schaber, Rev. Sci. Instrum. 61 (10) (1990)
2585.

[32] D. Schroder, J. Loos, et al., Helv. Chim. Acta 84 (2001) 1625.

[33] As a measure for the relative binding energies the vapor pressures can be
used. They have been investigated in an independent experiment with an
evaporative source without clustering. For some selected vapour pressure
values of different PAH molecules see [20];

A.B. Macknick, J.M. Prausnitz, Ind. Eng. Chem. Fundam. 18 (1979)
3438;
For a model description see;
A. Gavezzotti, G.R. Desiraju, Acta Crystallogr. B 44 (1988) 427.
[34] V. Buch, Astrophys. J. 343 (1989) 208.


http://chrom.tutms.tut.ac.jp/jinno/database/21coronene.html

	Coronene cluster experiments: Stability and thermodynamics
	Introduction
	Coronene cluster thermodynamics
	Caloric curves of coronene molecule, cluster and bulk
	Evaporative ensembles
	Evaporative ensemble of the neutral coronene cluster
	Evaporative ensemble of the charged coronene cluster
	Evaporative ensemble of the single coronene molecule


	Experimental set-up
	Results
	Lost hydrogen atoms as thermometer
	The ionization
	Stability of neutral coronene clusters
	Impurity accumulation by the evaporation process

	Conclusion
	References


