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Abstract The whole process following collisions of polycyclic aromatic hydrocar-
bons (PAHs) with high energetic protons is modeled and compared to the exper-
imental mass spectrum, allowing to propose a coherent scenario. Fragmentation
of cationic pyrene C16H+

10 is extensively studied by molecular dynamics simula-
tions obtained by computing the electronic structure at the Self-Consistent-Charge
Density Functional based Tight Binding (MD/SCC-DFTB) on-the-fly. An atomic
model is used to quantify the energy transfered to the target after proton impact,
and assuming fast internal conversion for the produced cations. From this model,
after ionisation, the molecules show a broad distribution of internal energy with
a rough exponential decrease. This distribution is used as an input for further ex-
tensive MD/SCC-DFTB simulations. The good agreement between experimental
and theoretical spectra globally validates the SCC-DFTB potential, the wide dis-
tribution of fragments corresponding to statistical dissociation. The scenario for
both the internal energy deposited distribution and the fast internal conversion
assumption is validated. Using these assumptions, dissociation is shown to occur
within a few hundreds of picoseconds. Moreover, adjusting the experimental mass
spectrum with the theoretical spectra obtained for the various internal energies
nicely returns the distribution modeled from the atomic contributions, reinforcing
the coherence of the global approach. This study lays the foundations for fur-
ther synergistic theoretical and experimental studies that will be devoted to other
PAHs and prebiotic molecules of astrophysical interest.
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1 Introduction

Polycyclic Aromatic Hydrocarbons (PAHs) are organic compounds composed of
multiple aromatic carbonaceous rings edged by hydrogen atoms. Interest for PAHs
in the astrophysical community arose in the mid-eighties as a PAH population
was proposed as the carrier of the Aromatic Infrared Bands (AIBs) [24,1], a set of
mid-IR emission bands [18] ubiquitous in the InterStellar Medium (ISM). However,
despite a longstanding synergy between astronomical observations and laboratory
investigations, no specific PAH molecule has yet been identified [21]. In fact, one
of the reasons for the identification problem may come from the competition be-
tween IR emission, isomerisation and dissociation (see ref. [12] for instance). More
generally, the investigation of energetic processing of astroPAHs is currently an
important research topic as it can significantly impact the physics and chemistry
of the ISM [44]. In this respect, efforts are currently made, both experimentally
and theoretically, to probe the possible relationship between astro-PAHs and re-
cently observed simple aromatic potential precursors such as benzonitrile[28], or
carbonaceous molecules such as fullerenes, C60 [7,42] and C+

60 [3,8]. Another cur-
rent area of active research is the investigation of the potential catalytic role of
astro-PAHs in the formation of small carbonaceous molecules and H2 [37,2,5], the
most abundant molecule in space. The present paper fits into this general astro-
physical context.

Astro-PAHs are admitted to survive most of time in their ground electronic
and vibrational states. However, as various sources of energy exist in the ISM,
they may receive a large amount of energy, depending on the ISM region. For
instance, in molecular clouds, the vicinity of a star creates regions where the pho-
tophysics governs the chemical and physical processes. In these regions known as
PhotoDissociation Regions (PDRs), a PAH can absorb photons up to 13.6 eV
(higher energy photons being absorbed by ubiquitous hydrogen atoms). To inves-
tigate PAH photodissociation in such regions, UV-visible photodissociation exper-
iments complemented with static DFT reactions paths’ computations and RRKM
(Rice-Ramsperger-Kassel-Marcus) unimolecular reaction rate theory modeling to
derive rates constants for the most important processes have been achieved [55,57,
56]. This approach allows to treat long timescale events assuming statistical pro-
cesses and usually with harmonic description of vibrational states. In principle,
all isomerisation and dissociation channels should be included in the calculation,
which can lead to a very complex mapping of the potential energy surface (PES),
as illustrated in the case of the smallest PAH, napththalene [46]. In other environ-
ments of the ISM such as the vicinity of a massive star, PAHs may collide with
energetic atoms ejected from the star [43,54] while, in shock wave regions, PAHs
are exposed to highly energetic collisions [30,29]. To mimic these high energy colli-
sions, experiments, often complemented with molecular dynamics (MD)/force field
(FF) simulations, have been achieved (see for instance [17,15,47,48,58,10,23,27,
34]).

Simulating experiments requires the computation on-the-fly of millions of sin-
gle point energies and gradients to achieve statistically converged simulations.
Although this is out of reach with MD/DFT approaches, extensive MD/FF sim-
ulations enable the description of long time events. The disadvantage of such ap-
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proaches is that reactive force fields such as the AIREBO potential [49,32], are
very complex and not always transferable. The lack of description of electronic
structure may also result in missing some structures/events while the treatment
of charged effects is prevented. Unlike combined DFT/RRKM approaches, no hy-
pothesis on the possible structural evolution is needed and the anharmonic effects
of the PES are naturally included. A way to achieve extensive simulations intro-
ducing explicitely the electronic structure is to use an approximate DFT-scheme
such as Density Functional based Tight Binding (DFTB) approach [33,41,11]. The
limitation of such an approach is that simulations can hardly be achieved for more
than one nanosecond for a PAH as large as coronene (C24H12) for instance [45].
As a result, events occurring at longer timescale are unfortunately ignored.It may
be noted that in the case of PAHs for which a variety of isomerisation reactions
and dissociation pathways are expected [51,52], even at low energy, MD/DFTB
simulations allow to provide insight into reaction mechanisms [35] that can be fur-
ther probed with more accurate approaches. For instance, MD/DFTB simulations
have recently allowed us to probe the dissociation mechanisms and kinetics of the
dissociation product of the 1-methylpyrene cation in relation to Infrared multiple
photon dissociation (IR-MPD) experiments [22]. Besides, in a similar context as
that of the present work, MD/DFTB simulations were carried out to rationalize the
effect of the hydrogenation degree on the dissociation pathways of hydrogenated
pyrene cations [16].

In this paper, we compare the theoretical and experimental mass spectra result-
ing from the dissociation of cationic pyrene C16H

+
10 induced by 100 keV protons.

The calculated mass spectrum is obtained from extensive MD/DFTB simulations
whereas the experimental mass spectrum is measured from high energy particle
collision experiments. Although tens of eV are typically deposited in the PAH by
proton collision, a rapid and effective internal conversion is assumed, supported by
the probable occurence of numerous conical intersections, expected in PAHs[20,
50]. This internal energy is therefore given in the form of vibrational excitation in
the PAHs, which remains in its electronic ground-state. Theoretical and experi-
mental approaches are detailed in section 2. The results are reported and discussed
in section 3.

2 Methods

2.1 Experimental set up

In this subsection, we briefly describe the experimental set up that allowed us to
obtain the experimental spectrum of the pyrene dissociation at high energy, which
the theoretical spectrum is compared to.
The SWEET (Stellar Wind and Electron interactions on astrophysical molecules.
Experiment and Theory) experiment studies the interactions between particles
from stellar winds and isolated molecules that may be present in the circumstellar
medium, such as PAHs. The experimental set up includes a pulsed kHz proton
accelerator, coupled to a time of flight mass spectrometer (also pulsed) synchro-
nized with the incident protons. The pyrene molecules are produced in their gas
phase by a oven heated at around 150 ◦C. The working pressure is of the order of
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10−8 Torr. The low molecular density of the jet and the low proton density per
pulse (typically a few thousand protons per pulse) guarantee a low probability of
interaction for each pulse (less 1 over 1000). The occurence of a ionization event
is due to a unique collision between a single isolated molecule and a single proton.

For each event, the mass or masses of the cation(s) produced as the result of
the ionization of the pyrene molecule are determined by their flight times. The
total mass spectrum of the produced cations is then obtained by summation over
all individual events. A more precise description of the experimental setup is given
in refs. [9,10]

2.2 Modeling of energy deposit

In this subsection, we describe the model used to determine the amount of de-
posited energy in the pyrene molecule, which will be used as initial energy distri-
bution for the MD/DFTB simulations. It consists in evaluating the energy lost by
the proton and transfered to the target molecule.

Experimentally, for 100 keV protons on pyrene, we respectively observe about
72%, 25%, 3% single, double and triple ionization without fragmentation. The cor-
responding vertical ionization potentials are 7.43 eV, 18.4 eV, 38.8 eV, the double
and triple ionization potentials being evaluated using the MP2 approach in con-
junction with a 6-31G basis set. As singly charged species are largely dominant,
this study will be devoted to singly charged cations.

The energy lost (Eploss) by the proton is distributed between the ionization
potential (IP ), the kinetic energy Te− of the emitted electron and the rest is
shared to the molecule as ’Excitation energy’ E∗ via electronic excitation :

Eploss = E∗ + Te− + IP (1)

Rudd et al. [40] have experimentally established that the energy distribution
of the emitted electrons from direct ionization in collision process on atomic target
follows an exponential decay :

P ∝ exp(−αE/
√
εiT ) (2)

with α, a constant depending on the target, E the energy of the emitted elec-
tron, εi the ionization potential of the target, and T the kinetic energy corre-
sponding to an electron having the same velocity as the incident projectile. This
empirical law, verified on molecular targets like C60 by Rentenier and co-workers
[4], indicates that if we consider only non-thermal electronic emission, the most
probable kinetic energy carried out by the emitted electron is zero. The average
of the distribution for 100 keV incident protons on carbon is around 17 eV (from
our measurement of electron spectra emitted during 100 keV proton on pyrene
collision (to be published)).
In first approximation, we can therefore consider that the contribution of Te− is
relatively low in the energy balance (1) for 100 keV protons on the pyrene. More-
over, given the single ionization potential of 7.43 eV of pyrene (main observed
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charge state after interaction), we may infer that a significant part of the energy
that can be transferred by the proton to the molecule (depending on the impact
parameter of the incident proton and the number of molecular orbitals involved in
the interaction) can contribute to ’excitation energy’ E∗, leading to the population
of an important number of excited electronic states in addition to (mainly) single
ionization of the molecule.

The electronic emission from the molecule occurs quickly. Indeed, in the case
of collision with 100 keV protons, the longest interaction time is estimated to be
τ=16 fs (8 ua) for non-thermal emission [25]. Then the electronic excited state
(if not metastable) can quickly relax by fluorescence but also by a rapid internal
energy conversion from the electronic to the vibrational states of the molecule.
The analysis of PAHs’ potential energy surfaces shows canonical intersections [20,
50], which are very efficient for fast redistribution of the energy from electronic to
vibrational states, resulting in a heating of the molecule with respect to its number
of degree of freedom (if considering equipartition of the energy): kT = E/(3N−6)
with N=26 for pyrene. In C60, such heating mechanism accounts for the mea-
sured scaling law observed for fragmentation [4]. Mass spectra were found to vary
strongly with the collision energy or velocity and the projectile. On the other hand,
they scale rather nicely with the energy deposited in the molecule.

In summary, we assume that in first approximation, a large part of the energy
loss by the proton is rapidly converted into internal energy resulting in a low degree
of ionization of pyrene but with an important internal energy before dissociation.
One of the crucial parameters for the study and simulation of pyrene relaxation
therefore lies in the amount of internal energy of the molecule after ionization
which follows the energy deposited by the projectile in the molecule.

Although it is possible to estimate it [6], the measure of the energy loss of
the incident proton is extremely difficult to perform experimentally especially for
fast protons (2 ua) since only a small fraction of their kinetic energy is actually
transferred (typically a few eV / 100 keV). Direct measurement of this fraction
directly will require the use of a very high resolution spectrometer (∆E/E ≤ 10−6)

In order to circumvent these experimental difficulties, we have developed in the
LCAR a Monte-Carlo multi-parameter impact code named ’CaspBurn’ simulating
the energy loss of the proton and thus estimating the energy deposited by the
incident projectile. This CaspBurn code is based on the calculation of the energy
loss Qe as a function of the impact parameter b of the 100 keV proton incident
on the constituent individual atoms of the pyrene molecule (16 C and 10 H),
with respect to its geometry and for impact parameters between 0 and 30 Å (see
Figure 1).

Atomic Qe(b) extracted from the CASP code [19] and presented in Figure 1 for
the diffusion of a 100 keV proton on carbon (red curve) and on hydrogen (black
curve) as a function of the impact parameter in Å.

In our experiment, although the collisions are unique and event-by-event, both
the relative orientation of the molecule with respect to the incident proton direc-
tion and the impact parameter are not known. The orientation of the sublimation-
produced molecule has therefore been considered as isotropic and the use of a ran-
dom selection to simulate the multiple possible orientations of the target molecules
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Fig. 1 Energy loss by an incident proton of 100 keV in a carbon and hydrogen atoms

is therefore necessary. Thus our code calculates the classical trajectory of the
100 keV proton through the molecule of pyrene for different orientations of the
molecule. These trajectories are considered as rectilinear since at 100 keV, the in-
teraction is mostly electronic is the deviation is negligible. For each trajectory (j)
(and orientation), the parameters bi for the N atoms of the molecule (16C and
10H) are calculated. The total energy Qj lost by the proton on its trajectory is
then deduced by interpolation of the Qe(bi) for over all the atoms:

Qj =

N∑
i

Qe(bi) (3)

The energy loss distribution by the proton dN/dE during its interaction with
pyrene, obtained by averaging over 15 millions of trajectories, is presented in Fig-
ure 2 (a) .

As expected, the distribution presents a large number of low energy events
corresponding to large impact parameters where there is no (or very little) inter-
action. The energies used for this low energy part < 2eV are much lower than
the ionization threshold of the molecule of 7.43 eV and therefore do not contribute
to the experimentally measured fragmentation spectra. There is also a secondary
maximum around 20 eV. From this distribution, it is then possible to extract the
distribution P (Eloss) of the energy lost by the proton higher than the threshold
of simple ionization of the molecule. This distribution is shown in Figure 2 (b).
Considering the assumption made that a large part of the energy deposited by
the proton over the ionization threshold contributes to the internal energy of the
molecule, this distribution was used as input data for MD/DFTB simulations in
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(a) (b)

Fig. 2 (a) Energy loss distribution (a) in counts/eV simulated from the CaspBurn code ; (b)
in logarithmic scale, for an energy greater than the pyrene ionization potential

an attempt to reproduce the fragmentation mass spectrum of the pyrene molecule.

2.3 Molecular dynamics simulations

The theoretical mass spectra were determined using the approach described here-
after: several thousands of simulations (up to 4000) of 500 ps each were carried out
in the microcanonical ensemble starting from the ground state initial geometry of
cationic pyrene. The initial energy of each simulation is randomly withdrawn from
the energy distribution obtained as explained in the previous subsection (Fig. 2),
after retrieving the ionisation potential of pyrene (taken as 7.43 eV [26]). The
simulations at a given energy differ due to the initial random distributions of the
kinetic (vibrational) energy over all the atoms of (C16H10)+. All simulations are
performed within the Born Oppenheimer molecular dynamics model, computing
the ground-state potential energy on-the-fly. The nuclei obey the classical equa-
tions of motion, integrated with the Verlet’s velocity algorithm using a timestep
of 0.1 fs.
The purpose of this work is to describe a representative sample of events so as
to insure a sufficiently statistical representation of the processes. In this context,
the Density Functional based Tight Binding (DFTB) method [33,41,11,13,14,31],
which can be regarded as an approximation of DFT with a much lower computa-
tional cost while describing explicitly the electronic structure, seems particularly
suitable for determining millions of single points and gradients along the trajecto-
ries. Regarding the dissociation of cationic PAHs, this approach has been used and
benchmarked for a series of model PAHs ranging from naphthalene to coronene
[45]. As in [45], we used in this work the second order version of DFTB, also known
as Self Consistent Charge (SCC)-DFTB [11], with the mio-set of parameters [11],
and the dispersion correction as reported in ref. [36]. We used a Fermi distribution
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(Fermi temperature of 1500 K) to determine the molecular orbital occupations in
order to avoid oscillation problems when looking for a self consistent solution, often
arising when computing SCC-DFTB energy for dissociated or close to dissociation
systems.
As only charged fragments are detected in the experiment, for each simulation,
at regular time intervals (10 ps (resp. 2 ps) in the case of the 500 ps (resp. 100 ps)
simulations), the fragments are analysed and the charge is localised on the largest
one, which is the only one kept to undergo subsequent fragmentation. We note
that this is an important approximation, all the more requiring a comparison with
experimental data to benchmark the approach. Time dependent mass spectra are
thus obtained. We may note that the theoretical approach used in the present
paper allows us to study only singly ionized species although doubly and thirdly
ionized pyrene are formed in the experiments.The results are presented and dis-
cussed in Section 3.1.

3 Results

3.1 Theoretical dissociation mass spectra and time evolution

The evolution of the theoretical mass spectra as a function of time are reported in
Figure 3. The spectrum of Figure 3 (b) was obtained with a total number of 4000
simulations.One thousand additional simulations of shorter duration (100 ps) were
achieved in order to obtain information on the evolution at shorter times, and the
resulting spectra are reported in Figure 3 (a).

The evolution of the ratios of the main fragments’ and parent ions as a func-
tion of time corresponding tho these spectra are reported in Figure 4. Form these
figures, one can clearly distinguish two regimes : fast dissociation before ∼20 ps
involving H-loss in particular, followed by sa lower dissociation regime involving
the cleavage of the carbon skeleton. As can be seen in Figure 4 (b) and (d), after
10 ps of simulation time, 37 % of the pyrene cations are fragmented, the yield
reaches 42 % after 100 ps , 44 % after 300 ps and finally 45 % after 500 ps. In the
following, we describe in details the time evolution of the dissociation spectrum.

As can be clearly seen in Figure 3 (a) and Figure 4 (a), the dehydrogenation
channel is the major one at very short times (< 6 ps). After 2 ps, peaks cor-
responding to m/z equal to 192 up to 201 ie (C16Hn)+ with (n=0-9) are formed
with abundances within 2-3 % each with the most abundant dissociation fragments
corresponding to single H loss and -2H or -H2 at 2 ps (see Figure 4 (a)). As time
increases, the peak corresponding to H loss (resp. -2H of H2) decreases up to 1.3 %
(resp. 0.8 %) at 10 ps to reach only 0.6 % (resp. 0.3 %) at 100 ps. At longer times
(see Figure 3 (b)) , m/z peaks corresponding to m/z=195 (n=3) to 199 (n=7)
Da disappear while peaks corresponding to m/z=192-194 (high dehydrogenation
degree) and 200-201 (low dehydrogenation degree) remain, however in small abun-
dances. This may indicate that cationic pyrene with intermediate dehydrogenation
degrees are more fragile or sufficiently hot to undergo subsequent dissociation with
respect (C16H9)+ or (C16H8)+, likely to be formed at lower energy and therefore
to be colder. In the case of the highest dehydrogenation degrees, all energy must
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(a)

(b)

Fig. 3 Theoretical mass spectra - normalized to the number of trajectories- obtained from
MD/DFTB simulations at different times with the energy distribution of Figure 2. The spectra
result from the average over (a) 1000 and (b) 4000 simulations.
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(a) (b)

(c) (d)

Fig. 4 Evolution as a function of time of the ratio of main fragment (left) and parent (right)
ions obtained from extensive MD/DFTB simulations, derived from the mass spectra presented
in Figure 3, (a) and (b) : ”short times” evolution, 1000 simulations, (c) and (d) : ”long times”
evolution, 4000 simulations. The m/z values are reminded besides each fragment label. The
lines joining the data points are drawn to guide the eyes.

have been taken by the leaving hydrogen atoms (or H2 molecules). Understanding
these behaviors could be the object of future studies.
At short times, the first fragment ion resulting from CC bond cleavage results
from the loss of C2H2 ((C14H8)+, see Figure 4 (a)), followed by the formation of
(C8H2)+, which becomes the most abundant fragment at 12 ps.
At longer times (see Figure 3 (b) and Figure 4 (c)), the most abundant ”large
mass” fragments (120 < m/z < 202) still correspond to (C14H8)+ (m/z=176 Da,
2 % at 500 ps). Interestingly, no molecular ion fragments resulting from CHn loss
is observed. These results are quite expected as MD/DFTB simulations essentially
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describe statistical dissociation processes that are known to lead to H and C2H2

loss in the case of PAHs, while loss of CHn would be due to a non statistical ”knock-
out” process [17]. Regarding purely dehydrogenated species (with preservation of
the C16 carbon skeleton), (C16Hn)+ with small values of n (n=0-2), remain with
a total ratio of 3 % while singly and doubly dehydrogenated species remain for
only 0.8 and 0.2 % respectively. (C16)+ also remains in small amounts. A sample
of the final geometries of these larger species is reported in Figure 5.When several
isomers are considered, the most stable ones are shown in the left column while
isomers of higher energy are reported in the right column. Interestingly, when the
H/C ratio is small, linear chains are formed whereas when the H/C ratio increases,
more compact structures are observed.

Fig. 5 Sample of of geometries of the largest cationic molecular fragments observed at 500 ps
in the MD/DFTB simulations. In case of several isomers, the geometry of the most stable that
was found in reported on the left-hand side.

As can be observed in Figure 3 (b), fragments with masses smaller than
∼120 Da are the most abundant after 10 ps. The spectrum becomes quite sta-
ble after 100 ps, with however a slight increase of the smallest masses. Among the
small masses, the most abundant ones correspond to (C6Hn)+ (n=0-6), with a
maximum for n=2, (C6H2)+ (m/z=74 Da), corresponding to 3 % of the total ions
at 500 ps (see Figure 4 (c)). As time increases, we note a slight increase of the
peak intensity corresponding to the m/z ratio of 60-65 Da, ie (C5Hn)+ clusters,
among which (C5H)+ is the most abundant and tends to increase at long times
(see Figure 4 (b)). At about 2 % ratio are found (C7H1,2)+ (m/z=85-86 Da) ,
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(C8H2)+ (m/z=98 Da) and (C9H)+ (m/z=109 Da). Below 2 % ratio are found
the smallest molecular ions: (C4Hn)+ (n=0-4) amongst which the major one is
(C4H2)+ (m/z=50 Da), and (C3Hn)+ (n=0-3) (max. (C3H)+), and finally, the
smallest one, (C2H2)+ (m/z=26 Da). Insights into the structures of these small
fragments are provided in Figure 6. When several isomers have been observed,
the most stable ones are reported in the left column while a higher energy one is
reported on the right column. As expected for small carbon clusters [53], linear
carbon chains are formed.

Fig. 6 Sample of geometries of the smallest cationic molecular fragments observed at 500 ps
in the MD/DFTB simulations. In case of several isomers, the geometry of the most stable that
was found in reported on the left-hand side.

We also determined the distribution of internal energy over all fragments ions
at 500 ps by substracting the potential energy of the optimised geometry of the
fragment ion to its final total energy at 500 ps. The results are reported in Figure 7.
We note a distribution with a maximum a low energy (∼ 2-3 eV), that decreases
down to 25 eV, indicating that few dissociation events are expected to be observed
in reasonable computational time after 500 ps during the MD/DFTB simulations.

3.2 Theoretical vs experimental mass spectra

As can be seen from Fig. 8, the computed mass spectrum at 500 ps and the ex-
perimental one - only focusing on monocationic species- are in relatively good
agreement. The comparison between the two spectra leads to the following asser-
tions :
1) The SCC-DFTB potential appears globally gives reliable results for PAHs and
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Fig. 7 Distribution of internal energy (in eV, by energy bin of 2 eV) in the fragments ions
determined at 500 ps over 4000 MD/DFTB simulations with the initial energy distribution of
Figure 2

hydrogenated carbon clusters. However, although the agreement between com-
puted and experimental mass spectra is very good, a difference can be noticed
concerning the abundances of dehydrogenated species: the abundance of singly
and doubly dehydrogenated pyrene cations in the theoretical spectra seem to be
underestimated with respect to the experimental one. This is most likely due to
the fact that loss of H is underestimated at low energy in MD/DFTB simulations
[45]. It also accounts for the differences in fragmentation yield, which is slightly
underestimated in the simulated spectrum with respect to the experimental one.
2) The experimental results are well described with a theoretical description of
dissociation in the ground electronic state with internal energy exclusively under
the form of vibrational energy (kinetic energy of the nuclei). It seems to validate
the general assertion that internal conversion is very effective and that the excited
electronic states reached by excitation either by collision or by photon absorption
rapidly decay non adiabatically to the ground-state. The non radiative lifetime
for PAH radical cations in excited electronic states is indeed expected to be very
short (less than several tens of fs [38,39]) because of numerous conical intersections,
where non adiabatic decay prevails [20,50]. It also validates the energy distribu-
tion model in which this assumption is made. On the whole, thanks to internal
conversion, the cations’ abundances do not decay by electron emission but rater
by dissociation.
3) Most dissociation events occur within a few hundreds of picoseconds, starting
from the ionized pyrene.
4) In line with the first point, a wide range of masses are observed and no loss
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of ”CHn” is found in the experiment, showing the absence of non statistic disso-
ciation (”knockout” process) that occurs at the lowest energy collision [17,15,47,
48]). This is reproduced by calculations which only describes statistic dissociation
events.

We can therefore conclude that dissociation under the present experimental
conditions involves statistical processes occurring within few hundreds of piscosec-
onds, and that these are well reproduced by the MD/DFTB simulations, also
allowing to assess the validity of the SCC-DFTB potential.

Fig. 8 Experimental mass spectrum (red) obtained after 100 keV H+ collision with pyrene (see
section 2.1) vs theoretical mass spectrum (blue) resulting from 4000 MD/DFTB simulations
of 500 ps for cationic pyrene, with the energy distribution of Figure 2 . The experimental
spectrum includes all ionisation states while the theoretical ones only includes singly charged
species.

3.3 Reconstitution of the distribution of internal energy from theoretical data

In this subsection, we propose to reconstruct the initial energy distribution from
the theoretical data in order to validate the atomic model presented in section 2.2.
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With respect to the modeling through the Caspburn code (see section 2.2), an-
other way to estimate the internal energy distribution D(Ui) of the cation before
dissociation is to reconstruct the mass spectrum obtained experimentally from the
theoretical mass spectra SDFTB(m,Ui) at a given initial internal energy Ui. Thus
the experimental mass spectrum can be written as:

Sexp(m) =

∫ ∞
Ui=0

D(Ui)SDFTB(m,Ui)dUi (4)

Indeed, starting from the individual DFTB spectra SDFTB(m,Ui), we used a
multilinear adjustment to extract the initial internal energy distribution needed
to reproduce the experimental mass spectrum. In order to have enough statistics,
a binning of the theoretical spectra in steps of δ U=10 eV was performed. The
internal energy distribution D(Ui) adjusted on the experimental spectrum (blue
histogram) is presented in Figure 9 and compared (in arbitrary unit) to the proton
energy loss distribution obtained by our Caspburn code (red curve).

Fig. 9 Energy loss distribution calculated by CaspBurn (red) vs internal energy distribu-
tion obtained from experimental mass spectrum fitted with individual DFTB spectra (Blue
Rectangle)

Although the statistic of the distribution D(Ui) is a little weak and the asso-
ciated uncertainties are important, we recover the already discussed exponential
trend obtained with Caspburn for proton energy loss distribution P(E) above the
ionization threshold. The similarity between the distribution D(Ui) and P(E) re-
inforces our hypothesis that a significant part of the energy loss by the proton
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is effectively (and rapidly) converted into internal energy by the pyrene molecule
before it dissociates.

4 Conclusion

Fragmentation of cationic pyrene has been extensively studied by MD/ DFTB sim-
ulations using a model to quantify the energy transfered to the target after proton
impact, and assuming fast internal conversion for the cations produced. The exci-
tation transfer model is based on atomic contributions while molecular effects are
neglected. From this model, after ionisation, the molecules present a wide distri-
bution of internal energy with a rough exponential decrease. This distribution is
further used as an input for the MD simulations. Thousands of trajectories are run
and the ionic fragments statistics are compared to the experimental mass spectra.
A wide range of fragments is produced, with ratios similar to experimental results
after 500 ps of simulations, with a majority of small cationic fragments going from
(C2H2)+ to (C9H)+. The larger ones result mainly from C2H2 loss.

The good agreement between experimental and theoretical spectra globally
validates the SCC-DFTB potential, except for dehydrogenation, which is due to
the underestimation of H or H2 loss at low energy in MD/DFTB. The broad dis-
tribution of the fragments corresponds to statistical dissociation, with the most
abundant remaining cations presumably being the most stable cationic molecules.
Second, it validates the scenario both for the deposited internal energy distribution
and the fast internal conversion. Finally, adjusting the experimental mass spec-
trum with the theoretical ones obtained for the various internal energies nicely
returns the distribution modeled from the atomic contributions, reinforcing the
consistency of the global approach.

Overall, from this study, a scenario emerges for the PAH excited by high energy
protons (100 keV): a wide, roughly exponential, distribution of internal energy is
deposited in the PAH, produced mainly as monocations. Internal conversion is
very fast and effective, relaxation of the vibrational energy excess leads to frag-
mentation and a wide size of ionic fragments are produced according to statistical
dissociation. This study lays the foundations of further synergistic theoretical and
experimental studies that will be devoted to other PAHs and prebiotic molecules
of astrophysical interest, including the theoretical studies of multicharged species.
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energy. 2. Ring alteration and dissociation. Mol. Astrophys. 7, 37–59 (2017)

53. Van Orden, A., Saykally, R.: Small carbon clusters: Spectroscopy, structure, and energetics.
Chem. Rev. 98(6), 2313–2357 (1998).

54. Visser, R., Geers, V.C., Dullemond, C.P., Augereau, J.C., Pontoppidan, K.M., van
Dishoeck, E.F.: Pah chemistry and ir emission from circumstellar disks. A&A 466(1), 229–
241 (2007)

55. West, B., Joblin, C., Blanchet, V., Bodi, A., Sztaray, B., Mayer, P.M.: On the dissociation
of the naphthalene radical cation: New ipepico and tandem mass spectrometry results. J.
Phys. Chem. A 116(45), 10999–11007 (2012).

56. West, B., Sit, A., Mohamed, S., Joblin, C., Blanchet, V., Bodi, A., Mayer, P.M.: Dissoci-
ation of the anthracene radical cation: A comparative look at ipepico and collision-induced
dissociation mass spectrometry results. J. Phys. Chem. A 118(42), 9870–9878 (2014).

57. West, B., Useli-Bacchitta, F., Sabbah, H., Blanchet, V., Bodi, A., Mayer, P.M., Joblin, C.:
Photodissociation of pyrene cations: Structure and energetics from c16h

+
10 to c+14 and almost

everything in between. J. Phys. Chem. A 118(36), 7824–7831 (2014).
58. Zhen, J., Castellanos, R., Paardekooper, D.M., Ligterink, N., Linnartz, H., Nahon, L.,

Joblin, C., Tielens, A.G.G.M.: Laboratory photo-chemistry of pahs: ionization versus frag-
mentation. Astrophys. J. Lett. 804(1), L7 (2015).


