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Motivated by their importance in chemistry, physics, astronomy and materials science, we
investigate routes to the formation of large polycyclic aromatic hydrocarbon (PAH)
molecules and the fullerene C60 from specific smaller PAH building blocks. The
behaviour of selected PAH molecules under electron (using transmission electron
microscopy, TEM) and laser irradiation is examined, where four specific
PAHs—anthracene, pyrene, perylene and coronene—are assembling into larger
structures and fullerenes. This contrasts with earlier TEM studies in which large
graphene flakes were shown to transform into fullerenes via a top-down route. A new
combined approach is presented in which spectrometric and microscopic experimental
techniques exploit the stabilisation of adsorbed molecules through supramolecular
interactions with a graphene substrate and enable the molecules to be characterised
and irradiated sequentially. Thereby allowing initiation of transformation and
characterisation of the resultant species by both mass spectrometry and direct-space
imaging. We investigate the types of large PAHmolecule that can form from smaller PAHs,
and discuss the potential of a “bottom-up” followed by “top-down” mechanism for
forming C60.
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INTRODUCTION

There is widespread interest in planar aromatic and fullerenic carbon macromolecules, and in
transformations between these molecular forms. The significance of these structures extends across
organic, environmental, combustion, biomedical and materials chemistry, and, particularly in the
context of this paper, carbon quantum dots (Tian et al., 2018; Yan et al., 2019; Semeniuk et al., 2019),
and the chemistry and physics of these molecules in astronomy (Tielens, 2013). Polycyclic aromatic
hydrocarbon (PAH) molecules were first suggested to be of importance in an astronomical context
by Donn (1968) and are now known to be present in numerous astrophysical environments (Tielens,
2008; Tielens, 2013). The C60 molecule, discovered serendipitously in experiments motivated by
astronomical questions (Kroto et al., 1985), has been found in a wide range of astronomical sources
from planetary nebulae to young stellar objects and the interstellar medium (see references in Roberts
et al., 2012; Berné et al., 2015a; Berné et al., 2015b; Maier and Campbell, 2016; Linnartz et al., 2020).
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In this paper we report electron- and photon-promoted self-
assembly experiments in which small planar aromatic molecules
ranging in size from anthracene (C14H10) to coronene (C24H12),
adsorbed on a graphitic surface, are exposed to an electron beam
or laser radiation, in which chemical evolution to form larger
PAHs and C60 is probed by transmission electronmicroscopy and
mass spectrometry. We first briefly review “top-down” and
“bottom-up” supramolecular pathways to carbon
macromolecule formation.

In respect of “top-down” formation, high-resolution TEM has
revealed that nm-sized flakes of graphene can transform into C60

as a result of high energy electron beam (e-beam) irradiation
(Chuvilin et al., 2010). This occurs through loss of carbon atoms
from the graphene edge, resulting in the formation of pentagons
which is considered to be an essential step in folding the planar
structure to form a fullerene cage. The mechanism proposed
included calculated energies of the required intermediates and
revealed stability of the fullerene structure to be the overall
driving force in the formation process (Chuvilin et al., 2010).
Comparison between the TEM results and conditions in the
interstellar medium led to a proposed “top-down” C60

formation mechanism involving UV photo-processing of large
PAH molecules, which are known to be ubiquitous in space
(Berné and Tielens, 2012; Tielens, 2008). The “top-down”
mechanism in this case involves UV-photolysis-initiated
dehydrogenation of PAHs containing approximately 70 carbon
atoms to form small graphene flakes (Goroff, 1996), loss of a
carbon atom, followed by pentagon formation within the
structure. This has been explored theoretically in a study
carried out to calculate IR spectra of intermediates in the
fullerene formation process to make comparison with IR
interstellar emission features (Galué, 2014). This top-down
model is supported by laboratory studies that have revealed
photofragmentation patterns of large PAHs (>60C atoms)
which are consistent with the formation of C60 (Zhen et al.,
2014). Recent modelling of the conversion of circumovalene
(C66H20) to C60 suggests that only PAH molecules with
between 60 and 66 carbon atoms may be of practical
significance for the formation of C60 in the NGC 7023 nebula
due to the extended timescale required for loss of C2 units in the
shrinking of larger structures (Berné et al., 2015a).

The “bottom-up” formation of large PAHs/quantum dots and
C60 from smaller molecular precursors has received increasing
attention recently from both terrestrial and astronomical
perspectives through both gas and surface reactions. For
generation of large PAHs on non-metallic surfaces, approaches
include thermal fusion of coronene (Talyzin et al., 2011) and
pentacene (Ishii et al., 2011), soft X-ray irradiation of pentacene
(Heya et al., 2020), and oligomerization of dehydrogenated PAHs
deposited as cations from the gas phase (Weippert et al., 2020). In
respect of fullerene formation, this route is supported by
experimental observation of C60 formation during the
pyrolysis of PAHs (Taylor et al., 1993; Osterodt et al., 1996),
laser pyrolysis of hydrocarbons (Ehbrecht et al., 1993; Armand
et al., 1997) and laser desorption ionisation (LDI) of triphenylene
in an experiment that combines LDI with ion-mobility mass
spectrometry (Han et al., 2016). Gas-phase formation of large

PAHs includes conversion of ionic pyrene clusters under laser
irradiation (Zhen et al., 2018), and pyrene-dicoronylene and
hexabenzocoronene-anthracene equivalents (Zhen 2019; Zhen
et al., 2019). Separately, isolable quantities of C60 have been
synthesized in 12 steps from commercially available starting
materials, finally proceeding via a molecular polycyclic
aromatic chlorine substituents at key positions which forms
C60 when subjected to flash vacuum pyrolysis at 1,100°C (Scott
et al., 2002).

In this work we investigate the fate of small PAHs under
experimental laboratory conditions in which C-H bonds are
broken photochemically or by electron impact; ionisation of
the samples may also occur. Our approach builds on the
previously reported ChemTEM methodology of encapsulating
molecules in nanosized carbon test tubes and simultaneously
initiating and interrogating molecular reactions using a beam of
electrons as a local-probe/local-stimulus simultaneously
(Skowron et al., 2017). Herein, we explore a low-dimensional
material, graphene sheets, as a nano-sized petri dish, to connect
PAH molecules with the macroworld, i.e., hold them in place on
the TEM grid (Markevich et al., 2015; Mirzayev et al., 2017), and
utilise both local (e-beam) andmacro-probes (a beam of photons)
to investigate the chemistry of PAHs. PAHs have affinity for
graphene (Björk et al., 2010; Dappe et al., 2015) and readily form
stable supramolecular complexes (e.g., PAHs adsorbed on
graphene by π - π interactions), which allows us to study the
molecules both by TEM and by matrix-assisted laser desorption/
ionisation time-of-flight mass spectrometry (MALDI-TOF MS).
This combined approach enables the correlation of data from the
local-probe and bulk-probe analysis methods for the first time,
and reveals important aspects of the molecular polycondensation
process, including intermediate species, and determine
mechanistic details linking specific molecular precursors with
formation of large PAHs and C60. In addition, our new
methodology was designed and implemented to utilise both of
the aforementioned experimental techniques to enable
characterisation of species and initiation of reactions within an
identical location of a sample, so that transformation processes
and molecular speciation could be carried out at each step of the
experiment.

RESULTS AND DISCUSSION

Electron-Beam Irradiation of PAHs
TEM is a useful tool for probing transformations of carbon
species with a vacuum chamber pressure of approx.
10−12 mbar and high-energy electrons to initiate
transformations. It has been shown by Chuvilin et al. that
under these conditions graphene flakes can undergo
transformations that result in the formation of fullerene
molecules (Chuvilin et al., 2010). However, in our study
irradiation by the electron beam of TEM was carried out on
discrete PAH molecules, rather than non-uniform flakes of
graphene, in order to initiate and monitor transformations of
these molecules, and hence to elucidate the processes, including
fullerene formation, that occur. In these experiments, the
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electrons can transfer sufficient energy to remove hydrogen
atoms from PAHs (Chamberlain et al., 2015) and promote
rearrangement of carbon atoms, while imaging these induced
transformations as they are occurring.

A full description of all experimental procedures and materials
is provided in the Supplementary Material. TEMwas carried out
on the PAH molecules anthracene, pyrene, perylene and
coronene. These molecules were supported on few-layers
graphene—to dissipate any ionisation and heating effects
caused by the e-beam—and then irradiated by the e-beam in
TEM for approximately 30 min, with images taken periodically at
intervals of 1.5 min (on average). Under these conditions,
chemical transformations are driven by the momentum of the
fast electrons which is transferred directly to the atoms within the
molecules (Supplementary Material). All experiments were
performed using a 100 keV e-beam and a dose rate of
approximately 109 e− nm−2 s−1, under which conditions the

knock-on damage experienced by the PAH molecules leads
predominantly to ejection of their hydrogen atoms
(Chamberlain et al., 2015). The PAH molecules are left with
very reactive carbon radical sites at their edges; these react quickly
via dimerisation or cross-coupling reactions, to create new C-C
bonds, culminating in the formation of PAH “oligomers.” These
can be thought of either as larger PAH molecules, or as small
graphene-like flakes (sp2 islands). The formation of oligomeric
species is seen to occur for all four PAH samples (see
Supplementary Material for a complete set of time series
images for each PAH, and videos), with the example of
perylene being given in Figure 1A. In this figure, the initial
frame of the time series shows no defined structures, whereas in
the final frame well-defined shapes with dark, high-contrast edges
can be seen, indicating the formation of discrete new molecular
species on the carbon surface. These species increase in size over
the duration of the experiment (Supplementary Table S1),

FIGURE 1 | (A)HRTEM time series of images showing the transformation from a spatially undefined starting sample of perylene (at 10 s) to well-defined “islands” or
oligomers (570 s) and fullerene structures adsorbed on surface of graphite support. White arrows indicate examples of newly formed, stable oligomers and black arrows
show fullerene structures. (B) HRTEM images showing the evolution of PAH oligomers, resulting from the irradiation of coronene over a time period of ∼60 s. As a guide;
coronene structures are overlaid the micrographs in the zoomed-in inserts. (C) HRTEM showing an example of fullerene structure (see zoomed-in region), formed
as a result of prolonged irradiation of coronene, alongside a line profile plot showing the structure to have a diameter comparable to C60 (0.8 ± 0.1 nm).
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suggesting addition to, rather than fragmentation of, the original
molecule; hence, this supports the idea of growth and formation
of PAH aggregates and “oligomers.” The influence of the e-beam
on the molecules and oligomers is seen due to the changes in the
shapes of the structures that are observed. This is demonstrated in
Figure 1B, which shows the example of coronene under the
e-beam, and the change in shape of one of these structures over
time. For illustrative purposes the structures of a number of
coronene molecules are depicted over the TEM micrograph; in
this way shapes seen in the micrograph can more easily be
visualised as individual molecules or oligomers. After
prolonged e-beam irradiation examples are seen in which the
more circular PAH oligomers appear to have “rolled” up to form
fullerene-type structures, in a manner similar to the process
described by Chuvilin et al. (2010). We propose that under the
conditions of our experiments the structure of the PAH oligomer
is crucial as to whether it can be transformed into C60 over time,
for example conversion of the collinear coronene species shown
in Figure 1B to C60 would involve a large number of C-C bond
breaking events and thus is unlikely to occur (see Supplementary
Section S6 for full details). Figure 1C shows an example of a
fullerene structure formed during the e-beam exposure of
coronene. This has a measured diameter of ∼0.8 nm, which is
comparable to the diameter of C60 (c.f. the crystallographic
diameter of C60 � 0.71 nm, see Liu et al., 1991). Similar
fullerene structures are also observed for perylene, as
highlighted in Figure 1A, Supplementary Figure S3. It is
important to note that irradiation of control samples in which
blank graphite substrates were present showed no evidence of the
formation of PAH oligomers or C60 (see Supplementary
Material for details).

The PAH oligomers formed as a result of these
transformations are found to be stable, as demonstrated by
their long lifetime under the e-beam. There are a number of
published examples in which PAH molecules are seen to
polymerize in this way under the electron beam in TEM
experiments (Talyzin et al., 2011; Fujihara et al., 2012; Botka
et al., 2014). For example, the commonly seen transformation of
coronene to dicoronylene can happen on the coming together of
two coronene molecules, having ejected one or more hydrogen
atoms, with the driving force being the formation of a new stable,
six-membered ring between the two, and the overall conservation
of planarity and aromaticity in the final molecule. In this way, it
can be seen how bottom-up construction of larger PAHs, or PAH
oligomers, can be a facile process under these irradiation
conditions.

UV Irradiation of PAHs
Many of the transformations likely to occur in the ISM are
initiated by the irradiation of molecules with UV photons or
high-energy cosmic rays. Hence, the photo-processing of PAHs,
with a focus on fullerene formation, was investigated using a
source of UV photons. MALDI-TOF MS is traditionally used to
characterize molecules and identify molecular structures and
causes little damage to the sample as it uses low UV laser
fluence to vaporize and ionise the molecular species. However,

FIGURE 2 |Mass spectra resulting from UV laser irradiation at high laser
fluence (∼2,600 mW cm−2) of; (A) anthracene, (B) pyrene, (C) perylene and
(D) coronene. Proposed structures of the species present are illustrated
above the corresponding m/z peaks.
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if the fluence of the UV laser is increased, it can be used as a
source of UV photons which are capable of initiating
transformations within a sample. UV irradiation of pyrene was
carried out for a range of values of laser fluence; at low laser
fluence the mass peak for pyrene (m/z � 202) dominates, whereas
at higher fluence heavier molecules form and are detected (for
mass spectra see Supplementary Figure S5).

A thin layer of each of the four PAH samples was drop-cast
onto a stainless steel sample holder, inserted into the vacuum
chamber (10–7 mbar) and irradiated using the Nd:YAG laser
(355 nm, 5 ns) of the MALDI-TOF mass spectrometer. The
laser fluence was varied between ∼2,000 and ∼2,600 mW cm−2,
which equates to a “dose rate” (comparable to that of the e-beam
in TEM) of ∼34,000–∼44,000 hν nm−2 s−1 (see Supplementary
Material for full details). In each case, experiments carried out at
low laser fluence showed the presence of the corresponding
molecular ion peaks only, indicating simply that the PAH
molecules were being vaporised and ionised, as in the example
of pyrene described above. At higher laser fluence the resultant
mass spectra revealed the formation of larger structures; major
peaks are seen at two or three times the mass of the individual
PAH, minus a number of mass units. These are assigned to PAH
oligomer structures formed through C-C bond formation
following the loss of hydrogen atoms; this hydrogen atom loss
accounts for the unit mass deficit that is observed. Similar
irradiation-induced formation of PAH oligomers, specifically
from coronene to form larger coronene oligomers, has been
reported (Joblin et al., 1997). Figure 2 shows the resultant
mass spectra following high laser fluence (∼2,600 mW cm−2)
irradiation of (A) anthracene, (B) pyrene, (C) perylene and
(D) coronene, and includes proposed structures of the
oligomers formed above their corresponding mass peaks.
Descriptions and m/z values of the PAH molecules and
oligomers are given in Supplementary Table S2. The
formation of oligomeric PAH structures under these
conditions is expected to occur due to the loss of hydrogen
atoms on the periphery of the PAH. This is similar to the
process when the sample is irradiated under the e-beam of
TEM; the loss of a hydrogen atom results in the formation of
a reactive carbon radical, which can react with a neighbouring
molecule to form a new C-C bond. It is important to note that a
MALDI-TOF experiment with a blank graphite substrate showed
no evidence of the formation of PAH oligomers or C60

(Supplementary Material for details).
In addition to the formation of PAH oligomers, irradiation

of coronene and perylene also resulted in a distinctive signal
at 720 m/z (Figure 2), corresponding to the fullerene C60. The
formation of C60 from the irradiation of PAHs is important in
relation to the question of C60 formation in astrophysical
environments, since, while not altogether surprising
considering the experimental conditions under which the
molecule was discovered, this is a clear transformation
solely from PAH precursors of defined initial structure.
The results of this paper show, as demonstrated by mass
spectrometric measurements and direct-space imaging, that
fullerenes are able to form from PAHs under both UV and
e-beam irradiation.

Fullerene Formation
As the PAHs investigated here have fewer than sixty carbon
atoms, and considering the facile formation of PAH oligomers, it
is probable that C60 formation occurs as a result of shrinking, via
the ejection of C2 units and hydrogen atoms, of PAH oligomers
that contain at least sixty carbon atoms. An astrophysical
“bottom-up” followed by “top-down” mechanism can
therefore be envisaged, involving the aggregation of the initial
PAH molecules to form oligomers, followed by ejection of a
number of atoms and rearrangement of bonds to produce the
stable fullerene structure. With this in mind, the mass spectrum
peaks corresponding to ≥60 C atom oligomers of perylene and
coronene were examined more closely in order to determine the
precise masses and probable structures of these molecules, and to
elucidate the products of intermediate mechanistic steps.

Figure 3 shows the mass spectrum resulting from theMALDI-
TOF MS irradiation of perylene, in addition to proposed
mechanistic steps involved in the formation of C60. A
corresponding figure, and discussion, involving coronene is
given in the (Supplementary Figure S14). The mass spectrum
of Figure 3 shows a distribution of peaks that are separated by
two mass units, of which the largest peak falls at m/z � 744. This
peak is assigned to the perylene trimer, labelled 1 in Figure 3. N.B.
Less compact, “linear” trimer species were also considered as
candidates but no conceivable structure matched the molecular
masses observed in the MS. Proposed structures responsible for
additional peaks in the distribution (m/z � 742, 740, and 738) are
labelled 2, 3 and 4 respectively. These structures result from the
loss of two hydrogen atoms, at so-called “fjord” positions in the
oligomers, followed by the formation of a new C-C bond, driven
by the instability of the carbon radicals that result from the initial
hydrogen loss. This process provides a route for the formation of
a pentagon at that position, which is a significant step as it
introduces curvature into the previously planar molecule; this has
been discussed by Mackie et al. (Mackie et al., 2015) for
dehydrogenated PAHs in an astrophysical context.

The final mechanistic steps in Figure 3 show examples of the
H atom loss, C-C bond formation, and rearrangement processes
that lead to the fullerene molecule. Molecule 4 has no remaining
“fjord” positions in the structure; however, if H atom loss
occurred at the “bay” positions indicated in the figure,
subsequent C-C bond formation would result in the creation
of a strained four-membered ring. To stabilise this, a C-C bond
has been highlighted that could undergo a Stone-Wales
rearrangement (Stone and Wales, 1986) resulting in the
formation of the structure labelled 5. From there, there are
two additional positions at which this H-loss, C-C bond
formation and Stone-Wales rearrangement sequence can
occur. The result of completing these steps at both positions is
structure 6. Between 6 and 7, three potential Stone-Wales
rearrangements are highlighted, the results of which would
yield a structure that contains only five- and six-membered
rings and with a curved shape which can then “zip-up” to
form a fullerene molecule (8).

The mechanistic steps proposed here may not be exact, nor
can the precise order of steps be determined, especially within the
suggested H-loss, C-C bond formation and Stone-Wales

Frontiers in Chemistry | www.frontiersin.org June 2021 | Volume 9 | Article 7005625

Gover et al. PAHs to Fullerenes

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


rearrangement sequence that occurs a number of times. However,
support for steps of this nature is given through the evidence seen
in the detection of species by mass spectrometry. It is certainly the
case that C60 is an extremely stable molecule, due to its lack of
edges, and as such it is feasible that the loss of one or more
hydrogen atoms from the edge of a PAH oligomer, and the
subsequent bond formations and rearrangements, would initiate
a thermodynamically driven process of which the end result is the
most stable molecule, under the irradiation conditions, i.e., a
fullerene.

The fact that C60 forms only in the case of coronene and perylene is
noteworthy, and suggests a dependence on the structure of the initial

PAH, or of the oligomers that are formed. An analogous result was
obtained for triphenylene by Han et al. (2016) though their
mechanistic interpretation differs and is focused on the “zipper”
mechanism involving the rapid, concerted formation of 12
pentagon rings in one step between two overlying PAHs as
advanced by Homann and co-authors. The “zipper” mechanism is
based principally on topological considerations and mass
spectrometric observations of hydrocarbon rich, sooting flames
(Baum et al., 1992; Ahrens et al., 1994). However, such a
mechanism does not explain our MS observations which reveal
intermediate, discrete PAH oligomers which sequentially lose pairs
of H atoms in individual steps. This could potentially be due to the

FIGURE 3 | Section of themass spectrum (Figure 2C) resulting fromUV irradiation of perylene (top) and our proposedmechanistic steps based on theMALDI-TOF
data and chemical intuition, showing the transformation from the perylene trimer to C60. The ring sizes of key parts in the structures are shown in red, and the rotated
bonds and newly formed bonds are highlighted in blue and yellow respectively.
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nature of the energy source in our experiments, with the use of
electrons or UV photons resulting in a much more stepwise
mechanism compared to a thermally driven processes.

In both mechanisms the ability to form pentagons appears to be a
key aspect in the propensity of a PAH to formC60. However, pentagon
formation could also in principle occur for oligomers of anthracene
and pyrene, and not only for coronene and perylene. In the case of
anthracene, the highest mass oligomer that is detected following
irradiation corresponds to C28H16, and if no oligomers with more
than sixty carbon atoms are formed, then they cannot “shrink” to
form the fullerene molecule. Pyrene, however, forms an oligomer that
is detected in MS and is assigned to C64H22 (m/z � 790), so it appears
that another structural aspect is important. The lack of C60 formation
could be due to the “compactness” of the PAH oligomer following the
“bottom-up” stage of the process, or it could be related to the
symmetry of the oligomer; both perylene and coronene trimers
have a C3 axis of rotation perpendicular to the plane of the
molecule, whereas the pyrene tetramer has a C2 axis of rotation in
this position. Interestingly, experiments in which an equimolar
mixture of pyrene and coronene are irradiated reveal the
formation of both discrete PAH oligomers consisting of fragments
of both species and C60 implying the structure of the PAHs is
important, see Supplementary Material for full details.

Combined Transmission Electron
Microscopy and MALDI-TOF MS
Experiments
An experimental methodology was designed to initiate and
characterize PAH transformations sequentially in order to

FIGURE 4 | Schematic illustration of the “probe-stimulus-probe” format in which an area of coronene deposited on a TEM grid is characterized using low-dose
TEM, and then irradiated using the UV laser of MALDI-TOF MS to initiate transformations within the sample. Finally, the irradiated area is characterized again, using the
locators on a TEM finder grid, to view the results of the induced transformations and determine the nature of any products formed.

FIGURE 5 | TEM micrographs (A) of a sample of coronene before and
after laser irradiation using MALDI-TOF MS. Boxes highlight fullerene
structures seen following laser irradiation along with a magnified example
illustrating the diameter of the structure (0.7 ± 0.1 nm). The mass
spectrum resulting from the UV irradiation of the sample (B) shows the
oligomer structures assigned to major peaks, along with the detection of C60.
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confirm the resultant products using both microscopy and mass
spectrometry. Figure 4 shows a schematic illustration detailing
the steps involved in this “probe-stimulus-probe” arrangement.

A sample of coronene was supported on a graphite flake,
deposited on a TEM finder grid and imaged by TEM using a low
dose (∼106 e− nm−2 s−1) of electrons and minimal exposure time
to avoid transformations induced by the e-beam. The PAH
sample on the grid was then irradiated with the UV laser in
MALDI-TOF MS at high laser fluence (∼2,600 mW cm−2); the
resultant mass spectrum showed coronene oligomers and C60.
Finally, the irradiated area of the sample was reanalysed using low
dose TEM to assess the effect of the UV laser irradiation. TEM
micrographs obtained within the UV irradiated area of the
sample reveal the formation of a number of fullerene
structures not observed prior to UV irradiation. Figure 5
shows the results of this experiment, and includes the TEM
micrographs obtained before and after the high laser fluence
irradiation of the coronene sample, along with the mass spectrum
acquired as a result of the MALDI-TOF MS (middle) part of the
experiment. In addition, the sample showed far greater stability
under the e-beam following UV irradiation, with structures
appearing relatively static and less susceptible to e-beam-
induced transformations. This indicates that the fullerene
structures seen in the “after” image are in fact fullerene cages,
and not remaining PAH molecules of the same diameter; if this
were the case then the same sequence of peripheral hydrogen loss
leading to formation of higher mass oligomers would be seen.

This experimental format can in principle be reversed, so that
low laser fluence MALDI-TOF MS is used as the initial “probe,”
to characterize the sample before and after irradiation, and high
dose TEM is used to initiate transformations within the sample.
Experiments of this type are not presented here, however, due to
difficulties regarding the difference in the size of the irradiated
area in TEM and MALDI-TOF MS.

CONCLUSION

The existence of PAHs and fullerenes in the ISM is well established,
but transformation mechanisms linking these molecules are not well
understood. In this study we have demonstrated that under harsh
laboratory conditions (UV laser or e-beam irradiation), medium-sized
PAHs do not disintegrate, but assemble into larger carbon structures
via the loss of hydrogen atoms and the condensation of reactive radical
species into larger aromatic molecules with ≥60 C atoms. These
undergo transformations, forming closed carbon cages —
fullerenes — which are thermodynamically the most stable form
of carbon at the nanoscale.

Detailed study of the molecular species in MS has shed light on
mechanisms of PAH conversion to C60. Mechanistic steps are
proposed in which the initial irradiation-induced loss of hydrogen
atoms leads, via carbon radical-containing species which react with
neighbouringmolecules, to the formation of large planar oligomers. A
second “top-down” step involves H atom loss, C-C bond formation,
and rearrangements such as Stone-Wales within the planar oligomers
which promote the formation of pentagonal rings, and the subsequent
rolling up of the structure to form fullerene cages. Notably, for the

cases considered here, high-energy ejection of a carbon atom is not
required to form a pentagonal ring as is the case for zig-zag-edged
graphene (Chuvilin et al., 2010).

An experimental strategy developed in this study enabled the
use of MALDI-TOF MS and TEM as triggers of PAH
transformations at high dose rates of UV laser or e-beam, or
as analytical tools—monitoring molecular weights in MS or
molecular size in TEM imagery, respectively. The cross
correlation of microscopy and mass spectrometry
measurements, performed here for the first time, reveals that
PAHs grown from coronene and perylene undergo major
transformations leading to the formation of C60 fullerenes
while pyrene and anthracene under the same conditions form
large oligomers but no fullerenes.

Our laboratory observations indicate that high-energy
radiation (UV or fast electrons) triggers chemical
transformations in PAHs similar to those proposed under
interstellar conditions, and therefore this work provides
significant support for the hypothesis that PAH molecules can
be precursors to fullerene formation in the ISM. Detailed, step-
by-step mechanisms have been proposed that reveal the nature of
key intermediate steps within the fullerene formation process
from large PAH molecules, and these reflect examples of the
mechanistic steps that may be expected in the formation of C60 in
interstellar environments.
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