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a b s t r a c t

Coalescence of fullerenes into giant fullerenes (Cn n > 100) has been observed in the gas phase and inside
carbon nanotubes. In this work, we demonstrate the formation of giant fullerenes by heating fullerene
soot. Extracting the majority of the magic number fullerenes (C60 and C70) allowed the underlying dis-
tribution of fullerenes in the solid state to be measured. Upon heating at 800e1000 �C for 30e60 min
under vacuum the mass distribution of fullerenes was found to shift toward larger masses. High reso-
lution electron microscopy was used to compare formation of giant fullerenes by thermal heating and
electron beam irradiation, showing the former produced more isolated giant fullerene fragments >1 nm
in size. The driving force for coalescence and growth by thermal heating was suggested to be vertex
strain at pentagonal sites, providing a route towards the synthesis of fullerenes up to C300.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Giant fullerenes have been observed in the earliest mass spec-
trometry studies of fullerenes. Yeretzian et al. [1] found that laser
ablation of pure C60 powder in a stream of helium produced
(C60)n¼2,3 adducts. These adducts were subsequently verified to be
coalesced giant fullerenes and not simply aggregates by collision
studies [2]. Preparation of dense clusters of C60 and bombardment
with accelerated ions or pulses of light have found similar dimers
and trimers, leading to an extended polymeric structure [3e8].

Coalescence of fullerenes has also been observed for the magic
number fullerene C60 inside carbon nanotubes, under heating or
electron beam irradiation, two C60 fullerenes or metallofullerenes
will form dimers [9,10] and then an extended structure [11,12].
Coalescence of fullerenes and nanotubes have also been observed
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in several instances, such as the formation of nanobuds from
nanotubes and fullerenes [13] and coalescence of nanotubes via
electron beam radiation [14]. Fullerene coalescence in isolated
crystals and soot has also been demonstrated using electron beam
or neutron irradiation of fullerene soot [15,16]. However many of
these products required localised sources of electron irradiation to
form and were strongly polymerised.

Magic number fullerenes constitute locally stable cages and the
process of coalescence is driven by a significant reduction in the
free energy due to a decrease in the curvature of the pyramidalised
carbons towards the graphene limit [17,18]. The production of the
large numbers of C60/C70 has been suggested to be due to the
thermodynamically dissipative, far-from equilibrium systems in
which they form. After formation of higher fullerenes the system
loses [19] (and perhaps gains) [20] C2 with magic number, sym-
metric fullerenes being produced due to their local reduced reac-
tivity compared with their neighbor cages [21].

Unlike small symmetric fullerenes, which are only capable of
holding 1e5 atoms, giant fullerenes could find applications as
containers for larger molecules or collection of small molecules
[22]. However, the controlled coalescence of small fullerenes into
large single giant fullerenes has yet to be reported in the solid state.

We present a method to produce isolated giant fullerenes via
thermal heating. By extracting C60 and C70 from fullerene soot we
reveal the underlying structure of the giant fullerene distribution
using laser desorption mass spectrometry. We then show that
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heating leads to coalescence into giant fullerenes. The mechanism
for formation and the extent to which fullerene size could be
increased are discussed.

2. Materials and methods

Arc discharge fullerene soot was purchased from Sigma-Aldrich.
Small fullerenes C60 and C70 were selectively extracted using
boiling toluene via Soxhlet extraction for 48 h prior to heat treat-
ment. Soot with C60 and C70 extracted was then placed in quartz
tubes and heated in a tube furnace. During the reaction a dynamic
vacuum of <0.1 Torr was applied to the reaction tube providing an
environment that kept the carbon vapor at a minimum. After
heating, the quartz was immediately quenched in water, which
rapidly cooled the sample to room temperature.

2.1. Mass spectroscopy

An UltrafleXtreme Matrix Assisted Laser Desorption Ionisation
Time of Flight/Time of Flight (MALDI-TOF/TOF) mass spectrometer
was used for characterising the positive ions corresponding to the
mass distribution of carbon fragments present in the solid-state
fullerene samples. Ions were produced using a nanosecond
pulsed 355 nm frequency tripled Nd:YAG laser (1 kHz repetition
rate, ~5 ns pulse duration, maximum power of 2.3 mJ, spot size of
100 mmwith a maximum laser fluence of 29.3 mJ/cm2). The Bruker
Peptide calibration standard was used for calibrating the
instrument.

2.2. Transmission electron microscopy

Soot was imaged using a high resolution Tecnai FEG20 trans-
mission electron microscope (HRTEM) with an accelerating voltage
of 200 kV and an electron beam intensity of 300 A/cm2. Soot was
prepared by suspension in ethanol and deposited onto a holey
carbon grid. The edges of the soot were imaged for fullerene frag-
ments and their sizes were analysed as described previously [23].
For the electron beam irradiation experiments, unheated solvent
extracted soot was used with an electron beam intensity of 3600 A/
cm2 to cause transformation of the material. A slow scan Ultrascan
1000 camera (Gatan, Pleasanton, CA, USA), was used to acquire
pictures with 0.5 s exposures every 30 s over 20 min.

2.3. Simulations

Electronic structure calculations were performed with the CBS-
QB3 [24] composite method in Gaussian 09, which provided ac-
curate energies through extrapolation to the basis set limit [25].
Corannulene fragments were used to describe, as an initial
approximation, the energetics of vertex strain in larger fullerenes.
Redundant internal coordinates were used to constrain the dihe-
dral angles around the central pentagon. The vertex strain energy
per carbon atom for a given fullerene size was determined from
these strained corannulene fragments, which were mapped onto a
sphere using the pentagonal carbon atoms and the next nearest
hexagonal carbons. Using the power law relationship found be-
tween the radius and carbon number in fullerenes [26], the radius
of the sphere could be correlated with a fullerene size. Sizes ranged
from C60 (with the smallest dihedral being 142�) to corannulene
(dihedral 154�). Molecular dynamics simulations were performed
using the LAMMPS software [27]. The CHO-2016 ReaxFF forcefield
was employed, which has been recently parameterised for sp2

carbon and combustion systems [28]. Low symmetry (C2) fullerenes
C62 and C82 were chosen from the Yoshida database [29] and placed
one carbon bond length apart with oxygen in various positions
described below. A Berendsen thermostat was employed to main-
tain a constant temperature of 2500 K and a time steps of 0.25 fs
was used. Visual molecular dynamics program (VMD) was used for
visualising the trajectory and a video is included in the supple-
mentary information [30].

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.carbon.2017.09.045.

3. Results

3.1. Distribution of fullerenes in the solid state

Caremust be taken in analysing the mass spectrum of fullerenes
from 3rd order Nd:YAG sources as the higher fullerenes are more
readily desorbed than smaller fullerenes, which require a higher
energy pulse such as a 9th order Nd:YAG laser [31]. This makes
comparison between the magic number fullerenes and the distri-
bution of higher fullerenes difficult and so we restrict our in-
vestigations to changes in these species separately. Another
important consideration is the laser fluence required to desorb the
higher fullerenes [32]. We explored this further in the
Supplementary, section one, but briefly, we found a negligible ef-
fect of the laser shot number on the mas spectrum, indicating fresh
material was being removed with each shot and incubation effects
were minimal (Fig. S3). Changing the laser fluence we found two
laser energy thresholds. The first >11.1 mJ/cm3 provided sufficient
energy to ionise the higher fullerenes. Increasing the laser power
did not change the position and shape of the distribution until a
second threshold was reached. This second threshold (>15 mJ/cm3)
produced small fragments from 0 to 300 m/z and caused a signifi-
cant change and increase in the mass of the distribution (Figs. S2
and S4). These small fragments have been observed in the gas
phase formation of fullerenes by Maul et al. [33]. Comparing
fullerene soot with nanocrystalline graphite (Fig. S1) we find, for
high laser fluence, similar lowmass fragment ions, however we did
not observe the C2 separated log-normal mass distribution. Indi-
cating that the conditions of laser vaporisation of carbon inside the
mass spectrometer do not favour fullerene formation from small
fragment ions and that, for the fullerene soot, the small fragments
modify the already existing fullerene distribution.

Fig. 1 compares the as-produced fullerene soot with that of the
toluene extracted fraction predominately made up of magic num-
ber fullerenes C60 and C70. Coalescence products were clearly seen
for the toluene extract (Fig. 1b) where fragments are seen around
C60 and dimers and trimers are observed. For the unextracted soot
(Fig. 1a) we find a distribution of higher fullerenes (Cn n > 70) and
overlaid evidence of similar coalescence products found for the
toluene extracted fraction of C60/C70. The laser power required to
reach the threshold to see the distribution of higher fullerenes for
Fig. 1 a) was above the second threshold (15.8 mJ/cm3) which
caused significant fragmentation of C60/C70 producing adducts
which formed dimers and trimers that obscured the underlying
distribution of higher fullerenes. We suggest that due to the large
number of C60/C70 fullerenes in the soot compared to the higher
fullerenes much of the laser power was absorbed by the magic
number fullerenes leading to unwanted fragmentation and coa-
lescence of the magic number fullerenes.

The selective extraction of C60 and C70 over higher fullerenes by
toluene has been commented on earlier and suggested to be due to
the large HOMO-LUMO gap in the magic number symmetric small
fullerenes [34]. We used this method to remove a significant frac-
tion of C60/C70 from the soot, allowing the underlying distribution
of higher fullerenes to be measured without fragmentation prod-
ucts (Fig. 2a). For themass spectrum shown in Fig. 2 the laser power
was set above the first and below the second threshold by
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Fig. 2. LDI-TOF mass spectrum of fullerene soot after toluene extraction (500 shots
11e14 mJ/cm3), a) Fullerene soot after Soxhlet extraction with toluene to remove most
of the C60/C70. Magic number fullerenes are known to be relatively stable due to
symmetry (C60, C70, C74, C76, C82 and C84) see inset. Mass spectra of heated treated
refluxed soot, 800 b), 900 c) and 1000 �C d) with heating for 1 h. The dashed line
highlights the shift in the population towards greater mass. (A colour version of this
figure can be viewed online.)

Fig. 1. LDI-TOF mass spectra of fullerene soot (500 shots 15.8 mJ/cm3), a) unextracted
soot (without C60/C70 removal) and b) toluene soluble fraction of the fullerene soot
showing extracted C60/C70. Insets from 900 to 3500 m/z show enlargements of 150 and
40 times respectively.
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monitoring the region from 0 to 300 m/z to ensure no fragments
were present which might alter the distribution. The mass spectra
shows evidence that certain fullerenes in the range C60eC84 have
higher than expected populations due to their higher symmetry
(Fig. 2a inset), which has been observed previously [4,35]. The
comb distribution of higher fullerenes separated by C2 (24 m/z),
excluding the magic number fullerenes, was found to follow a log-
normal size distribution (fexpð�logðx=x0Þ=s Þ with x0 ¼ 1457 m/
z ~ C121, s ¼ 0.30). This corroborates with the log-normal distri-
bution of the size of giant fullerenes found previously in gas phase
mass spectrometry [33] and HRTEM [23].

3.2. Temperature induced coalescence of fullerenes in the solid state

Heating the soot under vacuum led to a reduction in the ion
intensity (10 times reduction) indicating a loss of species to the
vacuum under elevated temperatures. We found for the remaining
species a shift in the mass distribution towards the higher fuller-
enes (Fig. 2bed), with the log-normal distribution fitting parameter
x0 increasing to C145, C166 and C187 for an hour at 800, 900 and
1000 �C respectively. Considering the small magic number fuller-
enes, it can be seen that their concentrations are reduced as the
distribution shifts towards the right.

From the mass spectrum of the higher fullerenes in Fig. 2 b, c
and d we find the distribution of fullerenes shifted towards higher
mass with isotope pattern suggesting integration of one, two or
three oxygen into the fullerene structure with formula Cn-1O, CnO2
and CnO3 where n is an even number (see Fig. S7 in the
supplementary information). Exposure of fullerenes to air is
known to lead to integration of chemisorbed oxygen gas into the
cage [36,37]. Using XPS we find that epoxides are the main oxygen
species in the unheated and heated sample, however there was a
reduction in the number of epoxides in favor of carbonyls in the
heated samples (CeO:C]O decreases from 5:1 to 2.6:1) (see Fig. S6
in the supplementary information).

Fig. 3 a, b and c shows HRTEM images of the fullerene soot at low
electron dose. Small circular fringe structures are observed near the
edge of the soot particles which Goel et al. identified as fullerenes
[23]. In the unheated sample fragments the size of C60 fullerene,
~0.7 nm in size, are observed which upon heating increase in size to
1.1e1.4 nm for the sample heated to 1000 �C for an hour. Comparing
a collection of fullerenes from each sample we find the suggested
size of the fullerenes from size analysis to align with the mass
spectrum of those samples (see supplementary information). Goel
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et al. also found that the size distribution of fullerene species fol-
lowed the log-normal mass distribution [23]. Some elongated
fringes are also produced, highlighted by arrows in Fig. 3 b and c,
which indicate coalesced products.

3.3. Electron induced coalescence of fullerenes

In order to compare the thermal method of giant fullerene
synthesis and electron beam irradiation, a sample of fullerene soot
with the magic number fullerenes extracted was imaged under a
high electron beam irradiation flux (Fig. 4). Within the first minute
all of the small fragments <1 nm were consumed. After 11 min, a
fullerene cage was observed to attach to a larger cage (as indicated
by a black arrow starting Fig. 4c). Over the following 9 min this
small fragment integrated into the larger structure and decreased
its curvature. Graphitic structures indicated by extended long
fringes were also found to form and overall a more connected and
polymerised structure was observed. The electron irradiation is
known to provide high energy conditions due to ionisation events
and atom ejection induced by the electron beam [38]. But unlike
ion induced coalescence where atom ejection leads to the forma-
tion of dumbbell-like agglomerates of magic number fullerene
[5,8], electron irradiation provides significant heating to the sample
allowing annealing of the structure to a greater degree than what
was seen for the thermally treated soot. This shows in-situ the
tendency of the structure to reduce its curvature through what
appear to be coalescence reactions. Electron bombardment was
found to form extended polymerised structure with no evidence of
well-defined closed fullerenes as are observed in heated samples.

4. Discussion

We suggest that the thermal treatment allows fullerenes to
coalesce on the surface of the fullerene soot. The mass distribution
shows a reduction in the magic number fullerenes C60 and C70

-indicating they are consumed, in addition to a progressive increase
in the peak of the mass distribution. The observation of large cir-
cular fringes in the electron micrographs indicates the formation of
isolated giant fullerenes. However, the role of oxygen, the driving
force for the coalescence and whether the giant fullerenes can be
extracted requires further discussion.

Odd numbered fullerene fragments such as Cn-1O indicate inte-
gration of oxygen through the loss of carbon monoxide (Cn þ O2 /
Fig. 3. Electron micrographs of fullerene soot after toluene extraction at the edge of soot p
30 min at 800 �C and c) 1 h at 1000 �C led to increases in the fullerene size two with arrows
fragments indicating fusion of two fullerenes into an elongated giant fullerene (see arrows
Cn-1Oþ CO). Epoxidation of magic number fullerenes leads to stable
cages for a few integrated oxygens and then cage opening for three
or more oxygens in various conditions [39]. Fullerenes attached to
the end of carbon nanocones have been suggested to be joined by
oxygen through a 2 þ 2 cycloaddition reaction of an epoxide and a
pentagonal ring [40]. Oxygen could be an important species
anchoring the fullerenes to the fullerene soot. As a preliminary
exploration of the role of oxygen in the coalescence, we conducted
reactive forcefield simulations using the ReaxFF forcefield. The
forcefield has been parameterised for sp2 carbon and comparedwell
with the quantum chemical DFTB method for fullerene formation
[41]. A recent parameterisation of the forcefield (CHO-2016) has
significantly improved the treatment of oxygen [28].

The first simulation consisted of oxygen reacting with the low
symmetry C62 fullerene at elevated temperature (2500 K). Oxygen
rapidly broke the pentagonal CeC bond forming two carbonyl
groups. Interconversion to the epoxide then led to loss of carbon
monoxide after 90 ps. This followed the reactionmethods proposed
for C60 ozonation but with the loss of CO as opposed to carbon
dioxide [42].

At high temperatures the carbonyl interconverts to the epoxide
radical (Fig. 5 v) with the later allowing for reaction with other
cages. In the second molecular dynamics simulation we use this
bonded C82 and C61O dimer and observe coalescence over 2.5 ns
(Fig. 5c initial geometry). The carbonyl oxygen was found to be the
more predominant species during coalescence. This matches elec-
tronic structure calculations for the odd numbered C59O - finding
the carbonyl to be more stable than the epoxide [43]. The increase
in the carbonyl fraction for the heated soot seen in the XPS further
suggests heating integrates oxygen as protruding carbonyl struc-
tures. The coalescence occurs rapidly due to the initial bridged
structure. The dominant transformation seen was a rotation of C2
by 90� (Stones-Wales transformations) which was the main
mechanism found for non-oxidised carbon cages [44]. The change
from a peapod structure to a spherical structure is known to take on
the order of microseconds as the Stones-Wales transformation has
a high energy barrier [45]. Observation of elongated fullerenes
structures in the electron microscopy of heated soot suggest that
these oxidised fullerenes can coalescence into closed structures.
Further work is needed to understand the many possible ways
oxygen can be integrated into fullerenes and whether oxygen can
catalyse the coalescence as has been found in mass spectrometry
[46].
articles. a) Small completely closed fullerenes are seen ~0.7 nm in size. Heating for b)
being 1.15 nm and 1.36 nm along their longest axis. There is also an asymmetry to these
). All images were taken at the same scale.



Fig. 5. Reactive molecular dynamic simulations a) Oxygen integration into fullerene structure. b) Upon heating the structure it was found to open and form an epoxide bridge
leading to a reactive carbon radical. c) Initial geometry for the coalescence of the C82 and C61O dimer. Intermediates with carbonyl structures were found d) and integration of
oxygen in epoxide structures was also observed e). (A colour version of this figure can be viewed online.)

Fig. 4. Electron micrographs of unheated fullerene soot after toluene extraction (without C60/C70) under electron beam irradiation (3600 A/cm2) for 0, 1, 11, 14, 16 and 20 min a)-f)
respectively. Scale same for a)-f) with scale bar 2 nm.
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As the coalescence dynamics observed are similar to non-
oxidised fullerenes proceeding through C2 rotation with the oxy-
gen not taking a primary role in the coalescence we consider the
driving energy for the coalescence to be due to reducing strain in
the carbon lattice. It is well known that the pentagon site is the
most reactive and often the site of initial cage opening in nanotubes
[47], with a link found between reactivity and strain for small
fullerene bowls (buckybowls) [48]. In the case of coalescence, the
breaking of the pentagon CeC bond is the crucial step in allowing
fullerenes to coalesce. In order to study the impact of strain on the
reactivity of the pentagon carbon atoms the buckybowl cor-
annulene was chosen. Corannulene is the simplest curved aromatic
structure with a single pentagonal ring surrounded by five hexag-
onal rings. The internal strain of corannulene can be measured by
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the angle it deflects from a planar trigonal sp2 carbon, the pyr-
amidalisation angle, which for corannulene is qP ¼ 8.2� increasing
to qP ¼ 11.6� for C60 [18]. As the reaction class is the same and only
the strain is varied we suggest the Bell-Evans-Polanyi principle can
be applied where the activation energy trends for the bond
breaking may be estimated from the reaction enthalpies with this
initial bond breaking allowing a comparison of reactivity between
fullerene cages. We calculated the change in energy as a function of
the pyramidialisation angle by scanning the dihedral angles as a
constrained redundant coordinate (varied between 142� and 154�).
Then, by mapping this to the curvature of the (assumed) spherical
corresponding fullerene, we were able to determine the increased
energy due to the strain at the pentagon site (see supplementary
information for further details). The energy of the corannulene
fragment was found to increase considerably (40 kJ mol�1), during
constraining of the pentagon (Fig. 6). With an inset showing the
delocalised p-bonding, molecular orbital. With increasing pyr-
amidalisation there was a decrease in the electron density of p-
bonding network as the carbon bonds take on more of a sp3

character.
To determine whether the vertex strain could account for the

size of fullerenes observed we developed a kinetic model to
describe the gas phase dimerisation observed in Fig. 1b. For full
details of the kinetic model see the supplementary information, but
briefly we assume the reaction proceeds with second order ki-
netics, that is, first order in both reactants in a coalescing pair. The
Fig. 6. Geometry and molecular orbital for strained corannulene with dihedral angles
a) 142� and b) 154� . The delocalised p molecular orbital HOMO-21 (B3LYP 3-21G, 0.02
isovalue) is plotted as a cut plane through half of the geometry and from the top
without the cut plane for the a) strained and b) unstrained structures showing the
reduction in delocalisation of the p bonding. c) CBS-QB3 energy per carbon atom as a
function of carbon fullerene number for a strained corannulene fragment mapped to a
fullerene size. (A colour version of this figure can be viewed online.)
size dependent rate constant of coalescence was determined from
the change in vertex strain energy DRH, which we propose is lin-
early related with the activation energy Ea for coalescence ac-
cording to the Bell-Evans-Polanyi principle as the reactions are all
of the same class but with varying degrees of vertex strain
(Ea ¼ aDRH þ b; a ¼ 0:8 and b ¼ 230 kJ=mol). For simplicity, pre-
exponential factors are assumed constant and identical (being
10�9 L mol�1 s�1). Coalescence of C60 with some fragmentation
products was used as a model system (Fig. 7b red). Comparing the
simulated products (Fig. 7b black) and the products formed in the
mass spectrometer (Fig. 7a black) there was qualitative agreement
with the formation of coalescence products at [C60]n n ¼ 2,3,4 in
decreasing intensity. Differences include the reduced amount of
C120 which suggests C60 is less likely to coalescence due to its locally
low potential energy - due to symmetry. Also fragmentation can be
observed in the mass spectrum (left skew to the mass distribution)
which is a result of C2 loss which was not considered in the model.
For the gas phase it appears that the reactivity of these small cages
can be correlated with their reduced aromaticity due to strain and
that fullerenes can be rapidly coalesced to produce fullerenes up to
C250-300 and during rapid heating of fullerenes in the solid state a
similar range of fullerenes can be attained. Future work will be
done on developing a model for coalescence in the solid state
where the binary reaction approximation is invalid.

In terms of extraction, higher fullerenes (Cn n > 70) have only
recently been extracted from soot in large quantities using elec-
trochemical [34] and chemical [49,50] methods. This has allowed
the extraction of gram scale quantities of higher fullerenes using
redox methods [49]. These methods could potentially be explored
for extraction of the oxygen crosslinked fullerenes.

Another possible approach could be to change the conditions
under which fullerenes are formed. The energetics suggest that by
increasing the temperature and residence time in the plasma the
amount of giant fullerenes could be greatly increased without
requiring initiation by oxygen or other impurities. This might
enable a technique for the preparation of unoxidised giant fuller-
enes using current production methods for fullerene soot.

Comparing the internal volume of C260 to C60, using the Van der
Fig. 7. a) LDI-TOF mass spectrum of C60 soot at maximum laser fluence showing C60
and C70 being the predominant species but also fragmentation products to the left of
these fullerenes. The enlarged inset shows coalescence products corresponding to (C60/
70)2,3. b) The bottom spectrum shows simulated coalescence mass spectrum with the
initial distribution shown in red and the final distribution in black with a magnified
inset of the final distribution. (A colour version of this figure can be viewed online.)
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Waals radius of carbon to be 1.7 Å, we can calculate the internal
volume of 665 Å3 and 27 Å3 respectively. This is an increase of 25� ,
which greatly expands what could be trapped within these struc-
tures. Due to the reduced strain in these giant fullerenes they are
predicted to be aromatic and conductive, which suggests they could
be used as nanoscale Faraday cages for molecular electronics [51].

5. Conclusion

Extraction of C60 and C70 from fullerene soot allows for the mass
distribution of the higher fullerenes to be observed unobscured by
the fragments and coalescence products of C60 and C70. This
revealed the underlying log-normal distribution of higher fuller-
enes. By heating the soot under vacuum we were able to show an
increase in the size of the fullerene fragments in the solid state. LDI-
TOF MS showed an increase in the average fullerene mass and
HRTEM confirmed that these correspond to completely closed giant
fullerenes. Reactive forcefield simulations were used to elucidate
the integration of oxygen and the coalescence of two fullerenes (C82
and C61O). Transmission electron microscopy with electron beam
irradiation showed the tendencies of high curvature carbon struc-
tures to reduce their curvature via coalescence. The high internal
strain is found to be due to reduced p delocalisation in small ful-
lerenes. This vertex strain as a function of carbon cage size was
determined from ab initio energy calculations on a constrained
corannulene fragment. This provides insight into the role of coa-
lescence in the formation of fullerenes, including how conditions
can be optimised for small magic number or giant fullerenes. We
anticipate that combining recent methods to extract giant fuller-
enes, with the ability to size these fullerenes, will enable many
promising applications.
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