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Disentangling polycationic fullerenes produced from glassy carbon with multireflection
time-of-flight mass spectrometry
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Carbon-cluster ions are produced by laser irradiation of glassy carbon in high vacuum. In the case of positively
charged species, a bimodal cluster distribution including fullerenes with cluster-size-to-charge ratios of up to a
few hundred is observed. Resolving isotopologues by use of a multireflection time-of-flight mass spectrometer
allows the detection and abundance determination of multiply charged clusters. It is found that mono-, di-,
and tricationic fullerenes are produced, have similar size-over-charge-state ranges, and follow log-normal
distributions known to be characteristic of an underlying coalescent growth. A statistical simulation is shown

to reproduce the results.
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I. INTRODUCTION

Gas-phase atomic clusters, aggregates of a few to a few
thousand atoms, have been produced by a variety of tech-
niques [1,2]. Generally, a bulk material is vaporized via,
e.g., ion sputtering, melting, or laser ablation, which yields
neutral and ionized atoms and small clusters. The use of
cooling/aggregation gas then enables the vaporized material
to grow to large cluster sizes. Postionization by photons or
electrons can be employed to increase the yield of charged
particles and/or populate higher charge states.

One of the most versatile types of cluster sources was in-
troduced by Smalley and co-workers, combining pulsed laser
ablation with a supersonic jet expansion [3]: Clusters from
any metal as well as carbon and silicon could be produced.
In fact, the use of graphite as the target material led to the
Nobel Prize—winning discovery of fullerenes and their most
prominent representative, buckminsterfullerene Cgg [4].

Laser-ablation sources without additional aggregation
gas, in contrast, are commonly used to ionize samples
of biomolecules embedded in crystalline matrix structures
of organic compounds, enabling what is referred to as
matrix-assisted laser desorption/ionization mass spectrome-
try (MALDI-MS) [5]. Although less common, high-vacuum
laser-ablation sources are also utilized for direct cluster pro-
duction from thin films or bulk targets without chemical
preparation [6-10]. Due to the absence of cooling gas to
facilitate cluster growth, however, the resulting cluster-size
distribution is typically small and more dependent on the
target material.

Carbon fullerenes show a different behavior, as reported
by Maul et al. [11,12]. They performed laser ablation with a
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337-nm nitrogen laser on glassy carbon [13] covered with a
photoabsorber and observed cationic fullerene clusters with
up to approximately 200 atoms. However, the authors ex-
plicitly mention that fullerenes were not observed from pure
glassy carbon.

Here we also report the observation of large even-
sized carbon-cluster cations with up to a few hundred
atoms produced by laser ablation of glassy carbon at
532 nm. However, no photoabsorber or chemical prepara-
tion is employed. Furthermore, the use of high-resolution
multireflection time-of-flight (MR-ToF) mass spectrometry
allows the identification of fullerenes and the accurate de-
termination of their size distribution. The present fullerene
production might be related to the use of 532-nm laser
light or the longer pulse duration compared to the studies
of Maul et al. (approximately 10 ns versus approximately
4 ns). A significant difference of the resulting mass spectra
is the presence of multiply charged fullerene species C,>*
and C,°t.

II. EXPERIMENTAL SETUP

The setup (Fig. 1) combines a high-vacuum laser-ablation
source with an MR-ToF analyzer capable of storing ions by
capturing them between two electrostatic ion mirrors [14,15].
Ions are produced by pulsed laser irradiation (Litron TRLi
DPSS 170-100, A = 532 nm, 10 ns pulse width, 2 mm di-
ameter on target) of target plates biased to £2 kV for the
extraction of cations or anions. The ablated cloud of ions and
neutrals is not cooled by additional aggregation gas.

Ions leave the source region with a total energy of 2 keV
per charge state and are guided towards the analyzer by ion-
optical lenses and deflectors. They are captured by lowering
their energy between the electrostatic mirrors via an in-trap
lift [16], the potential of which is switched from approxi-
mately 800 V to ground. After a storage time during which
the captured species revolve between the mirrors, the exit-side
mirror potential is switched off [17] to release them towards a
channeltron detector with 5-kV conversion dynode (DeTech,
402AH). The amplified signals (Ortec, VT120A) are recorded
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FIG. 1. Experimental setup including laser-ablation source and multireflection time-of-flight analyzer. The ion flight path is indicated in red.

by a multiscaler (Fast ComTec, MCS6A). During storage, ion
species can be selectively retained in the analyzer by syn-
chronized switching of in-trap deflector electrodes (see Fig. 1)
[18,19].

III. RESULTS AND DISCUSSION

A. Single-path spectra of carbon-cluster cations and anions

Figure 2 shows an overview of all ions produced by
laser ablation from a glassy carbon target (Sigradur G, HTW

Hochtemperatur-Werkstoffe GmbH) by forgoing ion capture
to record linear time-of-flight spectra. The expected flight
times of several n/z values are marked with vertical lines.
While the small anionic clusters show a trend of odd-even
staggering, the small cations have a smoother distribution.
Notably, however, there are significantly larger clusters in the
cationic spectrum: After a drop in production rate around
n/z =20, a second distribution ranging from n/z ~ 40 to
n/z ~ 600 is detected which is reminiscent of previous
fullerene studies [4,11,12].
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FIG. 2. Single-path time-of-flight spectra of carbon-cluster (a) anions and (b) cations produced by laser ablation of a Sigradur target.
Selected cluster sizes are marked by vertical lines. The anion (cation) spectrum is recorded with 4.2 mJ (2.3 mJ) ablation-laser pulse energy,
which is chosen to produce sufficiently high count rates without saturating the ion detector.
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FIG. 3. (a) Abundance spectrum of cationic clusters from
Fig. 2 with log-normal distribution fitted to the data (red line).
(b) Median exp(n) (blue dots) and 68% interval [exp(u)/
exp(o), exp(u) exp(o)] (blue lines) of n/z as a function of ablation-
laser fluence as well as ion counts per laser pulse (orange dots).

B. Description of the high-mass cluster distribution

It is apparent from Fig. 2 that the envelope of large clusters
is asymmetric. This becomes even more obvious when the
TOF data is transformed into a mass spectrum [Fig. 3(a)]. In
fact, the spectrum is well described by a log-normal distribu-

tion
T
exp<_[ln(”)—ﬂ]> )
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f@IB, o, ) —

B
no+/2mw

[red solid line in Fig. 3(a)] with scaling parameter B, shape
parameter o, and median exp(u) [20].

Varying the ablation-laser pulse energy does not signifi-
cantly affect the observed spectrum (Fig. 3). Note that, while
the laser fluence is only varied across a moderate region, the
detected ion counts per pulse span two orders of magnitude
[right axis in Fig. 3(b)]. Lower pulse energies lead to the loss
of the ion signal, while higher ones saturate the detector.

Arising from the principle of multiplicative processes [20],
the log-normal distribution has been shown to describe cluster
formation by coalescent growth [21], that is, a process based
on reactant clusters of size n; and n; forming a cluster of size
n; + n;. More precisely, the log-normal distribution is found

as the asymptotic solution to the Smoluchowski coagulation
equation [22] — which models the concentration of particle
species as they coalesce — for large cluster sizes and long re-
action times compared to the inverse of the interaction rate. A
more detailed description of the Smoluchowski equation and
the coalescent growth process is given in Sec. IV.

We note that a decrease in efficiency of the channeltron
detector towards the higher masses is likely to affect the ob-
served distribution. However, since such a decrease should be
smooth and since the envelope of the observed ion signal is
well described by a log-normal function, we still expect the
measured distribution to be representative.

C. Confirmation of fullerenes and discovery
of higher charge states

The observation of large-size carbon clusters suggests the
presence of fullerenes. It has been reported that commercial
glassy carbons exhibit fullerene-related structures due to the
pyrolysis process through which they are created [23,24],
explaining some of their desirable properties such as gas and
liquid impermeability, resistance to chemical attack, and high
thermal stability [25].

Fullerene structures can only be formed with an even num-
ber of atoms [2]. In line with this principle, the spectra of Maul
et al. show no signals at odd cluster sizes (see Figs. 1 and
3 in Refs. [11,12], respectively). This confirms the clusters
are indeed fullerenes and also excludes the presence of dou-
bly charged species. Doubly charged clusters with 2n carbon
atoms would yield signals at each integer value n. Indeed,
Maul et al. do not mention fullerenes with z > 1.

In contrast, ion signals are visible at odd n/z values in the
present case when utilizing the multireflection capabilities of
the setup to reach higher mass resolving powers: Fig. 4 shows
the cluster distribution after three revolutions in the MR-ToF
analyzer. The increased mass resolving power reveals smaller
signals between the 2n comb expected for fullerenes (see the
inset in Fig. 4). In the framework of the fullerene hypothesis,
these signals suggest the presence of doubly charged cluster
ions. There is, however, no conclusive evidence from Fig. 4,
as nonfullerene carbon clusters could be present.

Increasing the number of revolutions N in the MR-ToF ana-
lyzer yields yet higher mass resolving powers, as is illustrated
in Fig. 5 by N-versus-ToF plots: The storage time is increased
in steps matching integer multiples of the revolution period
T ~ 116.15 us of the reference Cioo*. The start of the ToF
recording is synchronized to the ejection from the analyzer
and spectra are plotted as a two-dimensional map with the
vertical axis indicating the revolution number.

The reference species is observed at the same flight
time in each spectrum, leading to a straight vertical line.
Figure 5(b) shows neighboring cluster sizes separating with
higher revolution numbers. Note that lapping species are
ejected by the transversal MR-ToF deflectors [18]. Thus, all
species observed in a given spectrum are recorded at identical
lap numbers. After about N &~ 50 revolutions, only a single
cluster size remains in the analyzer. For N 2 100 the isotopo-
logues, i.e., clusters of identical size with different isotopic
compositions 2C,_BCr k=0,1,2,...,are resolved.
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FIG. 4. Time-of-flight spectrum of cluster distribution after three revolutions in the MR-ToF analyzer. Nine ToF ranges are recorded
separately to cover the full size range. The inset shows the part of the spectrum marked by the red rectangle. Even cluster sizes are marked
with blue and odd cluster sizes (suggesting dicationic species) with orange lines in the inset.
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FIG. 5. N-versus-ToF plot of cluster species around n/z = 100
for (b) low and (a) higher revolution numbers.

Figure 6 shows the region around cluster size n/z = 100
after 200 revolutions. Notably, half-integer mass-number-to-
charge ratios A/z are found to correspond to some of the
signals, which is conclusive proof of the presence of doubly
charged species. In addition, signals with third-integer spacing
are found, providing evidence of trications. No higher charge
states are observed.

The isotopologue-abundance distribution is characteristic
of a cluster’s size n but independent of its charge state. The '>C
and '3C isotopes constitute 98.9% and 1.1% of natural carbon,
respectively [26]. Figure 6 includes the relative intensities for
n = 101 and 202 clusters expected from the corresponding
binomial distributions and normalized to the highest measured
ToF signal (crosses and circles, respectively). Obviously, this
provides further confirmation that the signals from n/z =
1212 to 1216 result from dications. Since they are fully ex-
plained by the abundances of the Cyp%* isotopologues, it
follows that no signals are observed from odd-sized clusters
like Co; which would not obey the even-number rule. Thus,
it can be concluded that indeed only fullerenes contribute to
this spectrum. The signals starting from A/z = 1200, on the
other hand, are a mixture of Cjgot and Cppo?t isotopologues.
Note that their signals at whole mass numbers cannot be
resolved as the corresponding mass-over-charge values differ
only by their molecular binding energies.

D. Abundances as a function of charge state

While the log-normal distribution in the n/z spectrum of
Fig. 3(a) is composed of a mix of C,*, C,>*, and C,**
clusters, Fig. 6 suggests a considerable part of the un-
resolved fullerene spectrum to be composed of dications.
Figure 7 shows the envelopes for the individual charge
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FIG. 6. Time-of-flight spectrum of cluster species around n/z = 100 after 200 revolutions with resolved isotopologues. Signals resulting
from mono-, di-, and tricationic species are marked by blue, orange, and yellow lines, respectively. Crosses and circles show calculated

isotopologue distributions for Cyo; and Cy, clusters, respectively.

states as obtained from selected cluster sizes with their ab-
solute production rates plotted over n/z [Fig. 7(a)] and their
rates normalized to their maxima plotted over n [Fig. 7(b)].
Log-normal distributions are fitted to all three data sets
(solid lines). Their medians are found at (17/2)meq = 185(15),
150(5), and 250(20), i.e., nmeq = 185(15), 300(10), and
750(60) for singly, doubly, and triply charged clusters, re-
spectively. Thus, the average cluster size increases by factors
roughly equal to the ratio of the respective charge states.

In Fig. 8, the results of detailed abundance measurements
are shown for the onset region of the polycations. Their ap-
pearance sizes depend on the experimental conditions. In the
present study, they are n =~ 40, 90, and 260 for z = 1, 2, and
3, respectively.

IV. MODELING CLUSTER GROWTH

The production of clusters by coalescence from smaller
pieces has already been treated extensively in the literature
[21,27,28]. In particular, it is well known that a resulting log-
normal size distribution is indicative of this process, where
reactant clusters form larger clusters through near-inelastic
two-body collisions. Fusion reactions of laser-ablated Cg
clusters from thin films have been studied [29]. More specif-
ically, Maul et al. have used coalescence to explain their
findings about the production of fullerenes by laser ablation
[11,12]. However, charge-state considerations have not yet
been included.

A coalescing cluster ensemble can be modeled by a set of
Smoluchowski coagulation equations

ni—1 e8]
dCi 1 ¢
i) Z K(nj, ni_j)cjci—j —c; ZK(ni, nj)cj (2

nj=1 nj=1

which describe the change in concentration ¢; of a cluster
species of size n; [22]. The first term in (2) comprises the
coalescence of smaller species n; — n; and n; to increase the
concentration of n; and the second the formation of larger
species, reducing the concentration of n;. The rate kernels
K(n;, n;) act as size-dependent scaling factors for the growth
process. Many kernels derived from physical arguments are
homogeneous (see, e.g., Table 1 in [28]), i.e., they satisfy

K(an;, an;) = o’ K(n;, n;) 3)

for some exponent A (the degree of homogeneity).

Exact solutions for (2) exist only for a few particular ker-
nels [28]. An alternative approach uses a statistical treatment
of the cluster ensemble. As a first step toward a qualitative
understanding of the present data, such a treatment, closely
related to the work of Marcus [30] and Lushnikov [31], is
applied. It has been extended by introducing the possibility
of several charge states. The starting point is an unordered
set {(n1,z1), - - -, (M, 7))} of a finite number of particles with
sizes ny, ..., n, and charge states zj, ..., z,. The following
algorithm is applied.

(1) Randomly select two particles k and ! (k # [) from
the set.

(2) Create a uniform random number 0 < r; < 1. If r| >
P(ny, ny) go to step 1.

(3) If zizy #0, create a uniform random number
0<rn<L.Ifr,> Oz, z) go to step 1.

(4) Delete (ny, zx) and (ny, z;), add (ng + ny, zx + z;) to the
set, and go to step 1.

The probabilities P(ny, n;) are closely related to the Smolu-
chowski rate kernels. They are symmetric by construction of
the algorithm, that is, the reaction (ng, zx) + (1, z7) — (i +
ny, zx + z;) remains for the switching of k£ and /. Following the
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literature, homogeneous probabilities with power-law scaling
P(ng, np) = P(1, 1)(meny )2 “

are used here, allowing the calculation of all values from
a given P(1,1) and scaling exponent A [32]. To yield the
sloped cluster-size distributions observed, A must be negative,
reflecting that larger clusters are slower than smaller ones
at a given temperature and therefore their collision rates are
lower [21].

Step 3 of the algorithm is introduced to account for the total
coalescence probability’s dependence on the reactants’ charge
states. To include the effect of the Coulomb repulsion between
two charged species, the probability is decreased by

C
O z) = — &)

k<l
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(gray line) over number of iteration steps. (b) Arithmetic mean of all
cluster sizes exhibiting a given charge state in each iteration step as
well as mean size of the full set (gray line).

with a scaling constant 0 < C < 1 if both z and z; are
nonzero. Note that only positive charges are considered.
Successful fusion reduces the number of particles of the en-
semble by one while conserving the number of atoms and
charges.

Simulation parameters P(1, 1) = 0.1, A = —0.75,and C =
0.55 as well as an initial ensemble of 200000 particles of
even-size clusters between n = 24 and 40 (90% neutral and
10% singly charged) result in the distributions shown in
Fig. 9 after 20 x 10°, 40 x 10%, and 60 x 10° iterations of
the algorithm. Increasing this number changes the results only
marginally. Varying the scaling values affects the final size
range and distribution of charge states. However, a full evalu-
ation of the simulation approach and its parameters is beyond
the scope of the present study.

The envelope of all clusters (gray line), i.e., all size and
charge-state combinations, quickly follows a log-normal func-
tion, as do the distributions of the individual charge states.
Oscillations due to the finite starting set are still visible after
20 x 10% and 40 x 10° iterations but are washed out as the

number of iterations is increased. Figures 9(c) and 9(d) show
the final distributions plotted over n/z and n, respectively, in
analogy to the experimental results in Fig. 7. The simulated
set has grown to larger cluster sizes. This may be due to
the negligence of decay mechanisms, such as dimer emission
or break-off of larger fragments, in the present model. In
addition, cluster-polarization effects may lead to further size
dependences during the growth processes. Thus, the present
modeling is in general not to be taken as a quantitative eval-
uation; after all, the parameter values found have no further
physical motivation. Nonetheless, the simulation results re-
semble the experimental data, in particular concerning the fact
that similar n/z ranges are populated for all observed charge
states.

Tracking the number of all clusters and arithmetic mean
of the size distributions for the charge states reveals this to
be a persistent quality of the ensemble (Fig. 10): While the
numbers of neutrals and monocations decrease, the higher
charge states continuously increase. The mean sizes, which
are representative of the populated size range, retain almost
constant ratios to one another with the z values acting as
scaling factors.

V. SUMMARY AND CONCLUSIONS

Large-size cationic carbon clusters are observed after laser
ablation of glassy carbon without aggregation gas. The species
are confirmed to be fullerenes by high-resolution multire-
flection time-of-flight mass spectrometry. Di- and trications
are found within the fullerene ensemble, the distributions of
which cover similar n/z ranges.

With confirmation by a statistical simulation, the results are
interpreted as follows: It is known that fullerenelike structures
are present in glassy carbon. Small fullerenes form as the
bulk material is ablated by the laser pulse. Coalescent cluster
growth is the prevalent mechanism forming larger clusters in
the ablation plume, resulting in a log-normal size distribution.
Other mechanisms, e.g., continuous pickup of atoms or the
breakdown of large particles, would be expected to yield
different abundance spectra. Di- and trications are formed by
coalescence reactions of pairs of charged clusters during the
evolution of the ensemble. If the fullerenes were to grow as
mainly monocations (or neutrals) and the higher charge states
were a product of subsequent photoionization, distributions
over similar n, not similar n/z, ranges would be expected.

In contrast to the cations, no large anionic carbon clus-
ters are observed. This is in agreement with the picture of
coalescing fullerenes because the heat of condensation and
the heating by the inelastic collision energy lead to electron
emission rather than a loss of neutral carbon dimers in the
case of excess electrons [33]. Thus, already the small anionic
fullerenes, if formed at all, would be neutralized upon colli-
sion and lost from the spectrum.
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