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We present high-resolution trapped ion mobility spectrometry (TIMS) measurements for fullerene ions in
molecular nitrogen. Three different charge states were studied (monocations, monoanions and dianions)
with fullerenes ranging in size from Cgo to Cyso. lOns were prepared by either electrospray ionization
(ESI, for mono- and dianions) or by atmospheric pressure chemical ionization (APCI, for monocations) of
a preformed fullerene soot extract solution. We demonstrate that TIMS allows to identify (and separate)
constituent isomers in favorable cases. Using DFT calculations based on known condensed phase
structures and trajectory method (TM) calculations we can reproduce the experimental "™SCCSy, for
fullerenes up to Cyog to within 0.5%. Using candidate structures based on quantum chemical predictions,
we have also obtained structural information for fullerenes Cy;0—Ci50 — a size range not previously
accessed in condensed phase studies. We find that soluble fullerenes in this size have near-spherical
rather than tubular structures. While the TM programs presently available for CCS modelling do a
remarkably good job at describing the ion mobility of high (and even giant) fullerenes we observe a slight
but systematic size-dependent deviation between ™SCCSy. values and our best computational fits
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1. Introduction

The fullerene field dates back to a pioneering molecular beam
photoionization mass spectrometry study of carbon clusters
generated by laser vaporization. This demonstrated that 60 atom
carbon clusters were significantly more abundant than other
nearby cluster sizes' which was rationalized in terms of the
particular stability of the now well-known icosahedral symmetry
carbon cage structure. Ceo(l,) comprises twenty hexagons and
twelve isolated pentagons as was subsequently confirmed by
preparing and structurally characterizing the molecule in bulk
quantities. This is done in three steps: (i) fullerene containing
carbon soot is generated by graphite electric arc discharge in argon
(“Kratschmer-Huffman” method), (ii) fullerene cages are extracted
from this soot by solvent treatment and (iii) specific cages are
separated from the extracts by column chromatography.” Apart
from the dominant Ce(I1,), C;o as well other “higher” fullerenes
can be isolated that way. Higher fullerenes such as C;s, Csg, Cso,
Cgs (and beyond) are present in the soot extracts in smaller
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which may reflect systematic bonding changes as the cage size increases.

amounts which decrease roughly monotonically with increasing
cage size - reflecting low abundances in the raw material and
poorer solubility.

Molecular structures of chromatographically isolated higher
fullerenes have typically been determined by NMR and/or X-ray
crystallography. All turn out to have “conventional” structures
characterized by isolated pentagon ring (IPR) motifs. Often
several isomeric forms of a given cage size are found to be
present — also reflecting the kinetics of fullerene growth by
graphite arc discharge.*”” It has been shown mathematically
that the number of possible IPR cages for a given conventional
fullerene nuclearity increases rapidly with cage size from 1 at
Ceo to 335 569 for Cy54. Therefore, in structurally characterizing
ever larger solvent extractable fullerenes, the abundance
problems already alluded to are also compounded by an
increasing number of structurally distinct coexisting isomers
that may no longer be separable. As a consequence, NMR
spectra eventually become too congested for structure determi-
nation. For related reasons, pristine fullerene single crystals
suitable for X-ray crystallography can no longer be obtained. As
a result, even though mass spectrometry indicates that much
larger IPR cages (“giant” fullerenes ranging in size to above Cj 54)
are present in Kridtschmer-Huffman fullerene soot extracts,
structure determination was not feasible for fullerenes much
beyond Cgg.>® More recently, it has been shown that adding
dopants such as Sc or Sm,0; to the graphite rods used for arc
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discharge can shift this limit up a little thus accessing sufficient
amounts of Coo'® and Cog'* for X-ray crystallography. However,
Coe presently remains the largest pristine “conventional” fullerene
which has been structurally characterized in condensed phase.

An alternative approach which has been developed to
address the problem of giant fullerenes is the functionalization
of HPLC-separated fractions of higher fullerenes by chlorination or
trifluoromethylation. This method has proven to be quite powerful
and it has been possible to identify and structurally characterize
specific IPR isomers for a large number of fullerene cage sizes
ranging up to Cygs.'> >° A drawback is however that such giant
fullerene isomers can only be identified if they are functionalized
in a well-defined way and if the corresponding derivatives can be
crystallized. Furthermore, the reaction conditions for fullerene
derivatization are often quite harsh and may be associated with
isomerization and/or fragmentation. Consequently, it is unclear
how the isomer distributions of empty cages contained in the soot
extracts map onto those of the derivatives. Even when disregarding
these issues, there are presently no structure determinations of
extractable fullerenes beyond Cjgg.

Over the years, ion mobility spectrometry (IMS) coupled with
mass spectrometric detection has played a key role as a tool to
gain structural information on fullerenes. Soon after the first
molecular beam study of fullerenes in gas phase and following
the structural characterization of Cg(l,) in condensed phase,
von Helden et al. used IMS-MS to confirm that the 60-atom
carbon cluster species formed by laser vaporization of graphite
in helium has the same closed shell structure - to within
experimental error.”” Subsequently, both the Bowers and
Jarrold groups applied IMS to show that sufficiently large
carbon rings can be annealed into carbon cages thus shedding
light onto their growth mechanism.>*>°

In IMS, the mobility of an ion is typically measured in an
inert collision gas. Its magnitude can be related to the orienta-
tionally averaged collision cross section (CCS), which in turn
can be related to the molecular structure of the ionic species in
question. There are several ways to do this. In the early-day IMS
studies alluded to above, experimental cross sections were
compared to predicted cross sections obtained by applying
the projection approximation (PA)*° to model structures from
quantum chemical calculations. PA ignores the details of the
fullerene-ion bath gas interaction (beyond the assumption of
element-specific hard sphere radii). Nevertheless, PA (coupled
with achievable mobility resolution) was accurate enough to
allow differentiation of fullerene cages from rings or chains
having the same mass-to-charge ratio. This was especially the
case since the corresponding studies were conducted in helium -
for which the attractive interaction with the drifting ion is small
due to the small polarizability of the collision gas. Nevertheless,
this interaction is not negligible, as was shown by comparing the
mobilities of Cg,"" and Co"" versus (positive) charge for n = 1-4:
the mobilities grow less than linearly with charge, implying that
the interaction potential is more complicated than simple hard
sphere.*® More accurate modelling of the experimental CCS
can be achieved, e.g., by using a Lennard-Jones (L]) type
potential to describe the fullerene - bath gas interaction.
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Correspondingly, Wyttenbach et al. measured the temperature
dependence of the Cqo" mobility in helium and extracted the
LJ-parameters for the C-He interaction based on the accurately
known molecular structure.*’ Using analogous experimental
data Mesleh et al. developed the trajectory method,** in which
the (fullerene) ion-bath gas interaction is described by a sum of
LJ-type interactions between each atom of the drifting molecular
ion and the bath gas (helium) atom. Using this interaction
potential (and a structural model of the ion), a series of trajectories
are run for randomly oriented ions and the resulting scattering
angle distribution is then calculated. Finally, the predicted CCS
of the structural model is obtained from the scattering angle
distribution by averaging the collision integral. This number is
then compared with the experimental value.

Apart from Cg, larger carbon clusters ranging in size up to
C,40 formed upon laser vaporization of graphite in a continuous
flow of helium have also been investigated by IMS and results
interpreted in terms of closed shell fullerene cage structures.*>
Recently Misaizu et al** have used IMS to study even larger
carbon clusters formed in this way. They showed that apart from
single-shelled cages, double-shelled fullerene onion cages begin
to be observed starting at roughly C,4,". With the availability of
bulk quantities of Cgy and Cs,, laser vaporization of fullerene
films instead of graphite has opened up another way to create
giant carbon clusters in gas phase. Cy59 , C130 , and Cy49 have
been made with this method and investigated by high-resolution
IMS.** In all cases two isomer families were observed that have
been assigned to: ‘“dumbbell” -like [2+2]cycloadducts of (two)
Ceo and/or C,, cages or giant closed-single-shell fullerenes,
respectively. By comparison with quantum-chemically optimized
structures, the authors concluded that the giant closed-shell
fullerenes formed by high energy laser vaporization/desorption
of preformed Cs, have preferentially spherical instead of
elongated tubular geometries (and that trajectory calculations
are necessary to assign the structures correctly).>® In a related
IMS study, it was shown that all-carbon coalescence products
formed upon laser vaporization of C,0 have closer to spherical
than tubular structures up to cluster sizes in excess of Cp4".>°

In all previous IMS studies of carbon clusters in the high
(and giant) fullerene size range, the corresponding ions were
created in gas phase either by laser vaporization of graphite or
of preformed Cgo/Cyo. It is unclear whether these high energy,
laser-assisted production methods yield the same (fullerene)
isomer distributions as are obtained in bulk-scale fullerene
synthesis by carbon arc discharge. Such comparisons would
require an ion mobility resolution sufficient to resolve individual
isomers of a given cage size. Previous IMS studies of large carbon
clusters have generally been performed at insufficient resolutions,
CCS/ACCS, on the order of 30-50. While the Jarrold group in fact
pioneered high resolution drift tube IMS and achieved mobility
resolutions in excess of 150 in helium, they did not systematically
apply their method to this problem (other than to the fullerene
dimer study already alluded to above). Meanwhile, there has
been a breakthrough in high resolution analytical IMS-MS
based on the development of a novel IMS platform: the trapped
ion mobility spectrometry (TIMS) method routinely allows for
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mobility resolutions in excess of 200 in molecular nitrogen
collision gas.’” TIMS has recently been commercialized and
adapted to various ion sources (including electrospray ionization)
as well as to high repetition rate time of flight mass spectrometry.
This makes systematic high resolution ion mobility measurements
of the components of graphite arc fullerene soot extracts feasible.*®
This is the focus of our study in which we explore the structure of
such fullerene cages ranging in size from Ce, up to C;s9, which we
study in up to three different charge states for a common
nuclearity: C,,,", C,,” and C,,””. For this we use two different
(soft) ionisation techniques: electrospray ionisation (ESI) for singly
and doubly charged fullerene anions and atmospheric pressure
chemical ionisation (APCI) for singly charged fullerene cations.
The high trapped ion mobility spectrometry resolution allows us to
differentiate between isomers of a given cage size on the basis of
their collision cross sections in selected cases. Our measurements
are performed in molecular nitrogen instead of helium. This
makes the comparison with theory somewhat more challenging
(due to the higher polarizability of nitrogen, which leads to an
increased attractive interaction with the drifting ion) but offers
the opportunity to investigate and improve the CCS modeling
procedure by using known structures of the smaller fullerenes
(Cé0y C70y Cye,. - -) as calibrants. On the basis of this calibration
procedure we clearly establish that the giant fullerene compo-
nents of our fullerene extracts consist of near spherical rather
than tubular structures.

2. Methods

2.1 Substances and instrumental methods

The mixed fullerene sample used for most of the experiments
reported here has been obtained by extraction of pure carbon
and lanthanum oxide doped carbon arc-discharge soots with
dichlorobenzene.*® It has been column chromatographically
enriched in higher fullerenes and contains predominantly Cg,,
but also minor amounts of smaller and larger fullerenes as well
as some lanthanum containing endohedral metallofullerenes.
It has been stored as a solution in dichlorobenzene for several
years prior to this study (without taking particular precautions
to exclude, light, oxygen or water). In the following we call this
sample “fullerene mix”’. Samples of C,g isomers were enriched
and separated from the fullerene mix using a two step
preparative scale HPLC procedure. First a Cosmosil Buckyprep
column (Nacalai Tesque, toluene as mobile phase) was used to
fractionate C,g isomers from other high fullerenes (similar
to the process reported in ref. 5). In a second HPLC step, the
C,g fraction was further separated into constituent isomers by
using a Wakosil II 5C18 AR HPLC column (Wako Chemicals,
toluene/acetonitrile as mobile phase) similar to the procedure
of Kikuchi et al.*® Specifically, we have prepared two different
C,s samples enriched in primarily C,4(1) (D3) and primarily
C,5(2) (Cyy), respectively. Mass spectra were obtained with an
LTQ orbitrap XL and a Bruker timsTOF mass spectrometer.
Ion mobility measurements were performed in nitrogen with
a Bruker timsTOF mass spectrometer with an electrospray
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ionisation (ESI) source for the anionic fullerenes and an atmo-
spheric pressure chemical ionisation (APCI) source for the cations.
For ESI, the fullerene mix (see above) solution in dichlorobenzene
was diluted with toluene (1:10) and a small amount (ca. 1 part
in 10000 parts toluene) of tetrakis(dimethylamino)ethylene
(TDAE (Sigma)) was added to the solution as reducing agent.
The ESI source was operated in negative mode, with a spray
voltage of typically 3.5 kV and a flow rate of 3 pl min~". For APCI
the fullerene mix was diluted (1: 5: 5) with toluene/acetonitrile.
The source was operated with an ionisation current of 5000 nA
and a flow rate of typically 10 ul min~". The mobilograms were
recorded in the high-resolution mode (“custom”) with the
longest feasible ramp time (500 ms) and a 1/K, interval width
of typically 0.05 V s cm ™ (in some cases 0.1 or 0.03 V s cm™2).
Note, that the resolution increases with the ratio of ramp time
to interval width.?” Under these conditions, the resolving power
of the timsTOF (determined as CCS/ACCS) was typically above
200 in the CCS range of 200 A% and 250 in the CCS range of
300 A2, (Note that the resolving power of a TIMS instrument
increases with CCS). A TIMS measurement requires calibration
with reference ions of known CCS. We used the low concentration
ESI tunemix (Agilent) and the APCI tunemix (Agilent) which is a
mixture of phosphazene derivatives with cross sections determined
in both negative and positive mode by Stow et al.*' For each
measurement run a calibration run was recorded simulta-
neously (under identical conditions, i.e. identical RF-voltages,
ramp speed and width, tunnel pressure and temperature).
This procedure results in highly reproducible (within 0.5%,
see below) CCS values.

2.2 Computational methods

In order to confirm or rule out the presence of specific fullerene
isomers in the essentially fragmentation free ion beams resulting
from the fullerene mix (and thus to check for their presence in
the soot extracts themselves), experimental CCS values were
compared with computationally determined cross sections.
The corresponding starting geometries (for neutral fullerenes)
were obtained as xyz-files with the FULLFUN**™** software.
Beginning with these neutral starting structures, all (di)anion
and cation geometries were fully optimized, ie. without any
symmetry restrictions, using the density functional method
(DFT) with the BP-86 functional*>*® and the def-SV(P) basis
set'” as implemented in the TURBOMOLE*® package. Unless
otherwise noted we used the Mulliken population analysis to
assign partial charges on each atom. Compared to the starting
neutral geometries, the structures of the optimized ions differ
only slightly. Therefore we characterize them with the Schoenflies
symbol of the corresponding neutral species, and (since that is
not distinct for the larger fullerenes) with the isomer numbers
assigned to them according to the ring spiral algorithm.*’

The optimized ion geometries and partial charges (see ESIT)
formed the basis of systematic trajectory method (TM) calculations
as implemented in the IMoS 1.09 package.’*”! We also obtained
very similar results with the TM method as implemented in the
Mobcal***** and Collidoscope® programs, see ESL{ The inter-
action of a fullerene ion with the nitrogen buffer gas is modeled
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with a Lennard-Jones (LJ)-type interaction plus ion-induced dipole
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with ¢ and ¢ representing element specific L parameters (the default
C-Ny-LJ-parameters in IM0oS1.09 are & = 4.65 meV and ¢ = 3.5 A).” o
is the polarizability of nitrogen, 1.74 A%, g, are the partial charges
on each carbon atom, R; is the distance between the respective
atom and nitrogen, and Xj its Cartesian component. Since the
nitrogen bath gas molecule is anisotropic and therefore has
quadrupole moment, the ion-quadrupole interaction might also
be taken into account. The quadrupole moment of molecular
nitrogen is modeled in IMoS by placing 3 partial charges (g;)
at the appropriate positions (—0.4825 on each nitrogen, +0.965
at the center)*® to reproduce the bulk quadrupole moment.
This expands eqn (1) by an additional term:
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we performed trajectory calculations with and without the ion-
quadrupole interaction, see below. Based on the fullerene-
nitrogen interaction potential, the scattering angle (i) was calculated
by a series of trajectory calculations. Then the momentum transfer
cross section (CCS) was obtained by numerical integration of y.>®
For each system 5 x 10° trajectories were run.

3. Results and discussion
3.1 Mass spectra and TIMS measurements

Mass spectra of the fullerene mix (ESI, negative mode, APCI,
positive mode) were obtained with either an Orbitrap LTQ XL
(Thermo Scientific) or with the Bruker timsTOF used for the
IMS studies reported here. Typical measurements at mass
resolutions of respectively 100000 and 20000 for Orbitrap
and timsTOF can be found in Fig. 1. Fig. 1a shows ESI mass
spectra in negative ion mode obtained with the Orbitrap.
The dominant peaks are Cgy , Cgs , Cop and Co¢ as well as
their dianions. Fig. 1b shows the same spectrum on a logarithmic
scale. Higher fullerenes up to C;5, can be found with very small
but clearly detectable intensities. Note the presence of small but
significant amounts of La,Cg,. The main impurities are oxidation
products such as fullerene oxides and hydroxides. Fig. 1c
shows the cations as measured using an APCI source with the
Bruker timsTOF.

We measured collision cross sections in nitrogen at 7= 300 K,
for all anionic fullerenes, C,, , in the range between Cq, and
Ciso  (except for Cgy—Ceg, Cso, and C,, which are either not
formed by arc discharge, not extractable from the corresponding
fullerene soots with dichlorobenzene or not ionizable by
ESI/APCI under the conditions used) as well as for all of the
respective dianions, C,,>”, up to C140>", see Table 1 and Fig. 2.
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Consistent with previous literature, we could not observe
Ceo>™ (even when using a pure Cgo-solution and TDAE in
toluene instead of the fullerene mix). It is known that room
temperature Cgo>~ is not stable with respect to electron loss and
decays into Cgo~ on a millisecond time scale.”” Anionic and
dianionic signal levels were sufficiently stable and reproducible
to allow a rough determination of intensity ratios as a function
of cage size. The relative dianion intensity increases dramatically
by more than two orders of magnitude from C,, to Cy4, (see ESIL, ¥
Fig. S1), which is in line with previous measurements®® and can
be rationalized by the increase of the second electron affinity
with the number of carbon atoms (0.02 eV for C,,, 0.325 eV for
Cye, 0.615 €V for Cgy(D,q)).>”®° Interestingly, we do not observe
any triply negatively charged ions. If present after ESI, room
temperature thermal activation is sufficient to deplete any such
species prior to detection.

The cations were ionized by APCI (from a 1:5:5 solution in
dichlorobenzene, toluene, acetonitrile). In this case the largest
fullerene cation for which we could determine a CCS value
was Cog', due to a poorer signal-to-noise level compared to the
ESI ionized (di)anions (from the same fullerene mix). The
respective CCS values determined by timsTOF in nitrogen for
fullerene cations, anions, and dianions are summarized in
Table 1 and Fig. 2.

As can be seen from Fig. 2 the experimental CCS values of
fullerene cations and anions with the same number of atoms
agree to within ca. 1% - with the cations being slightly smaller.
The dianions on the other hand were found to have CCS values
that are 10-15% larger than those of the corresponding mono-
anions. The results are summarized in Table 1. The standard
deviation of the mean value (based on at least 3 measurements)
was below 1 A% or 0.5% in all cases. Since we always measured a
series of fullerenes in one run, under identical conditions
(pressure, temperature, RF-voltages in the tunnel, IMS-ramp
speed) the relative error, i.e. the uncertainty of the CCS ratio of
Ceo and C,, for example, was even smaller and typically below
0.3% (see Fig. 3). For Cg," and C,," Bush et al. have determined
CCS values of 213.1 A%, and 231.4 A%>® respectively, within 2%
of the results obtained here (note that the data of ref. 53 were
recorded with a drift tube IMS instrument; a cross-platform
deviation of 2% is typical for IMS studies).

3.2 Modelling CCS values

We model the experimental data using DFT calculations of
molecular structures (as well as their charge distributions) and
trajectory method simulations of collision integrals with three
goals in mind.

(i) Examination and improvement of the trajectory method
modelling procedure. The experimental data set comprises CCS
values also for fullerenes which are well-known from condensed
phase studies. Fullerenes up to Cy¢ have been structurally
characterized in neutral form and their structures can be used
as the basis for high-accuracy DFT calculations of the corres-
ponding ions. In addition, we have determined CCS values for
multiple charge states including also fullerene dianions which
have not been previously characterized by IMS. Finally, CCS

This journal is © the Owner Societies 2019
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Fig. 1 Fullerene mix composition. (a) Negative ion ESI-mass spectrum showing C,~ and C,,>~ on a linear intensity scale, (b) logarithmic scale, (c) positive
ion APCl-mass spectrum showing C,*. The cation mass spectrum is more contaminated, but fullerenes up to Cos* can be easily identified and their

mobilities measured.

values have been obtained at a significantly higher resolution
than previously available (where applicable). As a result an
unparalleled reference data set is available with which to
check and improve trajectory method modelling procedures for
TIMSCCSy, values.

(ii) Isomer resolution and fractionation. Starting at Cys,
conventional fullerene cages can have multiple IPR isomers.

This journal is © the Owner Societies 2019

The number of IPR isomers increases with cage size and
multiple IPR isomers of a given cage size have in fact been
chromatographically separated in condensed phase (demon-
strating that multiple energetically close-lying structures may
coexist in appreciable relative amounts in fullerene soots). It
seems interesting to establish whether the improved ion mobility
resolution associated with timsTOF is sufficient to rapidly
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Table 1 Experimental "™SCCSy, (for each tabulated value the standard
deviation is below 1 A?)

Charge state

Charge state

-1 -2 +1 —1 —2
Cso 211.8 210.0 Ci1z 289.7 319.1
Cyo 227.7 263.1 226.6 Ci1s 292.6 322.4
Ce 238.1 272.6 236.2 Ci16 295.2 325.3
Cyg 240.9 275.2 239.2 Ci1s 297.9 327.5
Cgo 244.6 278.3 Ciz0 300.7 329.9
Cgs 246.7 280.0 245.2 Cias 303.1 332.4
Cgy 249.4 282.8 247.9 Cio4 305.5 334.7
Cgs 253.1 286.3 251.1 Ciz6 308.3 337.0
Cgg 256.2 289.1 254.5 Ciss 311.1 340.4
Coo 258.6 291.0 257.3 Ci30 313.7 342.8
Cop 261.7 294.2 260.1 Cisz 316.4 345.2
Cos 264.6 296.9 263.3 Ciz4 318.8 347.7
Cop 267.2 299.3 266.0 Cize 321.1 349.9
Cog 270.3 301.9 Cisg 323.7 352.5
Ci00 273.0 304.2 Cia0 326.2 354.9
Cioz 276.3 307.0 Cisz 328.5
Cio4 278.9 309.5 Cias 330.5
Cio6 281.7 312.0 Cise 333.8
Cios 284.5 314.6 Ciug 336.1
Ci10 287.0 316.8 Ciso 338.7
360 -
DDDD
340 DDDDD 00
= 0000
320 + DDDD OOoO
300 1 DDDDDD 00°°°
— - o oooooo
$ 280 A DDDDD ooo0
a9 o P
8 260 1 669003 o anions
240 1 o o dianions
220 1 . ¢ e cations
200

50 60 70 80 90 100 110 120 130 140 150

Number of Carbon Atoms
Fig. 2 Experimental "™SCCSy of fullerene ions in the size range between
60 and 150 atoms (in three different charge states as indicated). The

standard deviation is ca. 0.5% or 1 A2 which corresponds to the size of the
symbols.

Ceo™ Cro

/
210 215 l 225 230

CCS [A?]

Fig. 3 Typical mobilograms of Cgo~ and C;o~ recorded in the same
measurement runs on three different days. Identical colors indicate
identical runs. Within the same run, peak maxima can be determined to
a relative accuracy of significantly better than 0.5%.%®
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resolve or even fractionate these (and other previously unknown)
isomers.

(iii) Global structure assignment of giant fullerenes. Beyond
the size range for which there are condensed phase structure
determinations, CCS values have been obtained with a high
enough resolution to allow for a rough structural assignment
based on improved modelling procedures.

We begin by assuming that the characteristic neutral isomer
distributions present for all cage sizes in the starting fullerene
mix solution is mapped onto the three different isolated charge
states without significant relative abundance perturbations
(e.g, due to isomer-specific differences in ionization and
volatilization efficiencies). Then, in order to compare the
experimental CCS values with theory for the respective fullerene
ions we have performed geometry optimizations at the DFT
level with the TURBOMOLE package without symmetry restrictions
for charge states +1, —1 and —2 (based on the neutral fullerene
starting geometries). In each case we have assigned partial charges
to the optimized geometries via a Mulliken population analysis.
Finally, we have performed trajectory calculations using the
IMo0S1.09 package. A crucial point is the parameter choice for
these simulations: we always set the temperature to 299 K, since
this was the temperature at which the tunemix CCS values used
in the calibration procedure were measured (to within 1 K this
was also the temperature of our TIMS tunnel). The carbon
Lennard-Jones parameters used corresponded to the default
values implemented in IMoS, ie. p = 3.5 A and ¢ = 4.65 meV,
unless otherwise noted. These parameters are based on a least
squares fit of calculated and measured CCS values for a set of
16 small molecules® including the Cq," and C,," CCS values
previously determined by Bush et al.>*

3.2.1 Fullerene test set. Ideally, the calculated CCS values
should match the experimental values within the experimental
uncertainty. In order to evaluate the quality of the methodology,
we choose five different fullerenes Cg, C5¢, C56, Cg4, and Cyg as a
test set (in three different charge states, respectively), because
their structures are well known: for Cg, C, C7¢ Only one isomer
can be present i