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Abstract. The functionalization of endohedral metallofullerenes by halogenation has not been
previously reported and remains a challenging endeavor in carbon nanoscience. In this work,
we show that halogenation of endohedral metallofullerenes is predicted to be feasible based
on thermodynamic grounds by means of DFT computations, combined with in situ
experimental investigations. Computed bond energies for the chlorination, fluorination and
hydrogenation of endohedral metallofullerenes that span a range of cage sizes are found to be
comparable to those of known halogenated and hydrogenated empty fullerenes. Therefore, we
propose that new forms of functionalized metallofullerenes should be synthesized under
appropriate experimental conditions, despite many prior unsuccessful attempts. Indeed, we
experimentally show for the first time that M@C., (M = metal) metallofullerenes and the
prototypical ScaN@Cso clusterfullerene can be fluorinated by two different routes under the
typical ‘harsh’ gas phase conditions of metallofullerene plasma synthesis, and at lower extents
that could avoid cage degradation. The combination of halogenation and metal encapsulation
offers the potential to create new radical-quenched, functionalized endohedral
metallofullerenes that possess stable, large-gap carbon cages. These results open new avenues

for the synthesis and stabilization of encapsulated molecular nanocarbons.

1. Introduction

Endohedral metallofullerenes (EMFs), i.e. fullerenes that contain metal atoms or metal-based
clusters in the nanoscale space of their inner void,[1, 2] have been intensively studied over the
last decade[3-6] because of their exceptional properties and potential applications in
biomedicine and photovoltaics.[7, 8] In general, exohedral functionalization is required to
fully exploit these unique compounds. For example, water-soluble gadofullerenols are used as
powerful contrast agents.[9] Besides, the external groups might impart complementary
features to EMFs that tune their physical properties for use as acceptors in polymer solar

cells[7] or as donor-acceptor dyad conjugates.[10, 11] Cycloaddition reactions as well as



radical additions are among the most used methods to obtain EMF-monoadducts.[1, 12, 13].
Poly-perfluoroalkylated EMFs, for example, SciN@Cso(CF3), (n = 2-16), have been
synthesized by means of high temperature reaction schemes. However, direct fluorination was
not successful for this prototypical nitride EMF despite attempts under many experimental
conditions,[ 14] a behavior that is completely unlike that of hollow fullerenes. Here, we show
based on DFT computations that halogenation (fluorination and chlorination), as well as
hydrogenation of EMFs, which has remained underexplored so far, are predicted to be
favored derivatizations based on thermodynamic considerations. Further, we theoretically and
experimentally investigate several forms of fluorinated and hydrogenated small, non-IPR
monometallic endofullerenes, as well as examine fluorination of pristine Sc;N@Cso, a
medium-sized clusterfullerene, at low levels of addition. Our results provide fundamental
chemical insight into the halogenation of metallofullerenes and show that optimization of
synthetic conditions to achieve low poly-addition levels can lead to new halogenated EMFs,

which could also be further functionalized in a rather easy and selective manner.[15, 16]
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Figure 1. Structures of two Cgs fullerenes stabilized by endohedral or exohedral modification:
a) the dimetallic endohedral fullerene Sco@C2v(4059)-Ces with two triply sequentially fused
pentagon motifs (TSFP2) and b) the deca-chlorinated C>,(4348)-CssClio with two adjacent
pentagon pairs (APP2). Pentagon adjacencies are highlighted in orange, C in grey, Cl in green

and Sc in magenta.



Two primary routes are known to stabilize fullerenes that do not satisfy the isolated pentagon
rule (i.e., non-IPR fullerenes): (i) endohedral encapsulation or (ii) exohedral halogenation or
hydrogenation. The first isolated and characterized non-IPR fullerene, Sco@Ces, was
stabilized by encapsulation of two Sc atoms.[17] Although the cage was initially assigned to
be isomer C»,(4348)-Css, which contains two pairs of pentagon adjacencies (pentalene
motifs), it was not until 2014 that an X-ray crystal structure was solved and the cage was
found to be (24(4059)-Ces, a thermodynamically favored isomer predicted by computations
and exhibits two triply sequentially fused pentagon motifs (TSFP2), as shown in Figure 1.[18]
However, empty cage Ces has been recently characterized as deca-chlorinated, C>.(4348)-
Cs6Clio (Figure 1).[19] Numerous examples of endohedral or halogenated non-IPR fullerenes
are known today, demonstrating the intensive interest in efforts to stabilize non-IPR carbon
cages.[1, 20] Different factors govern encapsulation and halogenation of fullerenes.
Encapsulation is mainly explained by charge transfer from the internal metal atom or cluster
to the cage,[21-24] whereas halogenation is directed largely by the strain released upon
exohedral functionalization, as well as the aromaticity of the remaining planar substructures
in the cage and the steric hindrance between the halogens.[25, 26] In addition, kinetic stability
is gained once encapsulation or halogenation takes place due to a significant increase of the
molecular HOMO-LUMO gap.[22, 25] Thus, it is of high interest to determine if the
combination of these two factors might lead to halogenated EMFs, which could exhibit new
fullerene cages and/or facilitate functionalization. Besides, it is a promising route to obtain
stable radical-quenched EMFs with large gap, as for example La@Cs2-X, M@Cs6-X or

Sc;0@Cso-X.[27, 28]

2. Experimental

2.1. Gas-phase synthesis of fluorinated EMF's from doped graphite starting material.



Composite rods that are comprised of graphite (99.9999%), SrCOs; (99.9%), and
polytetrafluoroethylene (99.9%) are thoroughly mixed and then molded into a composite rod
by compression. Sr@CsoFn and CsoF, are formed in situ by use of a pulsed supersonic cluster
source by a single laser pulse of a Nd:YAG laser (532 nm, 5-10 mj/pulse) under a flow of
helium. The gas-phase reaction products were analysed by a custom-built 9.4 T FT-ICR mass
spectrometer directly coupled to the cluster source and are conducted with positive ions.[29]
Ions produced by 10 individual vaporization events were accumulated and transferred by
octopoles to an open cylindrical trap. The ions are then accelerated to a detectable radius by a
broadband frequency sweep excitation, and detected as the differential current induced
between two opposed electrodes of the ICR cell. The positively charged molecular ions are
expected to be representative of the neutral abundance distribution generated by laser
vaporization. Although, we note that the corresponding neutrals may exhibit different
stabilities.

2.2. Fluorination of pristine ScsN@Cso by exposure to F-containing carbon vapor.
Macroscopic samples of the pure metallic nitride clusterfullerene ScsN@Cso is uniformly
applied to the surface of a PTFE-doped graphite target rod (25% PTFE). Upon laser
vaporization, pre-existing ScsN@Cso is primarily desorbed into the gas phase, after which it
interacts with F-containing plasma generated from the solid PTFE-doped graphite to achieve
in situ fluorination. All experiments are conducted with positive ions.

2.3. CID experiments.

Halogenated reaction products (positive ions) are isolated in the ICR cell by a stored
waveform inverse Fourier transform (SWIFT) excitation and then thermally excited, through
collisions with helium, in an ultra-high vacuum by sustained off resonance irradiation
collision-induced dissociation (SORI-CID).[29] Externally halogenated products are

confirmed by F loss with retention of the pristine cage and encapsulated metals or clusters.



2.3. Computational Details.

The geometry optimizations were performed at density functional theory (DFT) level with the
ADF 2013.01 program.[30, 31] The exchange-correlation functionals of Becke and Perdew
(BP86) and the Slater TZP basis sets were used (BP86/TZP level).[32, 33] Frozen cores
consisting of (i) the 1s shell for C, N, O and F; (ii) the 1s to 2p shells for S, Ca and Sc; (iii)
the 1s to 3d shells for Sr and Y; (iv) the 1s to 4d shells for La were used. Relativistic
corrections were included by means of the ZORA formalism. In addition, the Grimme
Dispersion D3 method was considered.[34]

Car-Parrinello molecular dynamics simulations were carried out using CPMD program.[35,
36] The description of the electronic structure was based on the expansion of the valence
electronic wave functions into a plane wave basis set, which was limited by an energy cutoff
of 90 Ry. The interaction between the valence electrons and the ionic cores was treated
through the pseudopotential (PP) approximation (Martins-Troullier type).[37] The functional
by Perdew, Burke and Ernzerhoff (PBE) was selected as density functional.[38] We used a
fictitious electron mass of 900 a.u. The simulations were carried out using periodic boundary
conditions in a cubic cell with a side length of 17 A and a time step of 0.144 fs. Dispersion
corrections were also included. Car-Parrinello MD simulations were done at 873 K, a
temperature that is slightly higher than those applied in the fluorination of ScsN@/h-Cso when
using a wide variety of fluorinating agents.[14]

Our criteria to select the EMF-X, regioisomers is the following: 1) For non-IPR cages, we
have functionalized those sites in the pentalene bonds or near them (atoms with rather high
pyramidalization angles) because they possess higher BDEs; 2) For the Ceo, C70 and Cgo IPR
cages, we based our choice on retainment of the highest possible symmetry. For example,
Cs0-X exhibits a single isomer because all sixty carbons are equivalent by symmetry. For Ceo-

X», the number of possible isomers increases dramatically, and therefore, we constrained



functionalization to the 6-6 and 5-6 bonds, and other regioisomers in which the two X atoms
are far apart, i.e. 1,4 position in a hexagon; 3) For the IPR La@Cs>, which is a radical, we

based our choice on the spin density of the C atoms.

3. Results and Discussion

3.1. Endohedral monometallofullerenes

Computed fullerene—X bond energies (X = Cl, F, H) reveal chemical insight into reactivity of
the different carbon atoms that comprise a given fullerene. Bond energies in the pentalene
motifs are significantly higher than in other C atoms with lower pyramidalization angles.
Therefore, the more planar and aromatic regions of the cage are less reactive (see Table S1
and Figure S1 for some chlorinated empty cages). To assess the feasibility of halogenation or
hydrogenation for various forms of EMFs, we have computed at BP86/TZP level (see
Computational Details) fullerene—X bond dissociation energies for some of their most stable
isomers. Bond dissociation energies (BDE) are defined as BDE = E(C2n.Xq) — E(C2n) — qE(X).
Firstly, we have considered M@Czn, where M = Ca, Sr and 2n = 50 and 60, which are the
most abundant cages, i.e. magic-numbered species, found for divalent monometallic
endofullerenes.[29] In particular, we have computed the BDE for the lowest-energy isomers
in each family, namely M@Dsn(271)-Cso and M@/n-Ce0.[29] In addition, we have also
considered cage (>2(1809)-Cso, with two adjacent pentagon pairs (APP2), since
M@C>(1809)-Cso shows an energy that is slightly above that of M@/h-Ceo (13 kcal mol™! at
BP86/TZP level) and it has been found to be chlorinated as empty cage.[39] Finally, we have
computed the BDEs for the prototypical radical La@C>.(9)-Cs>. We would like to emphasize
here that it is not our goal to perform an exhaustive study of all the possible g halogenation
positions within each of these cages to find the lowest-energy possible regioisomer C2,Xq nor

to understand the addition sequences,[25, 26, 40] but to show that halogenation and



hydrogenation are feasible processes for any of these cages if appropriate experimental
conditions did exist (see Computational Details for the criteria used to select the computed

regioisomers).

Table 1. Bond dissociation energies (BDE) for halogenated and hydrogenated fullerenes and

endohedral mono-metallofullerenes.®®

Fullerene Cage X=Cl X=F X=H
Dsn(271)-Cso—X APP5 54.7 89.9 77.7
Ca@Dsn(271)-Cso—X APP5 443 79.8 65.6
Sr@Dsn(271)-Cso—X APP5 43.0 79.9 63.8
Dsn(271)-Cso—X2 APP5 58.1 94.7 81.7
Ca@Dsn(271)-Cso—X2 APP5 49.4 86.6 71.1
Sr@Dsn(271)-Cso—X2 APP5 48.6 85.6 70.6
Dsn(271)-Cso—Xio APPS5 56.8 93.5 80.1
Ca@Dsn(271)-Cso—X10 APPS5 53.0 89.9 75.3
Sr@Dsn(271)-Cso—Xi10 APP5 53.1 90.0 75.6
In-Ceo—X IPR 30.7 65.4 51.1
Ca@lh-Coo—X IPR 49.7 86.0 66.8
Sr@h-Ceo—X IPR 49.8 86.0 66.8
In-Cs0—X2 (6-6 bond) IPR 40.6 78.4 66.3
Ca@lh-Coo—X2 IPR 40.2 77.9 66.8
Sr@Ih-Ceo—X2 IPR 40.8 78.7 67.2
In-Cs0—X2 (5-6 bond) IPR 34.2 70.3 58.9
Ca@lh-Coo—X2 IPR 47.9 85.8 68.4
Sr@Ih-Ceo—X2 IPR 47.6 85.6 68.1
C2(1809)-Ceo—X APP2 45.3 80.2 67.2
Ca@C>v(1809)-Ceo—X APP2 43.8 78.7 65.8
Sr@C2(1809)-Cso—X APP2 43.6 79.0 65.7
C2v(1809)-Cso—X4 APP2 49.6 86.2 71.5
Ca@C>v(1809)-Ceo—X4 APP2 48.2 86.0 70.4
Sr@C2(1809)-Coo—X4 APP2 47.7 85.4 70.7

Dsp-C70—X IPR 29.2 63.5 49.6



Ca@Dsn-Cro—X IPR 48.6 84.9 64.7

St@Dsh-Cro—X IPR 45.7 82.4 61.9
La@C2(9)-Csr—X IPR 42.7 77.6 63.2
La@Cav(9)-Csr—Xs IPR 44.6 79.3 65.9

2 Energies in kcal mol™! per added X=H, F or CI atom. ® Structures for computed fullerenes
are shown in Figures 2 and S2-S4.

(©) @) ) @)

Dy (271)-Coy-X Ca@Ds,(271)-Csp-X  Dg(271)-CoyX,  Ca@Dgy(271)-Cyp-Xs

@HEHO @

Dsy(271)-Cse-X19  Ca@Ds(271)-Cog-X 1o I,-Coo-X Ca@/,-Coy-X

A b A

1,-Cgo-X, (6-6 bond) Ca@/,-Cgo-X, 1-Ceo-X, (6-5 bond) Ca@/,-Cgp-X,

HOGHE

C,(1809)-Coe-X  Ca@Cpy(1809)-CogX  Cp(1809)-Cop-X, Ca@C,,(1809)-Coo-X,

@GO

Dgp-Cyp-X Ca@Ds,-C7p-X La@C,,(9)-Cgp-X La@C,,(9)-Cgp-Xs



Figure 2. Schlegel diagrams for the fullerenes analyzed in Table 1. Green balls show the
position of X atoms; blue balls show the position of the cage where the internal M atom is

pointing to; pentagon adjacencies are highlighted in orange.

As general trends (Tables 1 and S2-S3 and Figure 2), we find that (i) C atoms with low
pyramidalization angles show lower BDEs compared to C atoms in pentalene motifs, which
are much more strained. Thus, release of strain is a key factor for halogenation of
metallofullerenes; (ii) BDEs for fluorinated and hydrogenated fullerenes are much larger than
for chlorinated cages, in agreement with the strength of the C—X (X=F, H or Cl) bonds; (iii)
Although there is no a clear trend in BDEs upon inclusion of the metal atom, in general, they
are not considerably modified (less than 15%); and (iv) the nature of the (divalent) metal does
not significantly affect the BDEs. We note that, in contrast to other cages (trend iii), the BDEs
for M@/In-Ceo-X are substantially increased compared to empty /h-Ceo-X. That observation is
attributed to result from the open-shell (bi-radicaloid) character for the M@/h-Ceo system,
which becomes significantly stabilized upon addition of F, Cl or H atoms; on the other hand,
empty Ih-Ceo is already very stable without halogen addition. For /4-Ceo-X2, we found a
different effect of the metal depending on the regioisomer; while bis-adduct on the 6-6 bond
does not appreciably change the BDEs upon M encapsulation, bis-adduct on the 5-6 bond
significantly does (Table 1). Inspection of the frontier molecular orbital energies in the empty
In-Ce0-X2 shows that 5-6 bis-adducts have low-energy LUMO orbitals, thus explaining their
higher stability compared to 6-6 bis-adducts once the divalent metal (Ca or Sr) is
encapsulated. On the other hand, insertion of the metal does not noticeably change the BDEs
for the non-IPR C»,(1809)-Cso cage, regardless the addition level (q = 1 or 4). And for
additions on the smaller non-IPR Dsy(271)-Cso, encapsulation slightly reduces the BDEs from

around 5% for q =10 up to 10-14% for q = 2. Finally, BDEs for halogenation and



hydrogenation of the prototypical radical La@C>v(9)-Cs> to yield closed-shell functionalized
EMFs (q =1 and 3) are comparable to those of smaller Cso and Cso cages.

Further, we find that there is nearly identical behaviour of the bond dissociation (or
formation) free energies for empty fullerenes, which have been already detected and isolated,
and endofullerenes when varying temperature (see Figure S11). Therefore, we predict
halogenation or hydrogenation of monometallic endofullerenes to be a favourable process,
especially for non-IPR cages such as Dsy(271)-Cso (Table 1 and Figure 3), which show BDEs
similar to those of reported empty cage analogues, Dsn(271)-Cso-Clio.[41, 42] IPR
monometallic endofullerenes as M@/h-Cso-Xq (q = 1, 2) are also likely to be observed. In
addition, we found that recombination of X atoms on the surface of the fullerene to yield X5 is
not thermodynamically favoured (see Table S5). However, why empty fullerenes are found to
be halogenated or hydrogenated and endofullerenes have not been observed as such so far?
We have examined in situ halogenation for these species by use of a pulsed laser vaporization
cluster source, analyzed by ultrahigh resolution Fourier transform ion cyclotron resonance
(FT-ICR) mass spectrometry to experimentally corroborate our theoretical predictions. Figure
4 and Figure S5 unambiguously show that mono- and di-fluorinated small empty cages (e.g.,
Cs0), as well as the mono-fluorinated endofullerenes, Sr@Cso and Sr@Ceo, form after
vaporization of Sr- and polytetrafluoroethylene (PTFE)-doped graphite starting material (5%
Sr, 2% PTFE) in the presence of He buffer gas. Cso and Sr@Cso, for example, are generated
directly from the bulk starting material, and thereafter, halogenation reactions occur in the gas
phase upon interaction with atomic F. Under the present conditions, the extent of fluorination
is primarily due to the low quantity of F available for reaction with the carbon cages. Further,
the endofullerene, Sr@Cso, is present in lower relative abundance compared to Cso and thus
its mono-fluorinated product is formed in inherently lower abundance. Identification of

fluorinated cages are further confirmed by collision-induced dissociation (CID) experiments,



performed by means of sustained off-resonance irradiation techniques (Figure S6).[29] Thus,
halogenated mono-metallofullerenes may have not been previously observed due low
production yield compared to empty cages.

In addition to fluorinated Cso and Sr@Cso, molecular ions are observed that correspond to
other even-numbered fullerene cages, as well as cages that contain a carbon adatom (i.e., odd-
numbered species)[43-45] and their fluorinated forms. We proposed that all carbon cages,
including those with an adatom, are formed through a bottom-up formation mechanism, and
thereafter, are fluorinated in the gas phase at a sufficiently lower temperature.

a) b)

9

N

Dg;(271)-CsoHyo Ca@D5,(271)-CsoHqg

Figure 3. Structures of a) the empty cage Dsn(271)-CsoHio with five adjacent pentagon pairs,
view along the Cs axis; and b) the monometallic endofullerene Ca@Dsn(271)-CsoHio, view
perpendicular to the Cs axis. Pentagon adjacencies are highlighted in orange. C in grey, H in

light grey and Ca in blue.
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Figure 4. FT-ICR mass spectra (positive ions) that show fluorinated products formed by laser
vaporization of Sr- and F-containing graphite starting material: a) empty Cso cage, CsoF and
CsoF2; and b) the mono-metallic endofullerene Sr@CsoF (only mono-fluorination). In the
inset, suggested structures for a) Dsn(271)-CsoF2 and for b) Sr@Dsn(271)-CsoF. Pentagon

adjacencies are highlighted in orange. C in grey, F in dark green and Sr in dark red.

3.2. Endohedral clusterfullerenes

Clusterfullerenes, in general, possess larger cages than mono-metallic endofullerenes because
clusters of atoms do not fit in small cages. For larger fullerenes, the number of possible IPR
isomers increases (one for Cgo and C7o, seven for Cgo, 46 for Coo, 450 for Cio, etc.) and thus it
is more likely to find an IPR cage suitable to encapsulate a cluster. Indeed, both IPR and non-
IPR cages have been found to encapsulate metal clusters,[1] in which M3N@Cs(51365)-Csa
(M = Tb, Tm and Gd) is the metallofullerene with the largest non-IPR cage characterized by
X-ray diffraction so far.[46, 47] The prototypical and most abundant EMF, SciN@/h(7)-
Cso,[48] as well as ScsN@Dsn(6)-Cso, which exhibit IPR cages, were trifluoromethylated few

years ago, to form SciN@Cso(CF3)q (@ = 2, 4, 6).[49] In addition, higher levels of



trifluoromethylation have been achieved recently (m = 14, 16, 18).[14, 50] Extensively
hydrogenated SciN@/n(7)-CsoHs2 was predicted to be thermodynamically stable using
DFT,[51] but hydrogenation of ScsN@/In(7)-Cso has not been observed to date. In 2011,
Boltalina, Popov and co-workers reported that the halogenation behavior of ScsN@Cso is very
different from that of empty fullerenes. For example, synthetic methods that were successfully
used to fluorinate empty fullerenes did not result in observable ScsN@CsoF4 products.[14] In
fact, fluorinated ScsN@Cso has not been previously observed to the best of our knowledge,
which may be due to cage degradation that occurs upon fluorination under particular
conditions.[ 14] Car-Parrinello MD simulations corroborate this idea (vide infra).

We computed the EMF—X BDEs (X = Cl, F and H) for several representative nitride, sulfide
and oxide clusterfullerenes as well as di-metallic endofullerenes and compare them with some
empty cages (Tables 2 and S4 and Figure 5) to gain insight into the change in C-X bond
strength upon encapsulation. Analogous general trends as for mono-metallic endofullerenes
are observed (see above). Principally, release of strain is found again to be the main factor for
halogenation of clusterfullerenes. As shown in Tables 2 and S4, BDEs to C atoms with higher
pyramidalization angles, as in pentalene bonds in non-IPR cages, are significantly larger than
BDEs to those C atoms with lower degrees of pyramidalization, as those in IPR cages or in
hexagon-hexagon-pentagon junctions in non-IPR cages. We also find that changing the
internal cluster, when the charge transferred and the size (approximately) are conserved, does
not significantly affect the BDEs. Halogenation and hydrogenation of Scx(@C>y(4059)-Ces are
highly favorable processes and exhibit BDE (and free-energy) values similar to the already
observed (»y(4348)-Ces—Clio as well as to those of smaller, more strained cages (compare
Tables 1 and 2 and Figures S2-S4 and S7-S10). Low extents of halogenation in

Y3N@Cs(39663)-Cs> (q = 2) are also particularly favored (Table 2). Additions to IPR



ScsN@1n(7)-Cso, albeit which shows lower BDEs than for non-IPR structures, are still very
favorable in a thermodynamic sense.

We have experimentally probed the gas-phase halogenation of pre-existing Sc3N@/Zn(7)-Cso
by means of the laser-based technique.[29, 52, 53] As shown in Figure 6, we find that
ScsN@n(7)-CsoFq (@ = 1 and 2) species are readily formed after exposure of the pristine
clusterfullerene precursor to fluorine-doped carbon plasma, achieved by vaporization of a
ScsN@Cso-coated PTFE-doped graphite target (25% PTFE). Upon laser vaporization,
ScsN@Cso is primarily desorbed into the gas phase, and thereafter, carbon insertion reactions
take place that form ScsN@Cs> and larger ScsN encapsulated cages.[S3] We propose that
fluorination of these carbon species takes place at lower temperature and after carbon
insertion reactions. Dissociation investigations by means of SORI-CID unambiguously
demonstrate that ScsN@CsoF and the other fluorinated products are exohedrally modified
clusterfullerenes (Figure S13). Other fluorinated clusterfullerene molecular ions are observed
that correspond to ScsN@Cs:F, whereby the parent ScsN@Cs: species form through bottom-
up growth of ScsN@Cso.[53] Therefore, fluorination of endohedral fullerenes in the gas phase

may also be used as a method to further characterize formation mechanisms.

Table 2. Bond dissociation energies (BDE) for halogenated and hydrogenated fullerenes and

clusterfullerenes.?

Fullerene Cage X=Cl X=F X=H
C2(4059)-Ces—X10 TSFP2 52.1 93.2 74.9
Scr@C2v(4059)-Cos—Xi10 TSFP2 53.3 88.4 72.2
C2v(4348)-Ces—X10 APP2 51.4 88.6 74.6
C2(7892)-Cr0—X4 APP2 54.0 90.3 76.1
Sc2S@C2(7892)-Cro—Xa APP2 42.3 79.1 63.6
C2v(11188)-C72—X4 APP1 51.6 87.8 72.8
Cs(10528)-C72—Xs APP2 49.3 86.5 72.4

Sc2S@Cy(10528)-Cro—Xs APP2 43.6 81.0 65.5



Sc20@Cy(10528)-Crr—Xs APP2 44.9 82.2 66.6

D3(6140)-CesX12 APP3 47.6 84.4 69.7
ScsN@D3(6140)-Ces—X12 APP3 43.1 80.6 65.2
C«(39663)-Cs2—Xs APP1 49.4 85.6 70.7
YsN@C(39663)-Cs2—Xo APP1 46.3 83.7 65.7
Cy(51365)-Cs4—Xs APPI 47.7 88.2 72.8
YsN@Cy(51365)-Cs4—Xo APP1 42.6 79.6 63.0
In(7)-Cso—Xe IPR 36.9 74.2 62.8
ScsN@In(7)-Cso—Xs IPR 27.8 63.7 50.3

2 Energies in kcal mol! per added X=H, F or Cl atom. ® Structures for computed fullerenes
are shown in Figures S7, S8 and S9.
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Figure 5. Schlegel diagrams for the fullerenes analyzed in Table 2. Green balls show the
position of X atoms; blue balls show the position of the cage where the internal M atom is

pointing to; pentagon adjacencies are highlighted in orange.
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Figure 6. Cluster cations formed after pristine ScsaN@Csgo is exposed to fluorine-containing
carbon vapor, generated from polytetrafluoroethylene-doped graphite. The mono-fluorinated
cation, ScsN@Cso-F, is the dominant formation product. The larger species, such as

ScsN@Cs:F, form by the growth of ScsN@Cso and subsequent fluorination.

Low levels of addition do not significantly distort the Cso cage structure, and therefore,
prevents cage degradation that is a major obstacle for synthesis of these derivatives. Car-
Parrinello MD simulations performed under similar conditions compared to those of
experimental fluorination (see Computational Details) show that highly fluorinated systems,
such as ScsN@/(7)-CsoFq (q = 44 and 72), suffer extensive distortions of the cage compared
to ScsN@/(7)-CsoFes (Figure S14), even at the short time scale simulated here (20 ps). Indeed,
for ScsN@(7)-CsoF72, we observed the opening of the cage at only 5 ps and its subsequent
degradation in less than 10 ps (see Figure 7). Even though we did not observe the breakage of
the cage for ScsN@/In(7)-CsoF44 in the 20-ps trajectory, we found that many of its C-C bonds

appreciably elongate to distances of 1.9-2.0 A (see Figure S14). Therefore, we conclude that



optimized synthetic conditions to achieve low levels of addition would be necessary to
halogenate or hydrogenate clusterfullerenes. We would like to emphasize here that the
observed IPR ScsN@1(7)-CsoF shows lower BDEs than any of the non-IPR clusterfullerenes
in Table 2. The ‘cage breakage’ that we show in Figure 7 is not related to the formation of the
mono- and di-fluorinated species in this work, but rather to distinguish how low level
fluorinated endofullerenes may be more stable then very highly fluorinated species. Further,
we expect that other forms of endofullerenes may be fluorinated by the methods reported in

this work.

0 ps 5ps 10 ps

Figure 7. Snapshots of the Car-Parrinello MD trajectory of SciN@/w(7)-CsoF72 at
experimental conditions of fluorination (t = 0, 5 and 10 ps) where it is shown clearly the
degradation suffered by the carbon cage at high levels of F addition, in contrast to lower

extents of halogenation.

4. Conclusions

By means of computations and online chemical sampling of pulsed laser vaporization
synthesis analysed by ultrahigh resolution FT-ICR mass spectrometry, we have reported for
the direct halogenation of endohedral metallofullerenes. Computed bond dissociation energies
(BDEs) performed at the DFT level for chlorination, fluorination and hydrogenation of a

range of cage sizes and isomers lead to two significant conclusions: (i) metal encapsulation



may change BDEs compared to empty cages, albeit to a low extent (e.g., up to 15%); and (i)
the effect of the internal metal or cluster does not appreciably modify (within 5%) BDEs,
provided that the charge transferred and the approximate size are conserved. We have found
that, according to computed bond energies and free energies, IPR and non-IPR endohedral
monometallic or cluster-fullerenes may be halogenated or hydrogenated under appropriate
synthetic conditions. Indeed, we have shown that Sr@Cso, Sr@Ceso and the prototypical
ScsN@h-Cso metallofullerenes can be fluorinated, and at lower extents that may avoid cage
degradation, through two experimental routes under the typical in situ gas-phase conditions of
metallofullerene plasma synthesis. These functionalizations are shown to stabilize small
metallofullerenes and might render these nanoforms isolable or detectable from arc-discharge
produced soot. Further, the halogenated clusterfullerenes may hold the potential to act as
precursors to facilitate formation of species with alternative functionalizations. Endohedral
metal encapsulation combined with exohedral halogenation of fullerene cages may be a useful
approach to successfully form new radical-quenched, large-gap metallofullerenes, and should

be applicable to the synthesis and stabilization of other encapsulated molecular nanocarbons.
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