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SaCH@Csgo is synthesized and characterized byH, '3C, and

45Sc NMR. A large negative chemical shift of the pratn, -11.73
ppm in the In and -8.79 ppm in theDsn Cgo cage isomers, is
found. *3C satellites in the'H NMR spectrum enabled indirect

determination of the 3C chemical shift for the central carbon

at 174+2 ppm. Intensity of the satellites allowedetermination

of the 3C content for the central carbon atom. This unique
possibility is applied to analyze the cluster/cage'sC

distribution in mechanistic studies employing eithe **CH4 or

13C powder to enrich SgCH@ Cgo with 13C.

The pressure of helium gas is one of the most itapbr
parameters affecting the yield of fullerenes in éine-discharge
synthesis. Optimization of the atmosphere in theedischarge
generator (both the pressure and composition) &n awnore
crucial for the synthesis of endohedral metall@idhes (EMFs)
and clusterfullerenes, whose yields are usuallyhrawer than

Recently we have shown that methane can be adyeouia
for the synthesis of carbide clusterfullerenes, hsuas
M2TiC@Cgo or M2TiC2@Cso (M is Y or a lanthanidé) It is not
clear if methane is barely a source of hydrogerpmegsing the
empty fullerene formation, or it plays a more sfieaiole by,
e.g., supplying the carbon for the endohedral elugnswering
this question may shed more light on the fullefemmation, but
the analysis of the carbon source in the EMF mdéecunot
straightforward. The use of isotopic substitutiooud be an
obvious way to address this problem, but mass-smpeetry is
not able to distinguish the cage and cluster atowtsreas
sensitivity of 13C NMR is not sufficient to allow distribution
studies (detection of the central carbon atoms ambide
clusterfullerenes by*C NMR required*C enrichmerft3.14.1y,
Here we circumvent this problem by studying theCHt@ Cso,
which affords'®C analysis of the central carbon via theNMR
signal of the endohedral hydrogen and show thahamet plays

those of empty fullerenésNew types of fullerenes or theiran active role in the formation of the endohedhaster.

derivatives can be obtained by introducing différemagents into

SaeCH@Gso was synthesized in two series of experiments,

the arc. Stevenson et al. were the first to shawiththe presence ysing either pure Sc or a 1:1 mixture of Sc andJia source of

of molecular nitrogen, the nitride clusterfullere®@N @ Cso can

be synthesized in appreciable yiéldlhen, Dunsch et al.

demonstrated advantages of the reactive atmosphetteod in

metal. Metals were mixed with graphite powder aadked into
the hole-drilled graphite rods, which were thendusethe arc-
discharge synthesis in the He atmosphere with alitiand of

the synthesis of EMFs: The use of Naék a source of nitrogenseveral mbar of CiH(250 mbar total pressure). The main EMr

not only afforded the synthesis of nitride clustégrenes, but

products of the arc discharge synthesis in theseélitons are

also suppressed the yield of empty fullereh&se method was SuC2@GCso in pure Sc system, and FEC@Cso in the mixed-

adopted for the synthesis of other types of EMBtelfullerenes,
such as sulfidespxides® or certain types of carbidé€<.8°1t was

metal Sc/Ti system. Both systems afforded appréziamounts
of SeGCH@G, which was further isolated using HPLC (see

also applied to stabilize unconventional emptyeiidhe cages supporting Information for further details of segtion).

via theirin situ derivatization by hydrogéhor chlorine atoma!

Detailed characterization of £&H@ Gso in the first report on

Interestingly, whereas the use of SOGr CO gases for theits synthesis was not possible due to the tiny artmof the

synthesis of clusterfullerenes leads to a largewshof empty
fullerenes, the hydrogen-containing reagents {NEHs, solid
organic compound?d suppress the yield of empty fullerenes.

This journal is © The Royal Society of Chemistry 2012

isolated compounfl. In this work, we accomplished
characterization of the compound B38c, 1°C, and*H NMR
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spectroscopy as shown in Fig. 1. The icosahedgs sgmmetry TheH NMR spectrum of SCH@GCso also exhibits a low
of SECH@Go is proved by'3C NMR spectroscopy (Fig. 1a).intensity doublet due to the proton-bondé@ (Fig. 1c). The
Two cage resonances with the 3:1 intensity ratiocdrserved at *Jc-n coupling constant is small, 78.5 Hz, which is tgbifor
144.67 and 137.39 ppm, which is close to the chalnshifts protons bonded to carbon atoms with highly eleasipve
reported for other clusterfullerenes with theo-G cagé®!® substituents. Thus, the measutégH constant is in line with the
(144.57/137.24 ppm in @ Cso, 144.7/137.8 in SE2@Cso,'” large negative charge on the central carbon atedigted for
144.9/137.7 ppm in SEN@Go,'® or 144.82/137.29 ppm in SaCH@Gso.?” The possibility to detect3C satellites in the
SuO2@ Ceot?). In thel*C-enriched sample, satellite peaks due fwroton NMR spectrum enables determination of-#echemical
coupling of neighboring cage atoms can be seen (REgwith shift of the central carbon atom Vid NMR measurements with
the XJcc coupling constant of 58 Hz, typical for Césparbon selective'>C decoupling at differeriC irradiation frequencies.
atoms in conjugatea-systems? Presumably, the large line-The satellites are well visible at 165 or 180 pju, disappear
width of the endohedral carbon sigtalid not allow us to detect completely at 172-175 ppm (Fig. S4). Thus, tf@ chemical
it in the direct3C NMR measurements, and the chemical shift shift of the central atom in SEH@Gso is determined as 173+1
the endohedral carbon was determined from seleddeeupling ppm, which is noticeably downfield tha?C chemical shifts of
measurements 8H NMR (see below). endohedral carbons in carbide clusterfullerenes {sdble 1).
SaCH and SeN clusters have the same formal charge (6+]

and identical electron count (the{8)3" unit is analogous to the

a
(@) nitride ion N*), and therefore a close similarity of the eleciton
. . . . properties of SICH@Geo and SeN@Cso can be expecteth’
Indeed, both compounds exhibit very similar Vis-NiBsorption

spectra (Fig. 2a), with a slight blue shift of tloevest energy
— band in S&SCH@Gso (717 nm versus 734 nm in @ Cso). The

190 180 170 160 150 140 130 120 110 100 90 difference is more distinct in the fluorescencecse whereas

8(°C) ppm SaCH@Go exhibits a NIR emission band at 835 nm, the

(b) (©) maximum of the fluorescence band o&I$€ Cso is observed at
910 nm. Crossing points of the absorption and darisBands
give the optical gaps of SCH@Gso and SeN@Cso asca. 1.62
and 1.53 eV, respectively. The electrochemical galp
. . . . ‘ . . SeCH@Go is also 0.09 V larger than that of :8@ Cso (Fig.

405(453c2)?%pm 0 -14 8(1-'1_'2)1 ppn-lm -8 2b, Table 2). Both compounds exhibit similar redehaviour

with chemically irreversible first reduction neat.2 V. DFT

Figure 1. NZIR spectra of SC%CH@CgQ dissolved in C?z: (a) 125 MHz.13C NMR; (b) calculations show that mH@CBO and S@N@CSO have almost
1215 e SR ol ne s HECu gy e SeN@C (€00 emical spaial distibution of the HOMO and LUMGhe
HOMO is essentially a carbon cage orbital, whethad UMO

In 45Sc NMR spectrum, SEH@Gwo exhibits a single has large contribution of Sc atoms (Fig 2c).
resonance at 292 ppm (Fig. 1b). This value is X8 fow-field
with respect to thé’Sc chemical shift in SBI@Cso at 192 ppm  (a) (b) *
(Fig. 1b). The proton NMR signal of S£H@ Go was detected
at —11.73 ppm (Fig. 1c¢). Such a high-field valuayisical for
endohedral protoRs?* (see Table 1). We also detectec v
formation of the second isomer ofs8¢ @ Go, presumably with
theDsh carbon cage (Fig. S6), who4¢ NMR signal is detected

1448 1444 1440 1376 1372 136.8

-11.8 117

T T T T T T T T
-25 -20 -1.5 1.0 -05 00 05 1.0

v E vs Fe(Cp),™ IV
at —8.79 ppm.
Table 1.*H and®*C chemical shifts (ppm) for endohedral clusters in
SGCH@ Gy and selected endohedral fullerenes 900 800, 000
EMF S(*H)  ref EMF 3(**C) ref
SeCH@G-1? -11.73 SELCH@ G- 12 173+1 T T T \
SGCH@Go- 112 -8.79 MC,@Cy? 220- 1314l 400 600 800 1000
260 S Alnm
Ha@Cc -1.44 zi YCN@Gs _ 292.4 ij Figure 2. (a) UV-Vis spectra of Sc;CH@Cg (black) and ScsN@Cgo (cyan) in toluene,
H0@Cs -4.81 2: SQ?C?@CBC 328.3 o the inset shows absorption spectra in the range of the lowest energy transitions
H2@Cro —-23.97 - Lu, TIC@GCsc 340.98 and luminescence spectra (Scs;CH@Cgo— red, ScsN@ Cgo— magenta; laser excitation

at Aex = 405 nm); (b) Square wave voltammetry of Sc;CH@ Cg (black) and ScsN@Cgp
(cyan) in o-dichlorobenzene/TBABF,, asterisks mark Fe(Cp), and Fe(Cp*), used as
internal standards; to guide an eye, the first reduction and oxidation potentials of
ScsCH@Cg are denoted with vertical red lines; (c) HOMO and LUMO of ScsCH@Cgg
computed at the PBE/def2-TZVP level.28

2 SGCH@G-| and SgCH@Gso-ll denote the major ) and the minor
(presumablyDsy) isomers® M = Sc, Y; 4 = 80, 82, 84, 92.
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Table 2. Redox potentials (V) of SCH@Gg and SeN@Cgo.?

EMF O-ll Ol R-I R-Il R-Ill gapc
SaCH@ G 067 -121 -1.53/-1.82 -2.28 1.88
SGCH@G 109 0.63 -1.15 -1.54/-1.73 1.79

2 All potentials are determined by square-wave voiteetry in o-
dichlorobenzene/TBABFand are referred versus Fe(€ffyedox couple;
“O” and “R” denote oxidation and reduction, respesly

SaCH@Go offers a unique possibility to study the role of

methane in the carbide clusterfullerene formatiemg 13C-
enrichment. The isotopic distribution of the cehtarbon atom
can be determined byH NMR from the intensity of thé3C
satellites, whereas the net isotopic distributionttie whole
molecule (dominated by that of the carbon cage)oeadeduced
from the mass-spectra. We synthesizedC-enriched
SaCH@Gso by applying either (i}3CHa or (i) 13C powder. To
distinguish the two series, they will be denoteti*88H4/C” and
“CH4/*3C”, respectively. The amount ofC powder in the
CHa/'3C series was adjusted to keep the same amouA€dh
the generator as in th8CHJ4/C series. Figure 3 comparéd
NMR and mass-spectra of thesSEH@Go sample synthesized
with the natural-abundant GKT to the two types dfC-enriched

samples, whereas estimafé@ content is summarized in Table

ChemComm

%, whereas th&C content for the central atoms is much higher,
7.6+£1.5 %. Thus, despite the rather large erros bathe NMR
measurement (caused by the limited sample amoseigctive
13C enrichment of the central carbon atom!®@Ha is beyond
any doubt. Thé3CH4/C syntheses thus provide rich information
on the SeECH@ Ggo formation process.

The volume inside the generator can be schemigtical
divided into three zones:
1) The “hot” zone near the center of the arc, wheee th
temperature is up to several thousant? Knd majority
of chemical bonds (including C—H) are broken. Cthly
most stable species (such asd@ners) can survive.
The periphery of the hot zone, where the carborovap
cools down by the adiabatic expansion and intevacti
with helium atoms, resulting in a self-assembly of
fullerenes and other carbonaceous structures. This
intermediate zone is hot enough to provide sufficie
energy for the rearrangement of the building carbo:.
networks, but the temperature is not high enough fc
their atomization.
The “cold” zone, where the fullerenes can only ahne
(e.g., structural defects can be healed), but anbat
structural rearrangements are already not possible.

2)

3)

3. In the CH/*C syntheses, the isotopic composition for the \ye propose that all CHnolecules entering the hot zone are

central atom and the whole molecule are both es@bo within
the uncertainty limits of the NMR measurementsl%s. Thus,
the carbon originating from the powder is equaligtributed
between the cage and the central atom; similarlasion was
achieved by Dorn et al. in their mass-spectromstticly of the
empty fullerenes and Y-carbide clusterfulleretfes.

(a) (b)

CH,/"C

1105 1110 1115 1120
CH,/"C

*CH,/C
1105 1110 1115 1120 SCH,/C
CH,C CH,JC
1105 1110 1115 1120 415 117 118 -11.9

m/z 5("H)/ ppm

Figure 3. a) Mass-spectra of ScsCH@Cg, samples with different 13C content
obtained in CH4/*3C, 3CH,4/C, and CH,/C syntheses; (b) 'H NMR spectra for the
same samples, normalized to the intensity of the main singlet.

Table 3.1%C content for the central atom and the whole madéecu

1%C enrichment H NMR Mass-spectrometry
C/CH® 1.1+04% 1.1+£01%
CHyJ®C 58+09% 50+x0.2%
BCH,/C 76+15% 1.6+£0.1%

2 natural abundance

Substantially different results are obtained in tHEH4/C

completely atomized, and therefore the carbon atémm

methane can serve as a source of carbon for trezdfnké cage.
Since the hot zone occupies only a small volumeereds
methane is distributed over the whole generatomttes, only a
small fraction of methane present in the systensgmshrough
the hot zone. Thus, it is not surprising that tlumtent of
methane-originating carbon atoms in the fullereagecis not
exceeding 0.5 %, whereas the main sources of cddrydooth

the fullerene cage and the endohedral clusterteregtaphite
rods and graphite powder packed into the rods.

When the C/H vapor leaves the hot zone, the CHi®@an
be formed again. Note that from the 0.5% contrinutof the
methane as a source of carbon for the cage, thea&idlin the
hot zone is tentatively estimated as 50:1. Thi® riatsufficient
for a dramatic suppression of the empty fulleresrenfition. The
13C/12C distribution in the newly formed CH bonds can be
considered roughly equal tHé€C content in the carbon cage
(1.6 % in the'3CH4/C syntheses). The fact that tH€ content
for the central carbon atom in 8@ Gso obtained in thé3CHa
syntheses is several times higher than for theerfeitle cage
means that methane is also chemically active in the
“intermediate” zone. Although CH molecules are not
completely atomized here, they can exchange pratithsother
carbon structures or react with Sc atoms to suitstiprotons.
However, somé&3CH fragments remain intact (else the isotopic
distribution for the cage and the cluster wouldebealized) and
take part in the endohedral fullerene formatione Titaction of
such “native” 33CH units in SeCH@Gso is the difference
between thé3C content in the cluster and in the cage, and ean b
roughly estimated as 6%.

syntheses: th®C enrichment of the carbon cage is only 1.6+0.1

This journal is © The Royal Society of Chemistry 2012
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Conclusions

In this work we reported on the synthesis and spscopic 8
characterization of SEH@Gs. Its 13C, 4°Sc, andH NMR
spectra are reported for the first time and fulgtablish the
molecular structure of this clusterfullerene. Eleoic properties

of SeCH@Gso are similar to those of its close analog, nitridfo_
clusterfullerene SN@GCso. Yet, absorption and fluorescence
spectroscopy as well as electrochemical study stiaw the 11.
bandgap of SCH@Gso is higher by 0.09 eV. Most importantly,

a unique possibility to determiféC composition of the central
atom in the cluster by vidd NMR enables an analysis of the role
of methane in the clusterfullerene formation. Aieerof 13C
enrichment with eithel®CHa or 13C powder showed that the use
of 13CHs4 in the synthesis of SCH@Gso allows selective
enrichment of the central carbon atom wit@.
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