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Abstract: Unconventional fullerenes are those smaller than Cgo or those intermediate between Cgo and
C+o0, which are not stable in structure as none of the unconventional fullerene isomers satisfying the “isolated-
pentagon-rule” (IPR). Below we report the synthesis of a stable unconventional fullerene derivative CesHa
by introducing methane in the fullerene productions with the normal Kratschmer—Huffman method. We
also applied various spectroscopic measurements such as mass spectrometry, 3C NMR, IR, UV—vis
absorption spectrometry, etc. to characterize the structural and electronic properties of this molecule,
revealing an unprecedented fullerene cage with a triplet of directly fused pentagons in the framework of
CesH4. Four hydrogen atoms are added to the carbons at vertexes of fused pentagons to allow the bond
angles at these sites close to the sp? tetrahedral angle, which essentially release the sp? bond strains on
the abutting-pentagon sites of Ces. Ab initio calculations were performed to explore the electronic property
and simulate the *3C NMR and IR spectra of this fulleride, which reproduced well the experimental results
and confirmed the structural assignment of the CgsHa.

1. Introduction paperé8reported the synthesis, isolation, and characterizations

Fullerenes are closed-cage carbon polyhedrons that areofsome stable metallofullererfesr fullerene derivativésbased

composed of 12 pentagons and an uncertain number off I Go. Cee, agd Gs 'Tplllym? tt)f:at éht()ase thj]ncon\(/jenhtlodnall

hexagons. With this definition the possible fullerenes should ullerenes can be essentially stabilized Dy either endohedral or
exohedral derivatization. Chemists are highly interested in why

begin from Gy however, due to the limitation of the "isolated- and how these otherwise extremely unstable fullerene species
pentagon-rule” (IPR)which rules out those fullerene structures . ! Y : pect
were stabilized. Finally, some unconventional fullerene materi-

containing fused pentagons, the first stable fullerene is in fact .
9 pentag als, e.g., the solid of £° and Ce@G, etc? were revealed to

Ceo and the second one i€ Except for Gg,2 whose synthesis . . o
and isolation are still in debafé most of the other small  °WN novel electronic properties and superconductivity, so they
' may be found in direct applications in future.

fullerenes (i.e., @—Csg, Cso—Csg) are neither stable in structure . .

nor isolable macroscopicalfyso they were defined as uncon- Itis well-known that fullgrgnes composed 9f aIFandmed

ventional fullerenes. In fullerene studying, the unconventional carbons are somgwhat similar t.o the graphite. Sln'é@;axbon
adopts preferentially glanar trigonal symmetry in nature,

fullerenes show also great significances as normal fuIIerenesobViousl even the most stable IPR-satisfying fullerenes such
do. First, unconventional fullerenes provide valuable clues about Y . 9 B
as Go and Go would deviate from the planar carbon?sp

how the fullerenes grow up because they are precursors of
conventional fullerenes (e.g.s6-Cro, €tc.) in growing according
to the “fullerene road” mechanistSecond, several recent
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Scheme 1

symmetry and induce slight bond strains, not to say unconven-ample, Choho et df studied the stability of & and Gg
tional fullerenes in which the carbons at vertexes of abutting derivatives, revealing that,gderivatives (e.g., &Hs) are much
pentagons would deviate far from the’ siybridizations. Hence  more stable than £. Lin et al}3@and Xiao et al3P calculated
huge bond strains are expected at the IPR-violating fullerenes.several unconventional fullerenegg€Cy4o and found a stability
However, inasmuch the bond strains are localized in fused order for hydrogen addition of fullerenes at different carbon
pentagon sites, then if special actions were performed aiming sites as shown in Scheme 1b. Xu ef“dtalculated several
at the fused pentagons, e.g., by interacting with encaged metalisomers of Gy and GoHz,, Suggesting a low energetic structure
or by chemically modifying the carbons at vertexes of fused of CsgH1p (Dsp) in which 10 hydrogen atoms were added to the
pentagons, it is possible to essentially release the bond straing/5 fused pentagon sites ofs¢C Recently, the first stable
there and get stable structures as metallofullerenes or fullereneunconventional fullerene derivative ofs& Cs¢Clig, Was suc-

derivatives. cessfully synthesized and isolated by Xie ef ahe high
Recently, several endohedral unconventional metallo- stability of this compound clearly evidences that the large steric
fullerenes’ e.g., Se@GCss, SGN@Css, and SeCo@GCsg, etc., strains pertaining to the fused pentagons are effectively released

were synthesized and characterized, which may be taken aspy covalent attachment of Cl atoms to the 10 carbons at the
prototype molecules to find out how the bond strains of fused vertexes of fused-pentagon sites af(Dsp).

pentagons are able to be largely decreased in the metallofullerene |, this paper, we report the synthesis and structural charac-

case. As shown in Scheme 1a, a typical M-(pentago2)  tgizations of a new unconventional fullerene derivativaHz.
structure can be derived from these endohedral unconventlonal-rhe synthesis of this molecule not only provides another

fullerenes, ‘”?p'}"“g that the r_netal atom must bond to Fhe fused- prototype of stable unconventional fullerene derivatives other
pen_tagon pair tightly in allusion to decrease the localized bpnd than GClio, enabling us to witness how the3shybridized
strains of fused pentagons by electron transfer. As a comparison,nons work to release the bond strains of triplet abutting

it Sh?IUIfd”be mentlone"d tf;at t?e n:jetal atoms in most .othgr pentagons, but also is of great significance in studying the
metallofullerenes usually show free dynamic movements inside ¢ 1arene growth mechanism fromegto Cro

the fullerene cage¥.Moreover, it was recently disclosed that
metallofullerenes M@GC;»'! (M = Sc and La) also contain such 2 Results and Discussions
a M—(pentagonx 2) structure, indicating that this type of
structure can release the bond strains of abutting pentagons 2.1. Synthesis and Purification.CesHs was synthesized by
independent of the metal and fullerene size. arc-burning pure graphite rodg8§ x 200 mm) in a direct
Another way to mitigate the bond strains of fused pentagons current mode (12 V, 170 A) under 500 Torr helium/methane
is to change the hybridizations of the carbons at vertexes of mixture atmosphere (95:5 in volume ratid%*° here the
abutting pentagons from 3po sp by chemically modifying methane was added to provide as a hydrogen source. gilHg-C
the fullerenes. Due to the large difference between the sp containing soot was collected and Soxhlet extracted by toluene
tetrahedral and planar frigonal angles, the transition from  for 24 h. The purification and isolation ofsgH, were achieved
sp? to sp will obviously benefit some typical structure of by multistep high-performance liquid chromatography (HPLC)
unconventional fullerenes to release the bond strains and formwith two complimentary columns, i.e., the Buckyprep column
stable unconventional fullerene derivatives. In the past decade,(20 mmx 250 mm, Cosmosil) and the Buckyclutscher column
extensive theoretical studies have been performed to explore(21.1 mmx 500 mm, Regis Chemical). The retention time of
some important unconventional fullerene derivatives. For ex-
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Figure 1. (a) UV/visible absorption spectra okgand G4Ha. (b) Mass spectrometry studies ofs84. Fragments corresponding te-4 hydrogen atom loss
from Cs4H4 are always observed; along with enhancing laser potue?$ (laser intensity in arbitrary unit:100;3: 105], the molecule tends to lose more
hydrogen atoms. While the laser power is high enow®)hfagments corresponding to the trace @f @re observed. (c) Mass spectrometry study gf C
decomposition behavior in the same laser power sequences as shown in part b.

Cs4H4 in the Buckyprep column is located between that g C  ionization (Figure 1b), suggesting the hydrogen atoms must be
and Gy (Figure S1), so the Buckyprep column was used in step exohedrally attached to the carbon cage. We try to further
1 to collect the G4Hs-containing fraction and remove normal fragment the gH; molecule by continuously increasing the
fullerenes such asdg, Cro, Crs, Csa, €tc. It was estimated that  laser intensity, and it was observed that thgHz molecule

the relative yield of G4H, is ca. 0.2% of that of g, so we tends to lose more hydrogen atoms (Figure 1bl and 1b2) but
repeated step 1 many times to enrich thgHz sample. In step no other chemical groups are stripped off from the molecule,
2 the enriched &H4 sample was reinjected into the Buckyprep so the molecular framework should bg;®ut not Gp. It is not
column, and recycling was performed to remove impurities from until the laser power is high enough to break down thgedage

Ceo derivatives such as g0, Gs0O,, etc. Step 3 is again a  as revealed by a parallel experiment fogo CFigure 1c) that
recycling process in the Buckyclutscher column, which further only a trace of G fragments appears in the mass spectrum of
purifies the sample up to 99% in purit§yFinally, ca. 3 mg of CsaHa4 (Figure 1b3), suggesting the high stability of theid,
Cs4H4 sample was collected for spectroscopic characterizations.framework which is comparable to that ofC

2.2. Structural Char_acte_rizations. CeaHa dissqlves well in _ The geometric structure and the molecular symmetryegfie
toluene and carbon disulfide. It shows a purplish-red color in gre studied by means of NMR spectroscopy on a Bruker AV600
CS; solution that is slightly different from the purple color of  gpectrometer. Figure 2a shows a 125 MB2 NMR spectrum
Ceo- Figure 1a gives a comparison of the BVisible absorption ot ¢ ,H, in CS, solution and locked by acetorz-at room
spectra 9f GHa and G in hexang. .The characteristic feature temperature. A total of 14 distinct signals appear in the spectrum;
of Cg4Hg is observed essentially similar to that afCCso Shows 12 peaks are located at the2spybridizing range (125160
known characteristic absorption peaks at 210, 256, 328, andppm), and the other 2 peaks (57.29 and 55.76 ppm) are located
405 nm, whereas the absorptions afld, are located at 210, in the sf-hybridizing range.

247,273, 340, 383, and 431 nm. Strikingly, the onset oHg
is nearly the same as that o§g-suggesting that this molecule
is a wide band gap fullerene such ag.t

Because & is the smallest IPR-satisfied fullerene angy C
is the second, & must violate the IPR.Out of the 3464 non-
IPR isomers of @4 calculated by the spiral algorithithere is

Matrix assist laser desorption ionization mass spectroscopic ; )
i i . only oneCgz,-Cs4isomer that fits the observé@C NMR pattern
(MALDI-MS) studies of the G4H; sample indicate that the [S2(8 x 6; 4 x 3): SP(1 x 3; 1 x 1), where & x b) indicates

molecule can lose-14 hydrogen atoms under laser desorption/ . K
ydrog P “a” group of “b” symmetrical equivalent carbon atoms]. We

(16) The purity of GsHs was confirmed by both HPLC and TOF mass thus build the GH4 molecular structure as shown in Figure 3

spectrometry. For example, Figure S2 shows a recycling HPLC profile to hased on theC;,-Cs4 and NMR data. The proposed structure
purify the sample with a buckyprep column. A single peak was observed

from the 3rd cycle to more than 20th cycles, implying a high purity of the  includes a triple fused-pentagon group, and four hydrogen atoms

sample after purification process. ; : .
(17) Wang, C. R.; Inakuma, M.; Shinohara, Ehem. Phys. Let1999 300, were t_:;onded in the fused pentagon_al site to lower the bending
379-384. energies of fused pentagons. Obviously, the former 12-peak
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Figure 2. (@) '3C NMR spectrum of gH, in CS; solution, acetoneks lock at room temperature. (b) The2spybridizing carbon range of thEC NMR
spectrum of G4H4. (c) IH NMR spectrum of G4Hg4, 3J4—n = 7.8 Hz.
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Figure 3. Two views of the molecular structure ofs41s. The red balls
represent hydrogen atoms, the pink balls represeéntapon atoms, and -58
blue balls represent $garbon atoms. The structural model is constructed
based on NMR studies and optimized by ab initio calculations at the B3LYP/ 60
6-31G* theoretical level.

—62
group [sB(8 x 6; 4 x 3)], as shown in Figure 2b, of NMR

lines are attributed to the 60 %hybridized carbon atoms of : : : , : , , : :
Ce4H4 outside of the fused pentagonal sites, in which 8 lines 62 €62 61 60 68 68 57 66 66 ppm
have nearly equal intensity and the other 4 lines are half of the Figure 4. Selected range of 2D-HMQ&H—3C NMR spectrum.
intensity. The latter 2-peak group fp x 3; 1 x 1)] is

attributed to the four sphybridized carbon atoms ofg@Hs in the connectivity between the fourspybridized carbon atoms
the fused-pentagon site, in which the two lines have a relative and the four hydrogen atoms (Figure 4).
intensity of 3:1. 2.3. Theoretical Simulations.To assign the NMR spectra,

Figure 2c shows a 600 MH# NMR spectrum of the species  we performed ab initio calculations using the Gaussian 03W
on a Bruker AV600 spectrometer, in which two signals are program!® 1°C nuclear magnetic shielding tensors of tBg-
observed in an intensity ratio of ca. 3:1. A high resolutleh Cs4H4 molecule were calculated at the GIAO-B3LYB-31G*
NMR spectroscopic study shows that the higher signal is a level of theory with the geometry optimized at the same level.
doublet (6.142 and 6.155 ppm) and the lower signal is a quartetBased on the predictédC nuclear magnetic shielding tensors,
(5.517, 5.530, 5.543, 5.556 ppm) split due to thé—'H the 13C chemical shifts were computed relative tgo@nd
coupling. Considering theC;, symmetry of GsHs and the converted to the tetramethylsilane scale using the experimental
relative intensity of NMR signals, we can easily assign the value for Go (6 = 142.5 ppm). As shown in Figure 5 and Tables
doublet signals as due to the three equivalent H atoms out of1 and 2, the computed chemical shifts of4d, are well
the mainC; axis of G4Hg4, whereas the quartet signals can be
assigned as the single H atom along the m@iraxis. Two- (18) Frisch, M. J.; et alGaussian 03Gaussian, Inc.: Pittsburgh, PA, 2003.
dimensional Heteronuclear Multiple Quantum Coherence (2D- (19) For the hybrid density functional B3LYP method, see: Becke, AJ.D.

: Chem. Phys1993 98, 5648. Lee, C.; Yang, W.; Parr, R. Bhys. Re. B
HMQC) NMR measurements were performed and confirmed 1988 37, 785-796.
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Figure 5. Experimental and theoretically calculats € NMR spectrum of GH, by ab initio calculations at the B3LYP/6-31G* level.

Table 1. Experiment and Theoretical 13C NMR Chemical Shifts (6,

ppm)?2 of CesHa

olppm olppm

no.? (exptl) intensity (calcd)
1 55.8 1 61.2
2 57.2 3 62.4
3 159.0 6 160.2
4 126.6 6 126.8
5 138.8 3 140.5
6 141.3 6 141.8
7 138.6 3 139.0
8 142.0 6 141.8
9 142.2 6 142.2
10 145.3 3 145.1
11 1454 6 145.3
12 144.9 3 144.9
13 144.7 6 145.0
14 146.4 6 146.7

aThe 13C chemical shifts were computed relative tgp@nd converted
to the tetramethylsilane scale using the experimental value §@{dC=
142.5 ppm)?P See Figure 3a for definition of the atomic labels.

Table 2. Experimental and Calculated *H NMR Chemical Shifts
(6, ppm)? of CeaHa

olppm Olppm
no. (exptl) intensity (calcd)
1 55 1 5.0
2 6.1 3 5.9

shows two major ranges, i.e., the-€& stretching modes at ca.
2900 cnt! and a wide range of features located<a800 cnt?
which include the &C stretching, GC—C bending, and
C—C—H bending modes (Figure 6). The simulated IR spectrum
based on theoretical vibrational frequencies predicted at the
B3LYP/6-31G* theoretical level (Supporting Information) is
also depicted in Figure 6. As shown in Figure 6, the calculated
IR spectrum of theC;,-symmetric G4H,4 agrees well with the
experimental one, providing further evidence of the non-IPR
molecular structure of &Ha.

2.4. DiscussionsAs mentioned in section 2.1, 5% methane
was introduced to produce the4. Thus a large quantity of
hydrogen atoms would exist in the arc-discharging chamber.
However, we did not observe any othegsDased fullerides
except G4H4, and for G4H,4 only the 5/5/5 and 5/5/6 sites were
chemically modified as characterized above. This result is
consistent with the theoretical expectafibthat the stability
order for hydrogen addition to carbon atoms at different sites
of fullerene cages is 5/5/5 5/5/6 > 6/6/5 > 6/6/6 (Scheme
1b). Moreover, measured from the optimized structuregafg;
the C-C—C bond angles at the 5/5/5 site are 106fd those
at 5/5/6 sites are 105 3respectively. These angles are much
closer to the shtetrahedral angles than to the planar trigonal
sp? angles, so the large bond strains of sarbons at these
sites are mitigated efficiently upon chemical modifications. This

aThe!H chemical shifts were computed relative to benzene and converted would be the reason@-|4 shows very h|gh Stabmty Comparab|e

to the tetramethylsilane scale using the experimental value for bengene (

= 7.3 ppm).

to that of Go and Go.
The successful isolation of ggH,, together with previous

consistent with the experimental results, confirming the proposed isolated GoClio? Se@Css 2 SGN@Css,"® and SeC@Css,
structure of GsHs. Based on the computational results, a etc. reveals the possibility of a stable structure based on

guantitative assignment of the obser¢&@d NMR lines are given
in Table 1. In agreement with the UWis observation, the
computed HOMG-LUMO gap of G4H4 (2.67 eV) is close to
that of Gy (2.77 eV), showing that &H, is also a wide band
gap fullerene.

The structural and electronic properties afld, have been

unconventional fullerenes once the bond strains at fused
pentagons were mitigated. Based on these results, one may
extend the IPR to a general rule defined as the “minimization-
of-bond-strain rule” (MBSR¥° which sets a criterion for stable
closed carbon cages that the bond strains should be minimized
at every site of the carbon cages, no matter if the hybridization

further characterized by infrared spectroscopy. In principle, the of carbon atoms in the framework of carbon cages kap

144 vibrational modes of th&s,-Cs4sH4 molecule can be divided

into three categories pertaining to 34 A 66 E + 29 A,

symmetries. Among them the IR active vibrations are af A

and E symmetries. The experimental IR spectrum efHe

sp’. IPR is in fact an ancillary condition of this rule that can be

(20) One of the referees contributes a lot on the idea of “minimization-of-bond-
strain rule” who made in-depth discussions on the stability of different
fullerene materials in his referee reports.
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Figure 6. Experimental and simulated IR spectra aiid..

applied exclusively to intact fullerenes, but the MBSR may be would not be the only & intermediate leading to 4 since
used widely for fullerenes, endohedral fullerenes, exohedral otherwise the yield of €H4 should be much higher to being at
fullerene derivatives, heterofulleren®@sand even fullerene  least similar to that of @. Given the fact that abundant
derivatives containing four-membered ridgsr seven-mem- unconventional fullerenes were observed in the raw $tibts
bered ringg3 Take the G4H4to explain the MBSR: the original ~ most likely that a whole family of & isomers were made in
Cs4 fullerene contains three abutting pentagons that bring hugethe fullerene growing process, but all the others cannot be
bond strains to the fused pentagon sites, spi€unstable in modified as stable fullerides except for the curregitG. We
structure. But once the four carbon atoms at vertexes of thelook forward to further investigations to see if other unconven-
fused pentagon sites were chemically modified by hydrogen tional fullerides such as ggHx and GgHx can be produced and
additions, the spto sp hybridization change of the vertex isolated by similar experimental techniques.

carbon atoms would release remarkably the bond strains,
affording the high stability of the GHa structure. Acknowledgment. C.R.W. thanks NSFC (Nos. 50225206,
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