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Chlorofullerenes featuring triple sequentially

fused pentagons

Yuan-Zhi Tan, Jia Li, Feng Zhu, Xiao Han, Wen-Sheng Jiang, Rong-Bin Huang, Zhiping Zheng,
Zhuo-Zhen Qian, Rui-Ting Chen, Zhao-Jiang Liao, Su-Yuan Xie*, Xin Lu* and Lan-Sun Zheng

The triple sequentially fused pentagons (TSFP) motif is one of the basic subunits that could be used for constructing
fullerenes, but it violates the isolated pentagon rule (IPR) and has not been found in carbon cages to date. The properties
of TSFP-incorporating fullerenes are thus poorly explored both theoretically and experimentally. Reported herein are four
chlorinated derivatives of three different fullerene cages, all with the TSFP motif. X-ray crystallographic analyses indicate
that the molecular strain inherent to the pentagon adjacency of a TSFP is significantly relieved upon exohedral
chlorination, leaving one of the four pentagon fusion sites unsaturated and rendering the present derivatives chiral. This
unique reactivity, in stark contrast to that of previously reported non-IPR fullerenes containing double fused pentagons or
triple directly fused pentagons, can be rationalized by density functional theory calculations, and are expected to stimulate
further studies of these new members of the fullerene family, both theoretically and experimentally.

consisting of hexagons and 12 pentagons!. Depending on the

disposition of the pentagons within the carbon framework, ful-
lerenes can be divided into two distinct types, one characterized by
the isolated pentagons and the other by pentagon adjacency.
Theoretical and experimental studies have long supported the stab-
ility of the first type, generally termed isolated pentagon rule? (IPR)-
satisfying fullerenes. In contrast, IPR-violating or non-IPR fuller-
enes are highly reactive, a direct consequence of the high strain
and reduced aromaticity originating from the pentagon fusion®*.
Because of this, pristine IPR-violating fullerenes have remained
elusive, despite extensive efforts having been made. These highly
reactive species can nevertheless be stabilized, either by endohedral
encapsulation of an electron-donating metal atom/cluster> or by
sp>-to-sp> rehybridization via exohedral derivatization of the
active sites associated with the fused pentagons®'°. Note that the
latter approach has also been successfully applied to the stabilization
of Cq (ref. 16) and Cg, (refs 17,18), which are non-classical fuller-
enes incorporating a heptagon and a tetragon, respectively.

Two basic configurations of pentagon fusion have been revealed
by the structurally characterized derivatives of non-IPR fullerenes,
namely double fused pentagons (DFP, Fig. 1a)>%1%13-16 and triple
directly fused pentagons (TDFP, Fig. 1b)!12. There exists,
however, an alternative configuration when three pentagons are
fused; instead of sharing a common carbon vertex as in the case
of TDFP, the five-membered rings can be fused sequentially
(Fig. 1c). Despite computational predictions!*?, this triple
sequentially fused pentagons (TSFP) motif has never been
verified experimentally.

Herein we report four novel fullerene derivatives, ***°C,Clg (1),
#864C,Cly, (2), "1°C(Cly (3) and *19°CCl,, (4) obtained by
chlorination of the corresponding non-IPR fullerenes **°C.,,
#864C,, and *+19°C,. (the nomenclature is specified by a spiral
algorithm to differentiate isomers?). They are the first experimen-
tally established fullerene derivatives featuring TSFP. More impor-
tantly, the sharing of this motif suggests its prevalence in the
making of various fullerenes, and further research on this particular

Fullerenes are a family of cage-like carbon clusters typically

aspect of fullerene chemistry is expected to shed new light on the
mechanism(s) responsible for their gas-phase formation.
Furthermore, the unique reactivity towards exohedral derivatization
(see below) suggests that many opportunities exist for both theoreti-
cal and experimental studies of this unique class of non-IPR fuller-
enes. Thus, the discovery of TSFP fullerenes portends what promises
to be an exciting new direction in fullerene chemistry.

Results

Pure samples of ***°C,,Cl (1), **C.Cl,, (2), *19°C,Cl, (3) and
#169C  Cl,, (4) were obtained by multistage recyclic high-perform-
ance liquid chromatographic separation from a toluene extract of
the fullerene-containing soot (Supplementary Information SI).
The purified products are soluble in toluene, chloroform and
carbon disulfide, solvents commonly used in fullerene research.
The ultraviolet/visible/near-infrared spectra were acquired in
toluene solutions (Supplementary Information S2). Single crystals
of individual compounds suitable for X-ray diffraction studies
were obtained by solvent evaporation of their carbon disulfide or
toluene solutions.

The structures of the four compounds have been established
crystallographically (Supplementary Information S3) and are
shown in Fig. 2. Within the anticipated carbon-cage framework,
there exist two sets of TSFP (in 1), one set of TSFP and two sets

aQKPb

-

Figure 1| Basic fused pentagon configurations (with two to three
pentagon subunits) in non-IPR fullerenes. a, Double fused pentagons (DFP).
b, Triple directly fused pentagons (TDFP). ¢, Triple sequentially fused
pentagons (TSFP).
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Figure 2 | The structures of #549C_,Clg (a), #864CCl,, (b), #415°C Cl, (c), and #41°C  Cl,, (d). Thermal ellipsoids are shown at 50% probability level.
The motifs of TSFP and DFP are highlighted respectively in red and blue. Colour legends of the atoms of interest: Cl, green; C, grey. For clarity, only one
enantiomer is shown in each case.

of DFP (in 2), and one set of TSFP (in both 3 and 4), in addition to
the hexagons and the normal, isolated pentagons. Out of the
four carbon atoms (C1-C4) located at the pentagon fusion sites of
the TSFP unit, only three of them (C2, C3, C4) are chlorinated to
be formally sp3-hybridized (Figs 2 and 3); the Cl site remains
unsaturated in each of these compounds. The key structural
parameters including the pyramidalization angles about the
carbon atoms at the pentagon fusion sites and the bond lengths
associated with the sp?-hybridized C atoms are summarized in
Table 1 and Supplementary Information S7.

Discussion
Four novel chlorinated derivatives, **4°C,,Cl, (1), *8¢4C,Cl,, (2),
#189C Cle (3) and *19C(Cl,, (4) of the corresponding non-
IPR fullerenes **°C,,, *#4C,,, and *#'%°C, have been isolated
and structurally characterized. As shown in Fig. 2, all compounds
display the anticipated basic carbon-cage structure. We note that
a species formulated as C;,Clg has previously been identified by
mass spectrometry, but it was not isolated and its structure was
unknown at that time'®. The carbon cage of 2 can be transformed
formally from its recently reported cousin of ***C. (ref. 13) by a
single Stone-Wales rotation?®. As for the fullerene core *1°C,,  Figure 3 | Schlegel diagrams of #54°C,,Clg (a), #854C(Cl;, (b),
shared by 3 and 4, its structure is intriguingly different from the = #416°C,Cl, (c), and #415°C ,Cl,, (d). The chlorine atoms are marked as
one that contains two sets of DFP>. green dots. The TSFP and DFP on the fullerene cages are highlighted as red
A common feature shared by these compounds is the presence  and blue pentagons, respectively. The carbon atoms at the pentagon fusion
within the carbon framework of at least one set of TSFP. The exist-  sites are numbered. The 7-conjugated sp? fragments (the C,¢ in #54°C,,Clg,
ence of abutted pentagons has long been recognized as the primary  the C,, Cy,, and C,g in #84C,(Cl,,, the C, and Csg in #419°C, Cl¢, and the
contributing factor to the instability and high reactivity of non-IPR  Cg and C,gq in ##1°CCl,,) are indicated as alternating C=C/C—C bonds
fullerenes®. The stabilization of such species relies therefore on in black.
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Table1 | Key structural parameters of #54°C,,Clg, #864C Cl,,, #415°C,,Cl, and #416°C Cl,,.

Compound Fused pentagon

configuration at the pentagon fusion (°)*

Pyramidalization angle 6, about C atom

Bond length involving the aromatic or
mr-conjugated sp?-C atom

Numberation of

Parental cage

Chlorinated derivative C, fragment C-C bond length (A)

carbon

ST (Clly 2 TSFP @ 16.0 12.0 Cag 1.36-1.48
Cc2 16.0 25
C3 16.0 25
c4 16.0 39

FIEC{Clp @) 1 TSFP C1 16.2 9.9 G 132
C2 16.2 3.0 Cia 1.37-1.45
Cc3 16.2 17 G 1.35-1.48
Cca 16.2 2.8

2 DFP C5 15.2 33

cé 15.4 3.8
Cc7 15.4 3.8
c8 15.2 4.0

WETEEC . (Clls @) 1 TSFP 1 16.8 9.7 (> 132
C2 15.8 3.5
Cc3 15.8 29 Css 1.35-1.47
c4 16.8 2.8

ARG o Cll @D 1 TSFP @ 16.8 9.0 Cg 1.32-1.42
Cc2 15.8 2.7
Cc3 15.8 2.6 € 1.34-1.47
ca 16.8 3.8

*Pyramidalization angle 6, foran sp2-hybridized carbon is defined as (6,,,. — 90.0°) where 6, is the angle between the 7-orbital and its three adjacent C-C bonds. This concept can be extended to sp3-hybridized
carbons (highlighted in bold) in chlorofullerenes by subtracting 109.47°, the regular tetrahedral angle, from the average angle of the three adjoining CI-C-C bonds.

means of relieving the molecular strain associated with fused penta-
gons and achieving local aromaticity of the carbon fragments?. The
aromaticity is confirmed by the geometrical criteria of the carbon-
carbon bond length and is comparable to aromatic molecules
already known (see below). We have long been interested in the
stabilization and capture of such reactive non-IPR fullerenes
through exohedral derivatization of the carbon cage?, and the
present establishment of the four new non-IPR fullerene derivatives
further reinforces the validity of this approach.

A scrutiny of the crystal structures reveals significant structural
changes and resulting stabilizing effects upon exohedral chlori-
nation. As summarized in Table 1, the pyramidalization angle
6,—defined as (6, — 90.0°) where 6, is the angle between the
mr-orbital and its three adjacent C-C bonds and thus a direct indi-
cation of the deviation of a fullerene carbon atom from a perfect
sp?-hybridized carbon?*—is in the range of 15.2-16.8°, comparable
to the corresponding values found with other non-IPR fullerenes?,
but significantly larger than the corresponding value of 11.6° in
the stable I,-Cg, cage (that is, the C¢, isomer with I, symmetry).
The aggravated curvature contributes to the increase of molecular
strain with respect to IPR-satisfying fullerenes and serves as the
driving force for exohedral chlorination for strain relief. Indeed,
when the concept of the pyramidalization angle is extended to the
derivatized sp? sites—that is, when the regular tetrahedral angle
(109.47°) is subtracted from the average angle of the three adjoining
CI-C-C bonds—a small range of 1.7-4.0° is revealed (Table 1),
clearly suggesting the relief of strains inherently associated with
the pentagon adjacency. Intriguingly, all but one of the four
carbon atoms at the pentagon fusion sites of the TSFP are chlori-
nated. This is in stark contrast to the other DFP- or TDFP-
incorporating non-IPR fullerenes whose pentagon fusion sites are
all transformed to be formally sp>-hybridized through exohedral
derivatization. Particularly revealing is the chlorination pattern
of 2 whose parental cage contains two sets of DFP and one set of
TSFP. The four C atoms at the fusion sites of the DFP sets are
all chlorinated, whereas only three of the four TSFP fusion
sites are sp3-hybridized. It appears that the structural adjustment
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upon chlorination at these sites has already eased the strain at the
last pentagon fusion site as the angle 6, is now sizably smaller
than its counterpart in the corresponding parent cage
and is comparable to or smaller than that of I; -Cg,. Such an asym-
metric chlorination pattern breaks the overall symmetries of
the parental cages, making all of the present chlorinated
derivatives chiral.

Computational studies provide further insights into the chlori-
nation behaviour of the TSFP moiety from a thermodynamic perspec-
tive. As an example, density functional theory calculations were
performed starting from the bare *#!6°C . cage—the most stable
isomer of the 4,478 possible?>—which is achievable by progressive
Cl detachment of 3 or 4 in multistage mass spectrometry (MS")
(Supplementary Information S4). The gap between the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) predicted at the PBE/DNP level of theory is only
0.95 eV, much smaller than that of -Cg, (1.67 eV). It has been
shown that its HOMO and LUMO coefficients of basis functions are
mainly distributed over the TSFP (Supplementary Information S5),
and hence the high reactivity is associated with these sites.

In our calculation, each chlorinated species *!'%C Cl, (x=1 — 10)
is the lowest-lying isomer among all isomers possible, and its structure
is optimized. It serves as the precursor to the most reactive site(s),
which a chlorine atom is added to in the subsequent chlorination
step (Supplementary Information S6). As shown in Fig. 4, the for-
mation of 3 and 4 share the first three steps before diverging at
the third intermediate *#'9°C.,Cl,, in which the spin density is
largely distributed over C13 (0.28) and C15 (0.20), but not ClI.
Further addition of a chlorine atom takes place not surprisingly at
C13 or C15, rather than Cl1, resulting in two isoenergetic isomers
#169C Cl, (A) and *19°C,Cl, (B), characterized by the asym-
metric chlorination pattern with a single unsaturated carbon at
the TSFP fusion site (Supplementary Information S6).
Intermediates A and B can be viewed as the starting point for the
dual chlorination pathway, leading respectively to the formation
of 3 and 4. It should be noted that there exist two isoenergetic
isomers for the intermediates *!6°CCl; and *+!6°C.Cl, along
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Figure 4 | Chlorination pathways for the formation of #416°C_ Cl, and #416°C,Cl,,, from #4169C . From the pristine carbon cage #41%°C,, two
chlorofullerenes #415°CCl, and #41°C Cl,, are formed by branched stepwise chlorination processes. This branched chlorination road is led by two
isoenergetic #416°C Cl, intermediates (A and B). The newly added chlorine atom in each intermediate is highlighted in red. The chlorination roads derived
from the intermediates A and B are represented by red and blue arrows respectively.

each of these two pathways, but their respective final products, 3 and
4, remain the same upon further chlorination.

Stabilization via exohedral chlorination is also reflected by the
formation of carbon segments displaying either aromaticity or sig-
nificant 7-conjugation®*”?8, As summarized in Table 1, these are
fragments of C,, in 1, C,, C,, and C,4 in 2, C, and C.g in 3, and
Cg and C,q in 4. The C, pieces in 2 and 3 are ethene-like with a
C=C bond length of around 1.32 A, slightly shorter than the
ethene double bond (1.34 A). Such a short distance for the isolated
double bonds may be a typical feature of the chlorinated derivatives
of TSFP-incorporating fullerenes. Similarly, the C4 fragment of 4
is styrene-like with a short isolated double bond (1.32 A) and a
six-electron 7-conjugative benzenoid ring with bond lengths
ranging from 1.37to 1.42 A. The C,, moiety of 2 essentially
resembles phenanthrene with bond lengths ranging from 1.37 to
1.45 A. The larger unsaturated pieces of C,q in 1, Cyq in 2, Csq in
3, and C,q in 4 are bowl-shaped IPR-satisfying fullerene fragments
with alternating C=C/C—C bonds, as found in I, -Cy,.

In summary, a new class of IPR-violating fullerenes featuring
triple sequentially fused pentagons have been captured and isolated
as their chlorinated derivatives. Crystallographic studies reveal a
unique, incomplete chlorination pattern of the otherwise highly
strained and thus reactive TSFP sites. Mechanistic insights have
been gained by computational studies regarding the chlorination
process, in particular towards the thermodynamics of the stepwise
derivatization of these hitherto unknown non-IPR fullerenes. We
believe that this work is significant, first and foremost because of
its novelty, as this pentagon fusion motif has never been experimen-
tally verified before. The work is also significant because of the
prevalence of this newly found structural motif, as suggested by
the examples presented herein, which suggests that there are
many non-IPR fullerenes yet to be uncovered. Opportunities for
theoretical and experimental studies thus abound, and new mechan-
istic insights into the gas-phase formation of fullerenes and novel
TSFP-incorporating fullerene-based materials are to be anticipated.

272

Methods

The carbonaceous soot containing the chlorinated derivatives of TSFP fullerenes was
produced under 0.1974 atm He and 0.0395 atm CCl, in a Kritschmer-Huffman
arc-discharge reactor? equipped with two graphite electrodes, a cathode cylinder
block (40 mm (diameter) X 60 mm), and an anode rod (8 mm (diameter) x

300 mm). With a power input of 33 V and 100 A, an hourly production of about 3 g
of soot was achieved.

The chlorofullerenes, extracted by toluene in a supersonic bath from the
carbonaceous soot, were purified by a multistage high-performance liquid
chromotography (HPLC) process using a Cosmosil Buckyprep column (inner
diameter 10 x 250 mm), a Buckyprep-M column (inner diameter 10 x 250 mm)
and then a Buckyprep column (inner diameter 4.6 X 250 mm), sequentially
(Supplementary Information S1). The HPLC chromatograms were obtained on a
Shimadzu LC-6AD HPLC instrument. The mass spectra and MS™ spectra were
acquired on a Bruker HCT mass instrument. The crystallographic data were
collected on a Bruker Smart Apex-2000 CCD diffractometer or an Oxford CCD
diffractometer. The ultraviolet/visible/near-infrared spectra were recorded on a
Varian Cary 5000 spectrophotometer.

Geometry optimizations of pristine **4°C,, #8¢Cg, #19°C, and the
chlorinated derivatives of *1°C, #41¢°C  Cl  (x = 1-10), were performed using the
generalized gradient approximation PBE functional of density functional theory*
with all-electron double numerical basis sets plus polarization (DNP) implemented
in the Dmol® package®!.

Received 13 August 2009; accepted 8 January 2010;
published online 21 February 2010

References

1. Kroto, H. W,, Heath, J. R., O’Brien, S. C,, Curl, R. F. & Smalley, R. E. C:
Buckminsterfullerene. Nature 318, 162-163 (1985).

2. Kroto, H. W. The stability of the fullerenes C,, with n = 24, 28, 32, 36, 50, 60 and
70. Nature 329, 529-531 (1987).

3. Schmalz, T. G, Seitz, W. A,, Klein, D. J. & Hite, G. E. Elemental carbon cages.
J. Am. Chem. Soc. 110, 1113-1127 (1988).

4. Tan, Y. Z, Xie, S. Y., Huang, R. B. & Zheng, L. S. The stabilization of
fused-pentagon fullerene molecules. Nature Chem. 1, 450-460 (2009).

5. Wang, C. R. et al. Cg fullerene encaging a scandium dimer. Nature 408,
426-427 (2000).

6. Stevenson, S. et al. A stable non-classical metallofullerene family. Nature 408,
427-428 (2000).

NATURE CHEMISTRY | VOL 2 | APRIL 2010 | www.nature.com/naturechemistry

© 2010 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/compfinder/10.1038/nchem.549_comp3
http://www.nature.com/compfinder/10.1038/nchem.549_comp4
http://www.nature.com/compfinder/10.1038/nchem.549_comp1
http://www.nature.com/compfinder/10.1038/nchem.549_comp2
http://www.nature.com/compfinder/10.1038/nchem.549_comp3
http://www.nature.com/compfinder/10.1038/nchem.549_comp4
http://www.nature.com/compfinder/10.1038/nchem.549_comp2
http://www.nature.com/compfinder/10.1038/nchem.549_comp3
http://www.nature.com/compfinder/10.1038/nchem.549_comp4
http://www.nature.com/compfinder/10.1038/nchem.549_comp2
http://www.nature.com/compfinder/10.1038/nchem.549_comp1
http://www.nature.com/compfinder/10.1038/nchem.549_comp2
http://www.nature.com/compfinder/10.1038/nchem.549_comp3
http://www.nature.com/compfinder/10.1038/nchem.549_comp4
http://www.nature.com/doifinder/10.1038/nchem.549
www.nature.com/naturechemistry

NATURE CHEMISTRY bot: 10.1038/NCHEM.549 ARTl C LES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

—

22.

Campanera, J. M., Bo, C. & Poblet, J. M. General rule for the stabilization of
fullerene cages encapsulating trimetallic nitride templates. Angew. Chem. Int. Ed.
44, 7230-7233 (2005).

Paquette, L. A., Ternansky, R. J. & Balogh, D. W. A strategy for the synthesis of
monosubstituted dodecahedrane and the isolation of an isododecahedrane.

J. Am. Chem. Soc. 104, 4502-4503 (1982).

Ternansky, R. J., Balogh, D. W. & Paquette, L. A. Dodecahedrane. J. Am. Chem.
Soc. 104, 4503-4504 (1982).

Xie, S. Y. et al. Capturing the labile fullerene[50] as C5,Cl,,. Science 304,

699 (2004).

Wang, C. R. et al. CgH,: production, isolation, and structural
characterizations of a stable unconventional fulleride. J. Am. Chem. Soc. 128,
6605-6610 (2006).

Han, X. et al. Crystal structures of Saturn-like C,,Cl,, and pineapple-shaped
C4Cl,: geometric implications of double- and triple-pentagon-fused
chlorofullerenes. Angew. Chem. Int. Ed. 47, 5340-5343 (2008).

Tan, Y. Z. et al. An entrant of smaller fullerene: C, captured by chlorines and
aligned in linear chains. J. Am. Chem. Soc. 130, 15240-15241 (2008).

Tan, Y. Z. et al. Two I, -symmetry-breaking Cg, isomers stabilized by
chlorination. Nature Mater. 7, 790-794 (2008).

Toffe, I. N. et al. Fusing pentagons in a fullerene cage by chlorination:

IPR D,-C, rearranges into non-IPR C,(Cl,,. Angew. Chem. Int. Ed. 48,
5904-5907 (2009).

Troshin, P. A. et al. Isolation of two seven-membered ring Csg fullerene
derivatives: Cs4F,,CF; and CsgF, 4. Science 309, 278-281 (2005).

Qian, W. Y. et al. C,, a non-classical fullereneincorporating a four-membered
ring. J. Am. Chem. Soc. 122, 8333-8334 (2000).

Qian, W. ef al. Synthesis of stable derivatives of Cy,: the first nonclassical
fullerene incorporating a four-membered ring. J. Am. Chem. Soc. 125,
2066-2067 (2003).

Kobayashi, K. & Nagase, S. A stable unconventional structure of

Sc,@Cq found by density functional calculations. Chem. Phys. Lett. 362,
373-379 (2002).

Chen, D. L. & Tian, W. Q. Structures, stabilities, and electronic and optical
properties of C,, fullerene, ions, and metallofullerenes. J. Chem. Phys. 126,
074313 (2007).

. Gao, X. & Zhao Y. L. The way of stabilizing non-IPR fullerenes and structural

elucidation of Cs,Clg. J. Comput. Chem. 28, 795-801 (2007).

Chen, D. L., Tian, W. Q., Feng, J. K. & Sun, C. C. Structures and electronic
properties of C;,Clg and C;¢Cl,,, fullerene compounds. ChemPhysChem 8,
2386-2390 (2007).

NATURE CHEMISTRY | VOL 2 | APRIL 2010 | www.nature.com/naturechemistry
© 2010 Macmillan Publishers Limited. All rights reserved.

23. Yan, Q. B, Zheng, Q. R. & Su G. Theoretical study on the structures, properties
and spectroscopies of fullerene derivatives C¢.X, (X=H, F, Cl). Carbon 45,
1821-1827 (2007).

24. Fowler, P. W. & Manolopoulos, D. E. An Atlas of Fullerenes (Oxford Univ.
Press, 1995).

25. Stone, A. J. & Wales, D. J. Theoretical studies of icosahedral footballene
sixty-carbon-atom molecules and some related species. Chem. Phys. Lett. 128,
501-503 (1986).

26. Haddon, R. C. m-Electrons in three dimensions. Acc. Chem. Res. 21,

243-249 (1988).

27. Simeonov, K. S., Amsharov, K. Y. & Jansen, M. Connectivity of the chiral
D,-symmetric isomer of C,, through a crystal-structure determination of
C,Cl ¢ TiCl,. Angew. Chem. Int. Ed. 2007, 46, 8419-8421

28. Troshin, P. A. et al. Synthesis and structure of the highly chlorinated
[60]fullerene Cq(Cly, with a drum-shaped carbon cage. Angew. Chem. Int. Ed.
2005, 44, 234-237

29. Kratschmer, W., Lamb, L. D., Fostiropoulos, K. & Huffman, D. R. Solid Cg: a
new form of carbon. Nature 347, 354-358 (1990).

30. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation

made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).
. Delley, B. From molecules to solids with the DMol® approach. J. Chem. Phys.
113, 7756-7764 (2000).

—_

3

Acknowledgements

We acknowledge discussions with L.-S. Long and Q.-M. Wang at Xiamen University. We
thank Y.-Q. Feng from Wuhan University for HPLC support. This work was supported by
the NNSF of China (grant numbers 20525103, 20531050, 20721001, 20423002 and
20673088) and the 973 Program (grant number 2007CB815300).

Author contributions

S.Y.X,, L.S.Z. and RB.H. conceived and designed the experiments, S.Y.X., Z.P.Z. and X.L.
co-wrote the paper, Y.Z.T. completed the identification, Y.Z.T. and X.H. performed the
isolation, F.Z. and Z.J.L. conducted the synthesis, X.L. and J.L. performed the theoretical
work, W.S.J., Z.Z.Q. and R.T.C. participated in early isolation experiments. All authors
discussed the results and commented on the manuscript.

Additional information

The authors declare no competing financial interests. Supplementary information and
chemical compound information accompany this paper at www.nature.com/
naturechemistry. Reprints and permission information is available online at http://npg.nature.
com/reprintsandpermissions/. Correspondence and requests for materials should be addressed
to S.Y.X. and X.L.

273


http://www.nature.com/sifinder/10.1038/nchem.549
http://www.nature.com/cifinder/10.1038/nchem.549
www.nature.com/naturechemistry
www.nature.com/naturechemistry
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
mailto:syxie@xmu.edu.cn
mailto:xinlu@xmu.edu.cn
http://www.nature.com/doifinder/10.1038/nchem.549
www.nature.com/naturechemistry

	Chlorofullerenes featuring triple sequentially fused pentagons
	Results
	Discussion
	Methods
	Figure 1  Basic fused pentagon configurations (with two to three pentagon subunits) in non-IPR fullerenes.
	Figure 2  The structures of #540C54Cl8 (a), #864C56Cl12 (b), #4,169C66Cl6 (c), and #4,169C66Cl10 (d).
	Figure 3  Schlegel diagrams of #540C54Cl8 (a), #864C56Cl12 (b), #4,169C66Cl6 (c), and #4,169C66Cl10 (d).
	Figure 4  Chlorination pathways for the formation of #4,169C66Cl6 and #4,169C66Cl10 from #4,169C66.
	Table 1  Key structural parameters of #540C54Cl8, #864C56Cl12, #4,169C66Cl6 and #4,169C66Cl10.
	References
	Acknowledgements
	Author contributions
	Additional information


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG WEB PDF Job Options. 150dpi. 22nd September 2004. PDF 1.4 Compatibility.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


