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ABSTRACT：In this review, the properties of buckminsterfullerene and its organic and polymeric reactions were focused.
In addition, polymer blending with C60 will be briefly introduced. As soon as C60 was discovered, chemists put their efforts
to explore its reactivity with other compounds. The knowledge of the organic reactions with C60 was extended to construct
different types of fullerene polymers such as side chain fullerene polymers, main chain fullerene polymers, star shaped
fullerene polymers, and dendritic fullerene polymers.

요 약：논문에서는 풀러렌의 성질, 유기반응, 고분자반응을 설명하였으며, 풀러렌과 고분자의 블렌딩에 대해 소개를 

하였다. 또한 다른 화학물질과 풀러렌의 반응성을 기술하였다. 풀러렌의 화학 반응은 가지 사슬 풀러렌 고분자, 주 

사슬 풀러렌 고분자, 별 모양 풀러렌 고분자, 덴드리머 타입 풀러렌 고분자와 같은 연구에 응용되었다.
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Ⅰ. Introduction

  Since the first fullerenes such as C60, and C70 were dis-
covered by Kroto, and Smalley,1 a lot of scientists have been 
interested in the properties and reactions of the material. 
Fullerenes are built up by only carbon like diamond or 
graphite. Unlike graphite, fullerenes have pentagons as well 
as hexagons. The pentagon rings made the fullerenes have 
sphere types structure instead of sheet as graphite. Though 
there are many fullerene species including C60, C70, C76, C78, 
C82, C90, C94, and C96, the most famous fullerene is buckmin-
sterfullerene (C60) which consists of sixty carbons. C60 has 
destabilization because of the pentagons causing strain energy. 
Based on the lowest energy Kekulé structure, double bonds 
are located at the junctions of two hexagons (6-6 double bond) 
not the junctions of hexagons and pentagons. The soccer ball 
shaped C60 was prepared by the resistive heat of graphite to 
produce carbon soot including fullerenes at the beginning.2 It 
was limited to study the reactions of fullerenes and adopt the 
mass applications of the compounds due to its high cost until 
other methods were developed to produce large amount of full-

erenes by burning toluene.3 
  The existence of double bonds on fullerenes gives rise to 
variety of addition reactions for organic chemists. The ex-
tension of the reactions prevails in the wide range of polymer-
ization reactions. Adding small amount of C60 into the poly-
mers can cause a few physical benefits such as photo-
conductivity,4 and mechanical property.5 Another advantage 
obtainable from polymerization is preventing from ag-
gregations of the fullerene compounds caused by less solubility 
of C60 in organic solvents. In this review, we will focus on 
the representative organic and polymerization reactions with 
C60.

Ⅱ. Properties of C60

  Since double bonds of C60 are located between two hex-
agons, the fullerene can be considered to be composed with 
fused radialenes and cyclohexatrienes. The cyclic voltammetry 
studies and the theoretical calculation showed that C60 can be 
reversibly reduced from one electron to six electrons. It sug-
gested that it was possible to make fulleride anions up to hex-
aanions by reduction.6-8 The pyramidalized sp2 carbons on C60 
can lead to the nucleophilic additions. The driving force of 
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Figure 2. Nucleophilic additive reaction of C60.

1

2
34

5
6

Figure 1. Reaction sites of C60.

the reaction is the release of the strain energy of pentagons. 
The addition reaction is regioselective. It is usually minimized 
to form 5-6 double bonds by the reaction. The most often 
binding mode with addends is 1,2 addition (binding to both 
6-6 double bond) that does not form unfavorable 5-6 double 
bonds (1,4 addition) (Figure 1). However, the steric hindrance 
due to bulky additive groups can make 1,4 addition more fa-
vorable instead of 1,2 addition that will become more unstable 
by the strong repulsions between two bulky groups closely 
located.

Ⅲ. Organic reactions

  The reactions of C60 extensively include endohedral metal 
inclusion inside the cage9 hydrogenation10,11 and reactions with 
transition metals such as platinum, palladium, and nickel.12-15 
Besides these broad range of reactions, there are nucleophilic 
additions, cycloadditions, and radical reactions with C60 that 
interest both organic and polymer scientists.  
  The 6-6 double bonds on C60 make it behave as electron 
deficient alkenes to lead nucleophilic addition reactions when 
it reacts with organic nucleophiles. The intermediates for the 
nucleophilic addition were readily prepared by the titration of 
Grignard reagents or organolithium compounds into the tol-
uene solution with C60.16,17 The formed RnC60

n- intermediates 
were protonated to give C60HnRn. It is usual to add alkyl halide 
into the intermediates instead of adding proton to form 
C60RnR'n compounds as CH3I was added to RnC60

n- to provide 
C60Rn(CH3)n (Figure 2). The addition is a typical 1,2 addition 

to avoid the formation of double bonds at the junctions be-
tween hexagon and pentagon on the fullerene. Therefore, the 
first nucleophilic addition makes C2 the most electron rich 
carbon followed by C4. This can lead to electrophilic addition 
to complete the additive reaction unless the addends are so 
big to bring about steric repulsions between the addends at 
1, 2 positions. In the case that R like diethylbromomalonate 
has a leaving group, RC60

- can form cyclopropane by intra-
molecular nucleophilic substitutions.18 Primary and secondary 
amines are electron rich groups to react with electron poor 
C60.19,20 Once one electron is transferred from amine to C60, 
the radical recombination occurs between positively charged 
amino radical and the C60 monoanion radical. The reaction 
is completed by a hydrogen migration from positively charged 
amino group to negatively charged C60.
  As it was previously shown that 1,2 positions of hexagons 
are regioselectively accessible for additive reactions, the posi-
tions are also applied for cycloaddition reactions. The reaction 
conditions of [4+2] cycloaddition which is known as Diels- 
Alder reaction mostly depend on the reactivity of the diene. 
While it is possible to get monoadduct by reacting C60 with 
equimolar amount of cyclopentadiene at room temperature, it 
takes higher energy to obtain monoadduct by reacting excess 
anthracene to C60.21,22 Since some cycloadducts show high ther-
mal stability even up to 400 °C, the derivatives are getting 
more important in the field of side chain chemistry. [3+2] cy-
cloadditions were achieved as intermediates by reacting C60 
to derivatives of diazomethanes,23,24 diazoacetates,25 or diazo-
amides that are 1,3 dipolar reactants.26 It was actually possible 
to isolate five-membered [3+2] addition product by reacting 
diazomethane with C60. However, after heating or UV irradi-
ation, N2 extrusion occurred to give 1,2-bridged ring closed 
structure,27 or 1,6-ring opened structure resulting in three mem-
bered ring (Figure 3).28 The formation of five-membered inter-
mediate and N2 extrusion to provide three-membered product 
was observed when organic azides were reacted with C60.29 
When the five-membered intermediate was refluxed, aza- 
bridged fullerene was selectively obtained with 1,6-azabridged 
ring opened structure. The stable five memebered C60 com-
pound was constructed by reacting C60 with trimethylene-
methane (TMM) well known to undergo [3+2] cycloadditon.30 
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Figure 3. [3+2] cycloaddition and its intermediate five-membered ring.

Other examples of stable five-membered geometry with C60 
were achieved by azomethine ylides that have chemical for-
mula of R-C=N+(R')-C-R",31 nitrile oxides that have general 
formula O-N=C-R.32,33 The four-membered C60 geometry by 
[2+2] cycloaddition reactions were also observed with ben-
zyne,34 cyclohexenone derivatives,35 or N, N-diethylpropyny-
lamine.36

  As shown in nucleophilic cycloadditions, radical reactions 
occur when nucleophilic radicals bind to electron deficient C60 
to form diamagnetic or paramagnetic radical compounds that 
are useful for polymerizations. The stability of the radical re-
action products such as RnC60· (n=1, 3, 5) is relied on the 
bulkiness of the R group. The radical product composed with 
R = t-butyl group showed higher stability than that of R = 
H C60 radical compound.37-40 The radical R groups were pre-
pared by the UV irradiation of alkyl halides, alkyl disulfides, 
or dialkyl peroxides.41 Multiple radical addition products were 
readily prepared by longer UV irradiation of the C60 reaction 
solution with excess of radical precursors.42,43

Ⅳ. Polymerization

  After Krätschmer presented mass preparation of C60, poly-
mer scientists began to use the fullerene to construct new mate-
rials with unusual properties as well as enhanced solubility 
in different solvents that could not dissolve pure C60. The use 

C60

Figure 4. The synthesis of side chain fullerene amino-polymer.

of C60 in the field of polymer was shown as a monomer of 
polymerization reaction or as a dopant. 
  When the fullerene was used as a monomer, it could provide 
different types of polymer C60 derivatives such as side chain 
polymer, main chain polymer, star shaped polymeric fullerene 
derivatives, or dendritic fullerene polymer. Side chain fullerene 
polymers were prepared by reacting C60 to amino polymer,44 
or a polymer with azide group (Figure 4).45 The former re-
action between C60 and amino polymer was addition, and the 
latter was [3+2] cycloaddition to give side chain polymeric 
fullerene derivatives. With the concept of nucleophilic addi-
tion, polymers containing electron rich carbanions were re-
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acted with C60 to provide fullerenated polymers.46,47

  Main chain polymeric fullerenes have C60 on the main back-
bone of the polymers unlike side chain polymers having C60 
on the branches of the polymers.48-50 One example of the main 
chain polymers was prepared by condensation reaction be-
tween diaminobenzophenone and trans-2-fullerenobisacetic 
acid in NMP solvent.51 
  Star shaped polymers were prepared by radical polymer-
ization reactions by adding C60 to distilled styrene,52,53 or 
polycarbonate.54 For the polystyrene-C60 polymerization, ben-
zoyl peroxide was used as an initiator while AIBN initiator 
was directly added into the polycarbonate to give polycar-
bonate fullerene polymer. The UV irradiation or heating at 
low temperature under 100 ℃ led to the polymerization for 
both polymers as well. The C60 contents of the fullerenated 
polycarbonate polymers were controlled by varying the amount 
of C60 added into the polycarbonate up to 6.3 wt%.
  Dendrimers are macromolecules that repeating units regu-
larly spread out from a core. The molecular weight exponen-
tially increases by the increase of the volume of the den-
drimer.55 Dendritic fullerene was synthesized by adopting phe-
nol-functionalized fullerene for the core of poly(aryl ether)- 
based dendrimer.56 More fullerodendrimers were prepared by 
modifying core C60 moiety to react with dendrimers and using 
different length of side chains based on poly(aryl ether) 
dendrimers.57,58

  Unlike the directly bound fullerene on the polymers, the 
interaction between C60 and nonconjugated polymers on full-
erene-doped polymers produces new electrical, or optical pro-
perties. Polystyrene-fullerene compositions were prepared by 
blending C60 with polystyrene.59 The prepared C60-polystyrene 
film showed higher packing density resulting in slower dif-
fusion rate of gas through the film as compare to that prepared 
with polystyrene. C60 doped polyethylene film provides micro-
hardness of the film.60-62 The hardness of the composites relied 
on the concentration of C60 on the film. 

Ⅴ. Conclusion

  The advanced knowledge of organic reactions with C60 led 
to the development of polymerization reactions involving the 
fullerene to provide new properties on the polymers. The 
known structures of the fullerene polymers include side chain 
fullerene polymers, main chain fullerene polymer, fullerene 
dendritic polymer, and star shaped fullerene polymers. Except 
the polymerization to give rise to new properties, doping poly-
mers with C60 provides alternatives to accomplish optical or 
electrical properties. Based on the knowledge previously ob-
tained through organic and polymeric reactions, it affords nu-
merous opportunities to build well designed fullerene polymers 
for industrial purposes.

References

1. H. W. Kroto, J. R. Heath, S. C. O'Brien, R. F. Curl, and 
R. E. Smalley, “C60:Buckminster fullerene”, Nature, 318, 162 
(1985).

2. W. Kratschmer, L. D. Lamb, K. Fostiropoulos, and D. R. 
Huffman, “Solid C60: a new form of carbon”, Nature, 347, 
354 (1990).

3. E. Nakamura, K. Tahara, Y. Matsuo, and M. Sawamura, 
“Synthesis, Structure, and Aromaticity of a Hoop-Shaped 
Cyclic Benzenoid [10]Cyclophenacene”, J. Am. Chem. Soc., 
125, 2834 (2003).

4. K. Yoshino, X. Yin, K. Muro, S. Kiyomatsu, S. Morita, and 
A. Zakhidov, “Marked Enhancement of Photoconductivity 
and Quenching of Luminescence in Poly(2,5-dialkoxy-p-phe-
nylene vinylene) upon C60 Doping”, Jpn. J. Appl. Phys., 32, 
L357 (1993).

5. A. Dalton, S. Collins, E. Munoz, J. Razal, V. Ebron, and 
J. Ferraris, “Super-tough carbon-nanotube fibres”, Nature, 
423, 703 (2003).

6. Q. Xie, E. Perez-Cordero, and L. Echegoyen, “Synthesis of 
a fullerene C60-p-xylylene copolymer”, J. Am. Chem. Soc., 
114, 3978 (1992).

7. Y. Ohsawa and T. J. Saji, “Electrochemical detection of C60
6- 

at low temperature”, Chem. Soc., Chem. Commun., 781 
(1992).

8. F. Fhou, C. Jehoulet, and A. J. Bard, “Reduction and electro-
chemistry of fullerene C60 in liquid ammonia”, J. Am. Chem. 
Soc., 114, 11004 (1992).

9. J. R. Heath, S. C. O'Brien, Q. Zhang, Y. Liu, R. F. Curl, 
H. W. Kroto, F. K. Tittel, and R. E. Smalley, “Lanthanum 
complexes of spheroidal carbon shells”, J. Am. Chem. Soc., 
107, 7779 (1985).

10. C. C. Henderson and P. A. Cahill, “C60H2: Synthesis of the 
Simplest C60 Hydrocarbon Derivative”, Science, 259, 1885 
(1993).

11. S. Ballenweg, R. Gleiter, and W. Kratschmer, “Hydrogenation 
of buckminsterfullerene C60 via Hydrozirconation: A new way 
to organofullerenes”, Tetrahedron Lett., 34, 3737 (1993).

12. P. J. Fagan, J. C. Calabrese, and B. Malone, “Metal com-
plexes of buckminsterfullerene (C60)”, Acc. Chem. Res., 25, 
134 (1992).

13. P. J. Fagan, J. C. Calabrese, and B. Malone, “A multi-
ply-substituted buckminsterfullerene (C60) with an octahedral 
array of platinum atoms”, J. Am. Chem. Soc., 113, 9408 
(1991).

14. Chase, B.; Fagan, P. J. “Substituted C60 molecules: a study 
in symmetry reduction”, J. Am. Chem. Soc., 114, 2252 (1992).

15. S. A. Lerke, B. A. Parkinson, D. H. Evans, and P. J. Fagan, 
“Electrochemical studies on metal derivatives of buckmin-
sterfullerene (C60)”, J. Am. Chem. Soc., 114, 7807 (1992).

16. A. Hirsch, A. Soi, and H. R. Karfunkel, “Titration von C60: 
eine Methode zur Synthese von Organofullerenen”, Angew. 



78 Choong-Sun Lim et al. / Elastomers and Composites Vol. 45, No. 2, pp. 74~79 (June 2010)

Chem., 104, 808 (1992).
17. P. J. Fagan, P. J. Krusic, D. H. Evans, S. A. Lerke, and E. 

Johnson, “Synthesis, chemistry, and properties of a mono-
alkylated buckminsterfullerene derivative, tert-BuC60 anion”, 
J. Am. Chem. Soc., 114, 9697 (1992).

18. C. Bingel, “Cyclopropanierung von Fullerenen”, Chem. Ber., 
126, 1957 (1993).

19. R. Shedari, A. Govindaraj, R. Nagarajan, T. Pradeep, and 
C. N. R. Rao, “Addition of amines and halogens to fullerenes 
C60 and C70”, Tetrahedron Lett., 33, 2069 (1992).

20. A. Skiebe, A. Hirsch, H. Klos, and B. Gotschy, “[DBU]C60 
Spin pairing in a fullerene salt”, Chem. Phys. Lett., 220, 138 
(1994).

21. V. M. Rotello, J. B. Howard, T. Yadev, M. M. Conn, E. 
Viani, L. M. Giovane, and A. L. Lafleur, “Isolation of full-
erene products from flames: Structure and synthesis of the 
C60-cyclopentadiene adduct”, Tetrahedron Lett., 34, 1561 
(1993).

22. M. Tsuda, T. Ishida, T. Nogami, S. Kurono, and M. Ohashi, 
“Isolation and characterization of Diels-Alder adducts of C60 
with anthracene and cyclopentadiene”, J. Chem. Soc. Chem. 
Commun., 1296 (1993).

23. T. Suzuki, Q. Li, K. C. Khemani, F. Wudl, and O. Almarsson, 
“Systematic Inflation of Buckminsterfillerene C60: Synthesis 
of Diphenyl Fulleroids C61 to C66”, Science, 254, 1186 (1991).

24. T. Suzuki, Q. Li, K. C. Khemani, and F. Wudl, “Synthesis 
of m-phenylene- and p-phenylenebis(phenylfulleroids): two- 
pearl sections of pearl necklace polymers”, J. Am. Chem. Soc., 
114, 7300 (1992).

25. F. Wudl, “The chemical properties of buckminsterfullerene 
(C60) and the birth and infancy of fulleroids”, Acc. Chem. 
Res., 25, 157 (1992).

26. A. Skiebe and A. Hirsch, “A facile method for the synthesis 
of amino acid and amido derivatives of C60”, J. Chem. Soc. 
Chem. Commun., 335 (1994).

27. A. B. S. III, R. M. Strongin, L. Brard, G. T. Furst, W. J. 
Romanow, K. G. Owens, and R. C. King, “1,2-Methanobuc-
kminsterfullerene (C61H2), the parent fullerene cyclopropane: 
synthesis and structure”, J. Am. Chem. Soc., 115, 5829 (1993).

28. T. Suzuki, Q. Li, K. C. Khemani, and F. Wudl, “Dihydrofulle-
roid H3C61: synthesis and properties of the parent fulleroid”, 
J. Am. Chem. Soc., 114, 7301 (1991).

29. M. Prato, Q. Li, F. Wudl, and V. Lucchini, “Addition of 
azides to fullerene C60: synthesis of azafulleroids”, J. Am. 
Chem. Soc., 115, 1148 (1993).

30. M. Prato, T. Suzuki, H. Foroudian, Q. Li, K. Khemani, F. 
Wudl, J. Leonetti, R. D. Little, T. White, B. Rickborn, S. 
Yamago, and E. Nakamura, “[3 + 2] and [4 + 2] Cycloaddi-
tions of fullerene C60”, J. Am. Chem. Soc., 115, 1594 (1993).

31. M. Maggini, G. Scorrano, and M. Prato, “Addition of azome-
thine ylides to C60: synthesis, characterization, and functional-
ization of fullerene pyrrolidines”, J. Am. Chem. Soc., 115, 
9798 (1993).

32. M. S. Meier and M. J. Poplawska, “Addition of nitrile oxides 
to C60: formation of isoxazoline derivatives of fullerenes”, 
Org. Chem., 58, 4524 (1993).

33. H. Inrngartinger, C. M. Kohler, U. Huber-Patz, and W. 
Kratschmer, “Funktionalisierung von C60 mit Nitriloxiden zu 
4,5-Dihydroisoxazolen und deren Strukturbestimmung”, 
Chem. Ber., 127, 581 (1994).

34. M. Tsuda, T. Ishida, T. Nogami, S. Kurono, and M. Ohashi, 
“Addition Reaction of Benzyne to C60”, Chem. Lett., 2333 
(1992).

35. S. R. Wilson, N. Kaprinidis, Y. Wu, and D. I. Schuster, “A 
new reaction of fullerenes: [2+2]-photocycloaddition of 
enones”, J. Am. Chem. Soc., 115, 8495 (1993).

36. X. Zhang, A. Romero, and C. S. Foote, “Photochemical [2 
+ 2] cycloaddition of N,N-diethylpropynylamine to C60”, J. 
Am. Chem. Soc., 115, 11024 (1993).

37. J. R. Morton, K. F. Preston, P. J. Krusic, S. A. Hill, and 
E. Wasserman, “ESR Studies of the Reaction of Alkyl 
Radicals with C60”, J. Phys. Chem., 96, 3576 (1992).

38. J. R. Morton, K. F. Preston, P. J. Krusic, S. A. Hill, and 
E. Wasserman, “The dimerization of fullerene RC60 radicals 
[R = alkyl]”, J. Am. Chem. Soc., 114, 5454 (1992).

39. J. R. Morton, K. F. Preston, P. J. Krusic, and E. Wasserman, 
“Electron paramagnetic resonance spectra of R-C60 radicals. 
Evidence for RC60C60R dimers”, J. Chem. Soc. Perk. Trans., 
2, 1425 (1992).

40. J. R. Morton, K. F. Preston, P. J. Krusic, and L. B. K. Jr., 
“The proton hyperfine interaction in HC60, signature of a po-
tential interstellar fullerene”, Chem. Phys. Lett., 204, 481 
(1993).

41. M. A. Cremonini, L. Lunazzi, G. Placucci, and P. J. Krusic, 
“Addition of alkylthiyl and alkoxy radicals to C60 studied by 
ESR”, J. Org. Chem., 58, 4735 (1993).

42. P. J. Krusic, E. Wasserman, B. A. Parkinson, B. Malone, E. 
R. H. Jr., P. N. Keizer, and J. R. M. K. F. Preston, “Electron 
spin resonance study of the radical reactivity of C60”, J. Am. 
Chem. Soc., 113, 6274 (1991).

43. P. J. Krusic, E. Wasserman, P. N. Keizer, J. M. Morton, and 
K. F. Preston, “Radical Reactions of C60”, Science, 254, 1183 
(1991).

44. K. Geckeler and A. Hirsch, “Polymer-bound C60”, J. Am. 
Chem. Soc., 115, 3850 (1993).

45. C. J. Hawker, “A Simple and Versatile Method for the 
Synthesis of C60 Copolymers”, Macromolecules, 27, 4836 
(1994).

46. Y. Chen, R. F. Cai, Z. E. Huang, and S. Q. Kong, “A novel 
and versatile method for the synthesis of soluble fullerenated 
polymers”, Polym. Bull., 35, 705 (1995).

47. Y. Chen, Z. E. Huang, R. F. Cai, S. Q. Kong, S. M. Chen, 
and Q. F. Shao, “Synthesis and characterization of soluble 
C60-chemically modified poly(p-bromostyrene)”, J. Polym. 
Sci. Polym. Chem., 34, 3297 (1996).

48. H. Oakmura, T. Terauchi, M. Minoda, T. Fukuda, and K. 



Reactions and Properties of Fullerene (C60) 79

Komatsu, “Synthesis of 1,4-Dipolystyryldihydro[60]fullerenes 
by Using 2,2,6,6-Tetramethyl-1-polystyroxypiperidine as a 
Radical Source”, Macromolecules, 30, 5279 (1997).

49. B. Nie and V. M. Rotello, “Crystalline Ultrastructure of 
Starch Granules Revealed by Synchrotron Radiation Micro-
diffraction Mapping”, Macromolecules, 30, 3949 (1997).

50. M. Taki, S. Takigami, Y. Watanabe, Y. Nakamura, and 
Nishimura, “Synthesis of Polyesters Containing the [60] 
Fullerene Moiety in the Main Chain”, Jpn. Polym. J., 29, 
1020 (1997).

51. L. Xiao, H. Shimotani, M. Ozawa, J. Li, N. Dragoe, and K. 
Saigo, “Synthesis of a novel [60]fullerene pearl-necklace pol-
ymer, poly(4,4-carbonylbisphenylene trans-2-[60]fullerenobi-
sacetamide)”, J. Polym. Sci. Polym. Chem., 37, 3632 (1999).

52. C. E. Bunker, Lawson, G. E.; Sun, Y. P. “Fullerene-Styrene 
Random Copolymers. Novel Optical Properties”, Macromole-
cules, 28, 3744 (1995).

53. Y. Chen and K. C. Lin, “Radical polymerization of styrene 
in the presence of C60”, J. Polym. Sci. Polym. Chem., 37, 
2969 (1999).

54. B. Z. Tang, S. M. Leung, H. Peng, N. T. Yu, and K. C. 
Su, “Direct Fullerenation of Polycarbonate via Simple 
Polymer Reactions”, Macromolecules, 30, 2848 (1997).

55. C. B. Gorman and J. C. Smith, “Structure-Property Relation-
ships in Dendritic Encapsulation”, Acc. Chem. Res., 34, 60 
(2001).

56. K. L. Wooley, C. J. Hawker, J. M. J. Frechet, F. Wudl, G. 

   Srdanov, and S. Shi, “Fullerene-bound dendrimers: soluble, 
isolated carbon clusters”, J. Am. Chem. Soc., 115, 9836 
(1993).

57. Y. Rio, G. Accorsi, H. Nierengarten, J. L. Rehspringer, B. 
Honerlage, and G. Kopitkovas, “Fullerodendrimers with pe-
ripheral triethyleneglycol chains: synthesis, mass spectro-
metric characterization, and photophysical properties”, New. 
J. Chem., 26, 1146 (2002).

58. Y. Murata, M. Ito, and K. Komatsu, “Synthesis and properties 
of novel fullerene derivatives having dendrimer units and the 
fullerenyl anions generated therefrom”, J. Mater. Chem., 12, 
2009 (2002).

59. G. A. Polotskaya, S. V. Gladchenko, and V. N. Zgonnik, “Gas 
diffusion and dielectric studies of polystyrene-fullerene com-
positions”, J. Appl. Polym. Sci., 85, 2946 (2002).

60. F. J. B. Calleja, L. Giri, T. Asano, T. Mieno, S. Sakurai, 
and M. Ohnuma, “Structure and mechanical properties of 
polyethylene-fullerene composites”, J. Mater. Sci., 31, 5153 
(1996).

61. Z. Lua, C. Hea, and T. S. Chunga, “Composites of multifunc-
tional benzylaminofullerene with low-density polyethylene”, 
Polymer, 42, 5233 (2001).

62. C. J. Brabec, V. Dyakonov, N. S. Sariciftci, W. Grauoner, 
G. Leising, and J. C. Hummelen, “Investigation of photo-
excitations of conjugated polymer/fullerene composites em-
bedded in conventional polymers”, J. Chem. Phys., 109, 1185 
(1998).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /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 false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AgencyFB-Bold
    /AgencyFB-Reg
    /ahn2006-B
    /ahn2006-L
    /ahn2006-M
    /Algerian
    /AmiR-HM
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /Dotum
    /DotumChe
    /DungunM
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /ExpoM-HM
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /FZSY--SURROGATE-0
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /H2bulB
    /H2bulL
    /H2bulM
    /H2cysB
    /H2cysL
    /H2gprM
    /H2gsrB
    /H2gtrE
    /H2gtrM
    /H2gttB
    /H2hdrM
    /H2mjrE
    /H2mjsM
    /H2mkpB
    /H2mppB
    /H2mppL
    /H2porL
    /H2porM
    /H2sa1M
    /H2supE
    /H2supL
    /H2wulE
    /H2wulL
    /HaansoftBatang
    /HaansoftDotum
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HeadlineR-HM
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HYbdaL
    /HYbdaM
    /HYBuDle-Medium
    /HYdnkB
    /HYdnkM
    /HYGoThic-Bold
    /HYGoThic-Light
    /HYGraPhic-Bold
    /HYhaeseo
    /HYHeadLine-Bold
    /HyhwpEQ
    /HYkanB
    /HYkanM
    /HYKHeadLine-Bold
    /HYKHeadLine-Medium
    /HYLongSamul-Bold
    /HYLongSamul-Light
    /HYLongSamul-Medium
    /HYMokGak-Bold
    /HYMokPan-Bold
    /HYMyeongJo-Bold
    /HYMyeongJo-Light
    /HYMyeongJo-Medium
    /HYMyeongJo-Ultra
    /HYnamB
    /HYnamL
    /HYnamM
    /HYPillGi-Light
    /HYPost-Bold
    /HYRGoThic-Bold
    /HYRGoThic-Medium
    /HYsanB
    /HYSeNse-Bold
    /HYShortSamul-Bold
    /HYShortSamul-Light
    /HYSinGraPhic-Medium
    /HYSinMun-MyeongJo
    /HYSinMyeongJo-Bold
    /HYSooN-MyeongJo
    /HYsupB
    /HYsupM
    /HYSymbolA
    /HYSymbolB
    /HYSymbolC
    /HYSymbolD
    /HYSymbolE
    /HYSymbolF
    /HYSymbolG
    /HYSymbolH
    /HYTaJa-Bold
    /HYTaJaFull-Bold
    /HYTaJaFull-Light
    /HYTaJaFull-Medium
    /HYTaJa-Light
    /HYTaJa-Medium
    /HYtbrB
    /HYwulB
    /HYwulM
    /HYYeasoL-Bold
    /HYYeaSo-Medium
    /HYYeatGul-Bold
    /HYYeatGul-Medium
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /MagicR-HM
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MDAlong
    /MDArt
    /MDEasop
    /MDGaesung
    /MDSol
    /MicrosoftSansSerif
    /MingLiU
    /Mistral
    /Modern-Regular
    /MoeumTR-HM
    /MogfilB
    /MogfilL
    /MogfilM
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MVBoli
    /NewGulim
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NSimSun
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Pristina-Regular
    /PyunjiR-HM
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /SanHgM
    /SanIgM
    /ScriptMTBold
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SimSun-PUA
    /SnapITC-Regular
    /Stencil
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TeXplusEF
    /TeXplusEF-Bold
    /TeXplusEM
    /TeXplusEM-BoldItalic
    /TeXplusEM-Italic
    /TeXplusEX
    /TeXplusMI
    /TeXplusMI-Bold
    /TeXplusRM
    /TeXplusRM-Bold
    /TeXplusRM-BoldItalic
    /TeXplusRM-Italic
    /TeXplusSA
    /TeXplusSB
    /TeXplusSY
    /TeXplusSY-Bold
    /TeXplusTE
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /YetR-HM
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


