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July 11th, Wed.

Special Lecture: 25 min (Presentation) + 5 min (Discussion)
General Lecture: 10 min (Presentation) + 5 min (Discussion)
Poster Preview: 1 min (Presentation), No Discussion

Special Lecture (9:00-9:30)

18-1

Carbon nanotubes research at AIST/Research Center for Advanced Carbon Materials: From basic to industrial
applications
Sumio lijima

General Lecture (9:30-10:30)
Properties of Nanotubes

1-1

1-2

1-3

Environmental Effect of Single-Walled Carbon Nanotubes

QOYuhei Miyauchi, Riichiro Saito, Kentaro Sato, Yutaka Ohno, Shinya Iwasaki, Takashi Mizutani, Jie Jiang,
Shigeo Maruyama

Crystal Face Dependence of Chiralities of Aligned SWNTSs on Sapphire

(ONaoki Ishigami, Hiroki Ago, Kenta Imamoto, Masaharu Tsuji, Konstantin Iakoubovskii, Nobutsugu Minami
Oxidative Reaction of Carbon Nanotubes wiith O, and O,

(OTakazumi Kawai, Yoshiyuki Miyamoto

Structural Dependence of Raman Spectrum of Single-walled Carbon Nanotube Adsorbed on Metal Electrode
Norihiko Takeda, OKei Murakoshi

¥ ¥ ¥ o Coffee Break (10:30-10:45) Yoy s

General Lecture (10:45-12:00)
Properties of Nanotubes

1-5

1-6

1-7

1-8

1-9

Field-Effect Doping in Carbon Nanotubes

OKazuyuki Uchida, Susumu Okada

Variable Range Hopping Conduction in Boron doped MWNT Assembly

(OShunji Bandow, Shigenori Numao, Sumio Iijima

Electronic Structure of Boron-doped Carbon Nanotube

(OTakashi Koretsune, Susumu Saito

Chirality dependence and excitonic effect of optical transition of single wall carbon nanotubes
(OKentaro Sato, Riichiro Saito, Jie Jiang, Gene Dresselhaus, Mildred S. Dresselhaus
Band-Gap Tuning of an Individual Single-Walled Carbon Nanotube with Uniaxial Strain
(OHideyuki Maki, Testuya Sato, Koji Ishibashi

Y% ¥ % ¥ % Lunch Time (12:00-13:00) 3 ¥ ¥ %%

Special Lecture (13:00-13:30)

1S-2

HRTEM Imaging of the Doped Single-walled Carbon Nanotubes and Fullerene Nanopeapods
Lunhui GUAN

General Lecture (13:30-14:30)
Formation and Purification of Nanotubes

1-10

1-11

1-12

1-13

A growth model for single walled carbon nanotubes-Why near armchair structure is so special-

(OYohji Achiba

Study of Carbon Transmitting Method for Growth of Carbon Nanotubes

(OTakeshi Hikata, Kazuhiko Hayashi, Tomoyuki Mizukoshi, Yoshiaki Sakurai, Itsuo Ishigami, Takaaki Aoki,
Toshio Seki, Jiro Matsuo

Synthesis of single-wall carbon nanotubes from diesel soot

(OTakashi Uchida, Tachibana Masaru, Kojima Kenichi

Are Catalyst Free SWNT Forests Free From Impurities ? Existence of Graphitic Carbonaceous Impurities
(OSatoshi Yasuda, Tatsuki Hiraoka, Don N. Futaba, Motoo Yumura, Sumio Iijima, Kenji Hata

¥ ¥ ¥ ¥ o Coffee Break (14:30-14:45) Yok ook
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July 11th, Wed.

General Lecture (14:45-16:00)
Formation and Purification of Nanotubes

1-14

1-17

Combinatorial Control of Catalyst for Basics and Applications of Carbon Nanotube Growth

(OSuguru Noda, Hisashi Sugime, Kei Hasegawa, Kazunori Kakehi, Shigeo Maruyama, Yukio Yamaguchi
In-situ Raman observation of single-wall carbon nanotube growth by CVD using Co-filled apoferritin catalyst
(OTakashi Uchida, Masaya Tazawa, Akira Yamazaki, Yoshihiro Kobayashi

Size control of catalyst nanoparticles for carbon nanotube growth by gas-phase catalytic chemical vapor
deposition

(OKenji Ohara, Yoichiro Neo, Hidenori Mimura, Yoku Inoue, Akihiro Ishida

Low-temperature growth of double and single-walled carbon nanotubes on a substrate using catalyst nanoparticles
size-classified with an impactor

ODaiyu Kondo, Shintaro Sato, Yoshitaka Yamaguchi, Taisuke Iwai, Yuji Awano

Observation of catalyst in a CVD growth process of single-walled carbon nanotubes on SiO,

(OToshiya Murakami, Yuki Hasebe, Kenji Kisoda, Koji Nishio, Toshiyuki Isshiki, Hiroshi Harima

Poster Preview (16:00-17:00)
Poster Session (17:00-18:30)

Chemistry of Fullerenes

1P-1  Novel Magnetic Field Effects and Time-Resolved EPR Spectra of Biradicals from Photoinduced Intramolecular
Electron Transfer Reactions in Phenotiazine-Cg4, Linked Compounds
(OHiroaki Yonemura, Shinya Moribe, Yuya Wakita, Sunao Yamada, Yoshihisa Fujiwara, Yoshifumi Tanimoto
1P-2 Kinetic Study of Antioxidant Activity of Water-soluble [60]Fullerene and [60]Fullerene Epoxide by beta-Carotene
Bleaching Assay
(OKen Kokubo, Tadashi Goto, Kyoko Togaya, Hisae Aoshima, Takumi Oshima
1P-3 Kinetic Control of Interfacial Energy in Carbon/Epoxy Composites by using Fullerenes
Yusuke Tajima, ODaisuke Yamazaki, Takanori Matsuura, Youhei Numata, Hiroaki Kawamura, Hiroki Osedo
1P-4 Temperature Dependence of Conductivity of Crystalline C ¢, and C,, Pellets
Gou Kawano, OTsuyosi Takakura, Tsuyosi Takase, Hidetsugu Nakamura, Yong Sun
1P-5 Cyclic Dimers of Iridium Porphyrins - Extraordinary High Affinities toward Fullernes
OMakoto YANAGISAWA, Kentaro TASHIRO, Takuzo AIDA
1P-6  Control of Selectivity in Addition-Cyclization of Chioramine-T to Cg,
ORyoji Tsuruoka, Satoshi Minakata, Mitsuo Komatsu
1P-7  Efficient synthesis of fullerenols by mechanochemical reaction of C4, with H,O under O, atmosphere
OYuichi Ishiyama, Hiroto Watanabe, Senna Mamoru
1P-8  NMR Studies of Molecular Hydrogen Encapsulated in Dianions of Fullerene Cg4y and Open-Cage Cg4, Derivatives
OMichihisa Murata, Yuta Ochi, Fumiyuki Tanabe, Yasujiro Murata, Koichi Komatsu
1P-9  Highly soluble fullerene derivative and its production process development
(OMasahiko Hashiguchi, Eiji Dejima, Tomomi Yano, Katsutomo Tanaka
1P-10  Synthesis of Various Amino-Functionalized [60]Fullerene Derivative via Nitrofullerene
OMASARU SEKIDO, MASATOMI OHNO
Metallofullerenes
1P-11  Ultraviolet Photoelectron Spectroscopy of Lu-encapsulated Metallofullerenes
(OTakafumi Miyazaki, Masayuki Kato, Konosuke Furukawa, Ryohei Sumii, Hisashi Umemoto, Toshiya Okimoto,
Toshiki Sugai, Hisanori Shinohara, Shojun Hino
1P-12  ESR Spectra of Bingel Mono-adducts of Gd@Cyg,
(OMakoto Kanazumi, Yuji Takematsu, Takatsugu Wakahara, Takahiro Tsuchiya, Ko Furukawa, Takeshi Akasaka,
1P-13  Characterization of Alkali Endohedral Fullerene: The Aggregated Cluster Structure
OHiroshi Okada, Kenji Omote, Yasuhiko Kasama, Kuniyoshi Yokoo, Shoichi Ono, Takamichi Miyazaki, Mariko
Ando, Hideki Maekawa, Hideki Maekawa, Takashi Komuro, Hiromi Tobita
1P-14 A Reversible Crystal Structural Transformation and Structural Characterization of Pr@Csg, Metallofullerene.

OKitaura Ryo, Kitamura Yutaka, Okimoto Haruya, Nishibori Eiji, Aoyagi Shinobu, Sakata Makoto, Shinohara
Hisanori
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Fullerene Solids

1P-15

1P-16

1P-17

Metallic Phase in Magnesium Fullerides

(OHeguri Satoshi, Kimata Nozomu, Kobayashi Mototada

Superconductivity in sodium fullerides Na,Cq,

(ONozomu Kimata, Satoshi Heguri, Mototada Kobayashi

Molecular beam epitaxy of copper phthalocyanine on Cg, (111) surface
Hidetoshi Suzuki, Yusuke Yamashita, ONobuaki Kojima, Masafumi Yamaguchi

Formation and Purification of Nanotubes

1P-18  Sub-mililimeter long single-walled carbon nanotubes synthesis by alcohol enclosed catalytic chemical vapor
deposition.
(OYoshinobu Suzuki, Tomohiro Shimazu, Hisayoshi Oshima, Shigeo Maruyama
1P-19  Growth termination of carbon nanotubes at millimeter thickness due to structural change in catalyst.
(OShingo Morokuma, Kei Hasegawa, Suguru Noda, Shigeo Maruyama, Yukio Yamaguchi
1P-20  Single-Wall Carbon Nanotubes Grown from Size Controlled Rh/Pd and Co Nanoparticles by Catalyst-supported
Chemical Vapor Deposition
OKeita Kobayashi, Ryo Kitaura, Yoko Kumai, Yasutomo Goto, Shinji Inagaki, Hisanori Shinohara
1P-21  Synthesis of small diameter SWNTs by ACCVD method using platinum as catalyst
(OKeisuke Urata, Shinzo Suzuki, Hirosi Nagasawa, Yohji Achiba
1P-22  Efficient growth of double-walled carbon nanotube by CVD using a mixed catalyst Fe/Co/Mo with MgO
supporter
ORyoji Naito, Toshiya Murakami, Yuki Hasebe, Kenji Kisoda, Koji Nishio, Toshiyuki Isshiki, Hiroshi Harima
1P-23  Purification of SWNTs fabricated by hydrogen DC arc discharge
(OBeibei Chen, Tomoko suzuki, Xinluo Zhao, Sakae Inoue, Takeshi Hashimoto, Yoshinori Ando
1P-24  One-step Synthesis of Aligned Carbon Nanotubes in Liquid Phase
OKiyofumi Yamagiwa, Masafumi Mikami, Tsuneharu Takeuchi, Yoshihiro Yamaguchi, Yuriko Iwao, Morihiro
1P-25  Controlling diameter distribution of SWNTSs by refining temperature gradient in laser ablation method
(OTakashi Nakayama, Yasuhiro Tsuruoka, Sinzou Suzuki, Yohji Achiba
1P-26 Matching between Reaction and Catalyst Conditions in Growing VA-SWNTs by ACCVD
(OHisashi Sugime, Suguru Noda, Shigeo Maruyama, Yukio Yamaguchi
1P-27 Influence of residual acetylene gas on growth of brush-shaped carbon nanotubes
(OMasao Yamaguchi, Lujun Pan, Seiji Akita, Yoshikazu Nakayama
1P-28  Insitu photoelectron spectroscopy study of metal catalysts for carbon nanotube growth by low-pressure ethanol
CVD
(OFumihiko Maeda, Satoru Suzuki, Yoshihiro Kobayashi
1P-29  Plan-viewed TEM observation of carbon nanotubes and catalyst particles and evaluation of catalyst activity for
SWNT growth
OYuki Hasebe, Toshiya Murakami, Kenji Kisoda, Hiroshi Harima, Koji Nishio, Toshiyuki Isshiki
1P-30  Discontinuous Change in Carbon Nanotubes Caused by Continuous Change in Catalyst Nominal Thickness
(OKazunori Kakehi, Suguru Noda, Shigeo Maruyama, Yukio Yamaguchi
Nanohorns
1P-31  Close-Open-Close Evolution of Holes in Single-Wall Carbon Nanohorns Caused by Heat Treatment
(OJing Fan, Masako Yudasaka, Jin Miyawaki, Ryota Yuge, Takazumi Kawai, Sumio Iijima
1P-32  Modification of cisplatin-incorporated single-wall carbon nanohorns to release cisplatin slowly
OKumiko Ajima, Masako Yudasaka, Tatsuya Murakami, Minfang Zhang, Sumio lijima
1P-33  Folate-Receptor Mediated Uptake of Single-Walled Carbon Nanohorns by Cultured Cancer Cells
(OJin Miyawaki, Tatsuya Murakami, Masako Yudasaka, Kumiko Ajima, Minfang Zhang, Hirohide Sawada,
Kunihiro Tsuchida, Sumio Iijima
1P-34  Boron doped Nanohorn Aggregates Produced by means of Arc Discharge
(OManabu Harada, Takayuki Inagaki, Shunji Bandow, Sumio Iijima
1P-35 Electron microscopy study of nanohorn tip structure damaging with hydrogen peroxide treatment
(OTakashi yamaguchi, Shunji Bandow, Masako Yudasaka, Sumio Iijima
1P-36  Ultracentrifugal Separation of Single-wall Carbon Nanohorns

(OGoshu Tamura, Shunji Bandow, Masako Yudasaka, Sumio Iijima

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114



July 11th, Wed.

Properties of Nanotubes

1P-37

1P-38

1P-39

1P-40

1P-41

1P-42

1P-43

Enhancement of conductivities in boron-doped MWNTs

(OSatoshi Ishii, Tohru Watanabe, Showgo Ogawara, Takashi Okutsu, Fumiaki Tomioka, Shinya Ueda, Shunsuke
Tsuda, Takahide Yamaguchi, Yoshihiko Takano

Electronic transport study of a suspended MWNT by in situ TEM

Yasunobu Suzuki, Koji Asaka, O Yahachi Saito

Evaluation of single wall carbon nanotubes by UV-Raman spectroscopy

(OHiromichi Kataura, Yasumitsu Miyata, Yutaka Maniwa, Kazuhiro Yanagi

Temperature dependence of the Raman spectra of single-wall carbon nanotube and highly oriented pyrolytic
graphite

ONorihiro Kitada, Kenichi Kato, Kenichi Kojima, Masaru Tachibana

Effects of doping to the G'Raman spectra of single and double-wall carbon nanotubes

OEduardo B. Barros, Jin Sung Park, Georgii G. Samsonidze, Riichiro Saito, Mildred Dresselhaus

Fabrication of DNA/MWNTSs junctions and electrical measurements of DNA thin films

(OMitsutaka Ide, Masatoshi Saito, Hiroaki Kohno, Naoyoshi Murata, Junji Haruyama

Meissner effect in honeycomb arrays of multi-walled carbon nanotubes

(ONaoyoshi Murata, Junji Haruyama, Ueda Nobuteru, Masaharu Matsudaira, Yuko Yagi, Jin Nakamura, Kyouko
Nozawa, Taisei Shimizu, Erik Einarsson, Syouhei Chiashi, Shigeo Maruyama, Toshiki Sugai, Naoki kishi,
Hisanori Shinohara

Application of Nanotubes

1P-44  Chemically-Responsive Sol-Gel Transition of Supramolecular Single-Walled Carbon Nanotubes (SWNTs)
Hydrogel Made by SWNTs-Cyclodextrins Hybrids
(OTomoki Ogoshi, Tada-aki Yamagishi, Yoshiaki Nakamoto, Akira Harada

1P-45  Water Soluble Single-Walled Carbon Nanotubes Using Inclusion Complex of Cyclodextrin with Guest Molecules
(OTomoki Ogoshi, Tada-aki Yamagishi, Yoshiaki Nakamoto, Akira Harada

1P-46  Fabrication of optical polarizer made of CNT/PVA composite material
(OSatoru Shoji, Hidemasa Suzuki, Satoshi Kawata

1P-47  Direct electron transfer reaction of glucose oxidase with carbon nanotubes synthesized on a electrode
Masato TOMINAGA, OShinya NOMURA, Toshifumi NISHIMURA, Isao TANIGUCHI

1P48  Preparation and Properties of Carbon Nanotube Films
OMotohiro Uo, Tsukasa Akasaka, Shigeaki Abe, Fumio Watari, Ken-ichiro Sasamori, Hisamichi Kimura,
Yoshinori Sato, Kazuyuki Tohji

1P-49  Electric Double Layer Capacitance of the Surface Modified Fine-Crystallined Single-Walled Carbon Nanotubes
OShin-ichi Ogino, Yoshinori Sato, Masaru Namura, Wataru Oizumi, Hiroyuki Kamisuki, Kenichi Motomiya,
Takashi Itoh, Balachandran Jeyadevan, Kazuyuki Tohji

Miscellaneous

1P-50  Fabrication of Carbon Nanotubes Through Metal-free Chemical Vapor Deposition

(OJarm-Horng Lin, Hui-Ling Ma, Ching-Shiun Chen, Chen-Yin Hsu, Hsiu-Wei Chen
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July 12th, Thur.

Special Lecture: 25 min (Presentation) + 5 min (Discussion)
General Lecture: 10 min (Presentation) + 5 min (Discussion)
Poster Preview: 1 min (Presentation), No Discussion

Special Lecture (9:00-9:30)

28-1 Precision Control of Hybridization of Nanocarbon and Metalloporphyrins
Kentaro Tashiro

General Lecture (9:30-10:30)

Metallofullerenes

2-1 Crystal Structures of (M,Co@Cg,)(CsHsCH;) and (M,C,@Cy, X C4HsCHy),
OEiji Nishibori, Masayuki Ishihara, Ikuya Terauchi, Shinobu Aoyagi, Makoto Sakata, Masaki Takata, Takashi
Inoue, Yasuhiro Ito, Hisashi Umemoto, Hiroe Moribe, Hisanori Shinohara

2-2 Enhanced 1.5 um Fluorescence from Erbium-Carbide Metallofullerenes
(OYasuhiro Ito, Toshiya Okazaki, Shingo Ohkubo, Masahiro Akachi, Haruya Okimoto, Yutaka Ohno, Takashi
Mizutani, Tetsuya Nakamura, Ryo Kitaura, Toshiki Sugai, Hisanori Shinohara

Fullerene Formation

2-3 Titan satellite has been a carbon-cluster factory? -From collisonal explosion experiment-
(OTetsu Mieno, Sunao Hasegawa

24 Photo-Induced Charge-Separation of Supramolecular SWNT-Fullerene Hybrids in Polar Solvent
OOsamu Ito, Yasuyuki Araki, Atula Sandanayaka, Rughu Chitta, Francis D'Souza

Yo ¥ ¥ % Coffee Break (10:30-10:45) ¥ Yok # %k

General Lecture (10:45-12:00)
Lecture by Candidates for the Iijima Award
2-5 Optical Enrichment of SWNTs
(OXiaobin Peng, Naoki Komatsu, Takahide Kimura, Atsuhiro Osuka
2-6 Transparent Carbon Nanotubes for Encapsulated Dyes
(OYanagi Kazuhiro, Miyata Yasumitsu, Kataura Hiromichi
2-7 Imaging of single alkyl chains in carbon nanotubes by transmission electron microscopy
(OMasanori Koshino, Takatsugu Tanaka, Niclas Solin, Kazutomo Suenaga, Hiroyuki Isobe, Eiichi Nakamura
2-8 Fabrication of ZnPc-Nanohorn-Protein Nanohybrid for Photodynamic Therapy
OMinfang Zhang , Masako Yudasaka , Kumiko Ajima, Jin Miyawaki, Sumio Iijima
29 Carbon Nanotube Growth from Semiconductor Nanoparticles
(OTakagi Daisuke, Hibino Hiroki, Suzuki Satoru, Kobayashi Yoshihiro, Homma Yoshikazu

Y% ¥ % %% Lunch Time (12:00-13:00) ¥ ¥ ¥ &%
General Meeting (13:00-13:15)

Special Lecture (13:15-13:45)
28-2 Synthesis of Alkali Endohedral Fullerenes (Li@Cqq)
OKenji Omote, Yasuhiko Kasama

General Lecture (13:45-14:30)
Lecture by Candidates for the Osawa Award
2-10 Ion Mobility Measurement with a Newly Developed Pulsed Ion Valve
(OToshiki Sugai, Hisanori Shinohara
2-11 HRTEM observation of an Individual Cg, Fullerene Molecule and its Deformation Process

(OZheng liu, Kazu Suenaga, Ales Mrzel, Hiromichi Kataura, Sumio Iijima

2-12 Positional Control of Encapsulated Metal Atoms Inside a Fullerene Cage by Exohedral Chemical
Functionalization
(OMichio Yamada, Chika Someya, Takatsugu Wakahara, Takahiro Tsuchiya, Takeshi Akasaka, Yutaka Maeda,
Kenji Yoza, Naomi Mizorogi, Shigeru Nagase
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July 12th, Thur.

Yook % ¥ ¥k Coffee Break (14:30-14:45) Yok *ok ik

General Lecture (14:45-15:45)

Chemistry of Fullerenes and Fullerene Solids

2-13 Syntheses, Structures and Optical Properties of Dodeca- and Trideca(organo)[60]fullerene
(OTakeshi Fujita, Yutaka Matsuo, Eiichi Nakamura

2-14 Low-dimensional Columnar Alignment of Cg, Fulleride Single Crystals Stabilized by Triarylmethane Dye Cations
(OMoriyama Hiroshi, Sugiura Takahito

2-15 Cg thin film field-effect transistor devices with gold electrodes modified by various types of alkanethiols
(OYohei Ohta, Naoko Kawasaki, Takayuki Nagano, Akihiko Fujiwara, Yoshihiro Kubozono

2-16 preparation and characterization of Cg, and C fibrillar super structures and its polymerization by gamma-ray
irradiation
(OSudip Malik, Norifumi Fujita, Seiji Shinkai

Poster Preview (15:45-16:45)
Poster Session (16:45-18:15)

Fullerene Formation

2P-1 Current-induced forces on adatoms on metallic and semiconducting carbon nanotubes
(OYvan Girard, Takahiro Yamamoto, Kazuyuki Watanabe

2P-2 Formation Process of Fullerenes
OYusuke Ueno, Susumu Saito

Chemistry of Fullerenes
2P-3 Effects of Magnetic Processing on Morphological, Electrochemical, and Photoelectrochemical Properties of
Electrodes Modified with Mixed Nanoclusters of C¢,-Phenothiazine System
(OYuya Wakita, Hiroaki Yonemura, Norihiro Kuroda, Sunao Yamada, Yoshihisa Fujiwara, Yoshifumi Tanimoto
2P-4 Synthesis and Electrochemical Property of [70]fullerene derivatives
(OTakahiko Ichiki, Yutaka Matsuo, Eiichi Nakamura
2P-5  Degradation Kinetics of Poly(methyl methacrylate) with fullerenes
(OTomohito Terada, Takanori Matsuura, Takeo Sasaki, Yusuke Tajima
2P-6 Synthesis and Electrochemical Properties of Indolino-[60]Fullerene
(OJunichi Kawashima, Takumi Hara, Takanori Matsuura, Youhei Numata, Yusuke Tajima

Metallofullerenes

2p-7 Solid State “’Sc- and *C-NMR of Se,C,@Cy, Carbide Metallofullerene
(OHaruya Okimoto, Wilhelm Hemme, Yasuhiro Ito, Helmut Eckert, Hisanori Shinohara

2P-8 Structure and Vibronic Interaction of M@Csy
(OTohru Sato, Yasutaka Kuzumoto, Ken Tokunga, Hiroshi Imahori, Kazuyoshi Tanaka

2P-9  Chemical Functionalization of Li@Cg, by Its Reaction with spiro[3-Adamantane-2,3'-3 H -Diazirine]
(OShinsuke Ishikawa, Takashi Komuro, Hiroshi Okada, Kenji Omote, Yasuhiko Kasama, Kuniyoshi Yokoo,
Shoichi Ono, Hiromi Tobita

2P-10  Structure and Electronic Property of Sc@Cy,
(OMakoto Hachiya, Yuko liduka, Takatsugu Wakahara, Takahiro Tsuchiya, Yutaka Maeda, Takeshi Akasaka,
Naomi Mizorogi, Shigeru Nagase

2P-11 Missing Metallofullerene: La@C,,
(OHidefumi NIKAWA, Takashi KIKUCHI, Tomoya YAMADA, Takatsugu WAKAHARA, Tsukasa
NAKAHODO, G. M. Aminur RAHAMAN, Takahiro TSUCHIYA, Yutaka MAEDA, Takeshi AKASAKA, Kenji
YOZA, Ermst HORN, Kazunori YAMAMOTO, Naomi MIZOROGI, Zdenek Slanina, Shigeru NAGASE

Fullerene Solids

2P-12 Internal Friction Measurement of Fullerene Films by Vibrating Reed Method
(OShinya Wakita, Shuichi Matsumoto, Takamori Yoshii, Kenta Kirimoto, Yong Sun

2P-13  Solution-Processed Organic Thin-Film Transistors Based on Perfluoroalkyl Substituted C4, Derivatives
(OMasayuki Chikamatsu, Atsushi Itakura, Yuji Yoshida, Reiko Azumi, Kiyoshi Yase
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2P-14

2P-15

2P-16

2P-17

July 12th, Thur.

A DFT study on Fullerene Hydrides C4,H,: Hole Transport Materials

OKen Tokunaga, Shigekazu Ohmori, Hiroshi Kawabata, Kazumi Matsushige

Polymerization of pressed powder and solution-grown fullerene with free electron laser irradiation

Olwata Nobuyuki, Andou Shingo, lio Yasunari, Nokariya Ryou, Yamamoto Hiroshi

Electrical Properties of Mg-doped Cg, Thin Films

(ONobuaki Kojima, Takashi Terayama, Hidetoshi Suzuki, Masato Natori, Masafumi Yamaguchi

Physical Properties of H, Endohedral Cy,

OKatsumi Tanigaki, Takeshi Rachi, Ryotaro Kumashiro, Yasujiro Murata, Koichi Komatsu, Toru Kakiuchi,
Hiroshi Sawa, Yoshimitsu Kohama, Satoru Izumisawa, Hitoshi Kawaji, Toru Atake

Carbon Nanoparticles

2P-18  Preparation of carbon nanoparticles by biomolecules carbonization
Masato TOMINAGA, OKatsuya MIYAHARA, Shinya NOMURA, Isao TANIGUCHI
2P-19  Influence of Electronic Excitation upon High-Speed Ion Irradiation on Graphene Sheet
OYoshiyuki Miyamoto, Arkady Krasheninnikov, David Tomanek
2P-20  Laser Induced Emission of Polyynes
OTomonari Wakabayashi, Hiroyuki Nagayama, Kota Daigoku, Yosuke Kiyooka, Kenro Hashimoto
2P-21  Fabrication of Cg, Fullerene - Ethylenediamine Nanoparticles and Their Photoelectrochemical Application
Ken-ichi Matsuoka, Hidetaka Seo, OTsuyoshi Akiyama, Sunao Yamada
2P-22  Formation of Polyhedral Graphite Particles by High-density Carbon Arc Discharge
OYoji katagiri, Akira Koshio, Junpei Mabuchi, Fumio Kokai
2P-23  Energetics of Nanographite: Edfe Geometries and Electronic Structure
OSusumu Okada
Endohedral Nanotubes
2P-24  Energetics of Cgy Encapsulated in Carbon Nanotubes
OSusumu Okada
2P-25  Effective Formation of Carbon Nanotubes Filled Perfectly with Copper Nanowire
ONaoki Mizuno, Akira Koshio, Hironobu Kito, Fumio Kokai
2P-26  Synthesis, characterization and electrical transport properties of fullerenes and heterofullerene peapods
OYongfeng Li, Toshiro Kaneko, Syohei Nishigaki, Rikizo Hatakeyama, Kenji Omote, Yasuhiko Kasama
2P-27 'HNMR Study of CH, confined inside Single-Wall Carbon Nanotubes
Tomoyuki Hirotsu, OKazuyuki Matsuda, Takayuki Ganko, Hiroaki Kadowaki, Yutaka Maniwa, Hiromichi
K
2P-28 S;Itliﬁzzs of metal-filled carbon nanotubes on anodic aluminum oxide substrate by microwave plasma-enhanced

chemical vapor deposition
OYohei Matsuoka, Tsunahiko Naitou, Yasuhiko Hayashi, Takeshi Fujita, Masaki Tanamura, Tetsuo Soga

Formation and Purification of Nanotubes

2P-29  Growth mechanism of vertically aligned SWNTs by in-situ absorption measurements
(OKazuaki Ogura, Masayuki Kadowaki, Jun Okawa, Erik Einarsson, Shigeo Maruyama
2P-30  Growth of ultra long carbon nanotube and carbon nanotube coating
(OKazuyuki Kakihata, Yusaku Hirono, Toshinori Horie, Yoku Inoue, Akihiro Ishida, Hidenori Mimura
2P-31  Ultrasonication Effects on Debundling and Cutting of Single-Walled Carbon Nanotubes dispersed in Aqueous
Solution
(Olsamu Tajima, Catalin Romeo Luclescu, Yoshie Suzuki, Katsumi Uchida, Tadahiro Ishii, Hirofumi Yajima
2P-32  Gold-filled apoferritin catalyst for aligned single-walled carbon nanotube growth on sapphire substrates
(O Akira Yamazaki, Daisuke Takagi, Yasuyuki Otsuka, Satoru Suzuki, Yoshikazu Homma, Hideyuki Yoshimura,
Yoshihiro Kobayashi
2P-33  Growth of branched carbon nanotubes by alcohol chemical vapor deposition (3) -Difference in CNTs growth by
Co/Mo molar ratio-
(OMasayuki Maekawa, Yoshiyuki Suda, Hirotake Sugawara, Yosuke Sakai
2P-34  Synthesis of multiwalled carbon nanocoils using catalyst of Fe-Sn
(ORyo Kanada, Lujun Pan, Seiji Akita, Kaori Hirahara, Yoshikazu Nakayama
Nanohorns
2P-35 SWNH-Streptavidin: an Effective Anticancer Drug Delivery System

(OXu Jianxun, Masako Yudasaka, Minfang Zhang, Sumio Iijima
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2P-36

July 12th, Thur.

Near-Infrared Laser-Triggered Carbon Nanohorns for Selective Elimination of Various Microorganisms
(OFEijiro Miyako, Hideya Nagata, Ken Hirano, Yoji Makita, Ken-ichi Nakayama, Takahiro Hirotsu

Properties of Nanotubes

2P-37

2P-38

2P-39

2P-40

2P-41

2P-42

2P-43

Resonance Raman Study of Nanopeapod-Derived Double-Walled Carbon Nanotubes

(OSoon-Kil Joung, Toshiya Okazaki, Naoki Kishi, Zujin Shi, Sumio Iijima

Composites of Single-Walled Carbon Nanotubes and Poly(p -Phenylene- 1,2-Vinylene) with Structural Defect of
p -Phenylene-1,1-Vinylidene Units in the Main Chain

(ONaoki Kadota, Tomokazu Umeyama, Noriyasu Tezuka, Yoshihiro Matano, Hiroshi Imahori

Gas adsorption in water-SWCNTs

(OHaruka Kyakuno, Syunsuke Ogasawara, Toshihide Hibi, Yasumitsu Miyata, Kazuyuki Matsuda, Hiroaki
Kadowaki, Shinzo Suzuki, Yohji Achiba, Hiromichi Kataura, Takeshi Saito, Satoshi Ohsima, Morio Yumura,
Sumio lijima, Yutaka Maniwa

High-pressure and high-temperature treatments of double-walled carbon nanotubes

(OKanamori Yusuke, Kawasaki Shinji, Iwai Yuki, Iwata Atsushi, Muramatsu Hiroyuki, Hayashi Takuya, Kim
Yoong-Ahm, Endo Morinobu

Near-IR Absorption and Photoluminescence Spectral Properties of Carbon Nanotubes Dissolved in RNA Aqueous
Solutions

ONobuo Wakamatsu, Yuichi Noguchi, Tsuyohiko Fujigaya, Naotoshi Nakashima

Observation and Characterization of SWNT-DNA Hybrids by Electric Force Microscopy

OYuki Asada, Shota Kuwahara, Toshiki Sugai, Ryo Kitaura, Hisanori Shinohara

Defect Detection in Carbon Nanotubes by Electrostatic Force Microscopy

OYuki Okigawa, Takeo Umesaka, Yutaka Ohno, Shigeru Kishimoto, Takashi Mizutani

Application of Nanotubes

2P-44  Fabrication of logic circuits using solution-processed single-walled carbon nanotube transistors
(OHaruo Tomita, Akio Ogura, Hiromichi Kataura, Ryou Nouchi, Masashi Shiraishi

2P-45  Biocompatibility of Carbon Nanosubstances in the Subcutaneous Tissue
(OFEri Hirata, Atsuro Yokoyama, Yoshinori Sato, Yoshinobu Nodasaka, Motohiro Uo, Tsukasa Akasaka,
Kazuyuki Tohji, Fumio Watari

2P-46 Electron Transport Study of Horizontally-Aligned SWNTS on Sapphire
OTomoko Suzuki, Hiroki Ago, Naoki Ishigami, Masaharu Tsuji, Tatsuya Ikuta, Koji Takahashi

2P-47  Effects of Chemical Oxidation on the Physicochemical Properties of Double-Walled Carbon Nanotubes
ONoriko Maeda, Katsumi Uchida, Tadahiro Ishii, Hirofumi Yajima

Miscellaneous

2P-48 Phonon wavepacket dynamics simulation on graphene nanoribbon junctions
OToru Takahashi, Takahiro Yamamoto, Kazuyuki Watanabe

2P-49  Novel Ionic Gelator as an Amphiphilic Dispersant for Singel-Walled Carbon Nanotube
(OMasaru Yoshida, Nagatoshi Koumura, Yoshihiro Misawa, Nobuyuki Tamaoki, Hajime Matsumoto, Said
Kazaoui, Nobutsugu Minami

2P-50  Solidification of Lanthanum Carbide-Encapsulating Carbon Nanocapsules

Olppei Waki, Yoshinori Sato, Masaru Namura, Kenichi Motomiya, Balachandran Jeyadevan, Akira Okubo,
Hisamichi Kimura, Kazuyuki Tohji
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July 13th, Fri.

Special Lecture: 25 min (Presentation) + 5 min (Discussion)
General Lecture: 10 min (Presentation) + 5 min (Discussion)
Poster Preview: 1 min (Presentation), No Discussion

Special Lecture (9:00-9:30)

38-1 Development of Carbon/Metal Oxide Nanocomposite Electrode Materials
(Olsamu Moriguchi, Hirotoshi Yamada

General Lecture (9:30-10:30)
Nanohorns and Endohedral Nanotubes

31 Raman Spectroscopic Study of Polyyne Peopods
OTomonari Wakabayashi, Daisuke Nishide, Hiromichi Kataura, Yohji Achiba, Hisanori Shinohara

32 Single electron injection into C4p-encapsulated carbon nano-peapod quantum dots
(OJ. Haruyama, J. Mizubayashi, I. Takesue, T. Okazaki, H. Shinohara, Y. Harada, Y. Awano
33 Preparation of subnanometer-sized Pt particles using single-wall carbon nanohorns

ORyota Yuge, Masako Yudasaka, Minfang Zhang, Tsutomu Yoshitake, Sumio Jijima

Application of Nanotubes
34 Non-volatile Memory using SWCNT Encapsulating Fullerene
OHiroshi Suga, Kazuhiro Yanagi, Masayo Horikawa, Hiromichi Kataura, Tetsuo Shimizu, Yasuhisa Naitoh

Yo% ¥ * ¥k Coffee Break (10:30-10:45) Yr ¥k k%

General Lecture (10:45-12:00)
Application of Nanotubes
35 Atomically-resolved field emission image of aluminum clusters deposited on carbon nanotubes
Tomohiro Matsukawa, Tetsuya Yamashita, Koji Asaka, Hitoshi Nakahara, (OYahachi Saito
3-6 Porphyrin-Modified Single-Walled Carbon Nanotubes for Photoelectrochemical Devices
OTomokazu Umeyama, Mitsuru Fujita, Noriyasu Tezuka, Naoki Kadota, Yoshihiro Matano, Hiroshi Imahori

3-7 Electrical and Optical Gas Sensing Using Nanoscopically Dispersed Carbon Nanotube Networks
(ONobutsugu Minami, Annamalai Karthigeyan, Konstantin Iakoubovskii

3-8 Super-Growth Single-Walled Carbon Nanotube Electrochemical Capacitors
(OAli Tzadi-Najafabadi, Kenji Hata, Tatsuki Hiraoka, Takeo Yamada, Don N. Futaba, Satoshi Yasuda, Osamu
Kimizuka, Osamu Tanaike, Hiroaki Hatori, Motoo Yumura, Sumio Tijima

39 Ink-jet Printing of Carbon Nanotube Film Transistors
(OTaishi Takenobu, Noriko Miura, Takeshi Asano, Tomohiro Fukao, Masashi Shiraishi, Yoshihiro Iwasa

¥ Y ¥ Y% %% Lunch Time (11:45-13:00) Y% %

Special Lecture (13:00-13:30)
382 Characteristics of Multi-Channel Carbon Nanotube Transistors
Fumiyuki Nihey

General Lecture (13:30-14:00)

Carbon Nanoparticles and Miscellaneous

3-10 Formation of Water-Dispersible Nanotubular Graphitic Assembly
OWausong JIN, Guanxin ZHANG, Takanori FUKUSHIMA, Takuzo AIDA

3-11 Structure of Vertically Aligned Carbon Nanofibers Containing Conical Cavity Array: One-dimensional Array
of Graphitic Cones
(O Akira Koshio, Yuta Tango, Takayuki Yamasaki, Kentaro Suzuki, Fumio Kokai

Poster Preview (14:00-15:00)
Poster Session (15:00-16:30)
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July 13th, Fri.

Application of Nanotubes

3pP-1

3p-2

3P-3

3P4

3P-5

3P-6

3P-7

3P-8

3P-9

3P-10

3pP-11

3P-12

3P-13

3P-14

Reinforcement of Epoxy Composite Sheets by Highly Oriented, Highly-Loaded Single-Walled Carbon
Nanotubes

(OHidekazu Nishino, Tatsuki Hiraoka, Takeo Yamada, Don N. Futaba, Kenji Hata

DNA-assisted fixation and patterning of carbon nanotubes on glass substrate

(OSatoru Shoji, Jun-ichi Jono, Satoshi Kawata

Temperature Effects on the Optical Properties of SWNTs Dispersed in Aqueous Solutions

(OAkina Tanemura, Catalin Romeo Luculescu, Katsumi Uchida, Tadahiro Ishii, Hirofumi Yajima

Ion beam modification of CNTs/chitosan composite film For cell attachment control

ORumi Shizume, Katsumune Takahashi, Katsumi Uchida, Yoshiaki Suzuki, Hirofumi Yajima

Metal vapor deposition onto vertically aligned single-walled carbon nanotubes and bonding to metal surfaces
(OMakoto Watanabe, Kazuaki Ogura, Kei Ishikawa, Jun Ookawa, Erik Einarsson, Shigeo Maruyama
Dependence of the isolation of SWNTs by DNA wrapping on their diameter

(OSho Toita, Dongchul Kang, Kenichi Kojima, Masaru Tachibana
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Carbon nanotubes research at AIST/Research Center for Advanced Carbon
Materials: From basic to industrial applications

S. Iijima

Research Center for Advanced Carbon Materials (AIST), Meijo University and NEC
1-501 Shiogamaguchi, Tenpaku, Nagoya 468-8502, Japan

The first modern nanocarbon materials, particularly, carbon nanotubes, have reported 16 years ago.
The materials attracted many researchers in the field of basic sciences and industrial applications and have
initiated new fields of nanoscience and nanotechnology. Nanocarbon has started with fullerene in 1985 and
its main interest has shifted toward carbon nanotubes, and in the last couple of years the new graphene
science, which deals with a single sheet of flat graphit, has come out and rapidly grown. Obviously,
nanocarbon materials have created rich fields of scientific excitements as well as possible industrial
applications.

In this talk I would like to introduce some of research activities which have being conducted at the
Research Center for Advanced Carbon Materials at AIST in Tsukuba. The Center consists of three
laboratories of nanotube synthesis and applications led by K. Hata, nanotube (TEM) characterization led by
K. Suenaga and nano-diamond coating led by M. Hasegawa, together with some independent research
experts such as T. Okazaki and T. Saito. In recent years their activities have become visible internationally,
which we have aimed at. The center’s activities have been supported mostly by public agencies at
substantial financial level. Because of this social background 1, as the director of the center, feel some
responsibilities to inform to the public on our activities and therefore 1 asked the organizers a time
allocation for my presentation in this symposium.

For the reason mentioned above, I would like to present recent research highlights of our research

center and ask your comments and opinions.

Corresponding Author : Sumio lijima
E-mail : ijjimas@ccmfs.meijo-u.acjp, Tel&Fax : +81-52-834-4001
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HRTEM Imaging of Doped Single-walled Carbon Nanotubes and
Fullerene Nanopeapods

Lunhui Guan'?", Kazu Suenaga', Zujin Shi*, Zhennan Gu* and Sumio lijima'

! Research Center Jfor Advanced Carbon Materials, National Institute of Advanced

Industrial Science and Technology (AIST) Tsukuba, 305-8565, JAPAN

College of Chemistry and Molecular Engineering,
Peking University, Beijing, 100871, China

Encapsulation of foreign materials into the hollow cavity of single-walled carbon
nanotubes (SWNTs) is of scientific importance in two different viewpoints; (i) Doping
SWNTs is known to significantly modify the properties of host SWNT, and (i1) the properties
of guest materials can be also altered by being encapsulated. Thus, it is quite important to
reveal the doping sites and structural transformation of dopant in confined nanospace.

In this talk, we report direct evidence for the
doping site of alkali (n-type doping) and halogen
(p-type doing) atoms in SWNTs and fullerene
peapods (Ceo@SWNTs) by means of high-resolution
transmission electron microscopy (HR-TEM). The
structures of iodine inside SWNT are polymorphic
and quite sensitive to the diameter of the host SWNT.

[1] It is proven that potassium and iodine atoms can

be doped at the intermolecular sites within Cgo
peapods.[2,3] The doped intratubular iodine atom(s)
have some catalytic effect to trigger the coalescence
of the Cg molecules inside SWNTs, eventually

inducing the transformation of Cgy into a tubular

structure. It is also reported how the smallest SWNTs
with diameter of 0.4-0.5 nm are derived from the Fig.1 HRTEM images and simulated models
catalytic reaction confined in SWNTs. [4, 5] of iodine doped Cqo peapods

Reference

[1] Guan LH, Suenaga K, Shi ZJ, Gu ZN, lijima S, Nano letters, ASAP

[2] Guan LH, Suenaga K, Shi ZJ, Gu ZN, Iijima S, Physical Review Letters, 94, 045502 (2005)
[3] Guan LH, Suenaga K, Shi ZJ, Gu ZN, Iijima S, Submitted.

[4] Guan LH, Shi ZJ, Li MX, Gu ZN Carbon, 43, 2780-2785(2005)

[5] Guan et al. (unpublished)

Corresponding Author: Lunhui Guan

TEL: +81-29-861-5694, FAX: +81-29-861-4806, E-mail: guan-lunhui@aist.go.jp
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Precision Control of Hybridization of Nanocarbon and Metalloporphyrins
Kentaro Tashiro
School of Engineering, The University of Tokyo, Tokyo 113-8656, Japan

Supramolecular interactions between fullerenes and metalloporphyrins
have been found to occur in the solid state and constrained media. While
the hybridization of fullerenes with such largely n-conjugated moieties is an
interesting subject in molecular and materials sciences of carbon
nanoclusters, there were two considerable limitations. Namely, the
fullerene—metalloporphyrin interactions are generally hardly detectable in
solution. On the other hand, although segregation of fullerenes and metalloporphyrins in
their hybrids is necessary for the highly efficient photoelectric conversion, the two
components tend to form alternating arrangements in their hybrids as the result of the
donor-acceptor type interactions. Here we report our strategies to overcome these
limitations and precisely control the hybridization of fullerenes with metalloporphyrins [1].

In order to obtain stable fullerene—metalloporphyrin hybrids in solution, we have
designed cyclic dimers of metalloporphyrins having a m-electronic cavity for the
complexation with fullerenes. The inclusion complexes composed of such metalloporphyrin
hosts and fullerene guests do not dissociate even under chromatographic conditions. The
binding capability of the hosts are widely tunable using the central metal ions of the porphyrin
moieties, where the association constants of a cyclic dimer of methyliridium(III) porphyrin
and fullerenes are one of the largest values among those for any host-guest complexation
events. One of the applications of the metalloporphyrin dimers is the selective extraction of
rare fullerenes and enantiomers of chiral fullerenes, which has been successfully achieved
after optimizing the structures of the porphyrin framework and linker parts, together with the
proper choice of the central metal ions [2].

Very recently, we have found that introduction of amphiphilicity into the molecular
structure allows segregation of fullerenes and metalloporphyrins, despite of their interactions,
in the fullerene—metalloporphyrin hybrid materials. A fused porphyrin Cu complex bearing
alkyl and triethylene glycol chains at the periphery forms a liquid crystalline (LC) phase from
—20 to 70 °C. Since an analogous hydrophobic porphyrin having alkyl chains displays LC
phase with a much narrower temperature range, amphiphilic structure of the molecule should
mostly restrict the orientation of the fused porphyrin moiety and stabilize the LC phase. In
general, liquid crystallinity of metalloporphyrin derivatives is lost upon addition of fullerenes
due to the intercalation of fullerenes between stacked metalloporphyrin moieties. In contrast,
the LC phase of the fused porphyrin survives and is rather stabilized after hybridization with
an alkylated fullerene. Absorption spectroscopy of the film samples of the fused porphyrin
and its hybrid with the fullerene derivative demonstrated that the stacking of fused porphyrin
moieties are retained in the hybrid [3].

[1]1 K. Tashiro and T. Aida, Chem. Soc. Rev., 36, 189 (2007).

[2] Y. Shoji, K. Tashiro, and T. Aida, J. Am. Chem. Soc., 126, 6570 (2004); ibid., 128, 10690 (2006).
[3] T. Sakurai et al., in preparation.

Corresponding Author: Kentaro Tashiro

TEL: +81-3-5841-8803, FAX: +81-3-5841-7310, E-mail: tashiro@macro.t.u-tokyo.ac.jp
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Synthesis of Alkali Endohedral Fullerenes (Li@Cg)

oKenji Omote, Yasuhiko Kasama,
Tomohiro Konno, Hiroki Takahashi, Fuyuko Yamashita, Hiroshi Okada, Haruna Oizumi,
Kazuhiko Kawachi, Yuzo Mizobuchi, Kuniyoshi Yokoo and Shoichi Ono

Ideal Star Inc., Sendai 989-3204, Japan

Endohedral fullerenes have been cnergetically investigated in chemical and physical
fields, because they have characteristics which empty fullerenes can’t realize [1-3]. They
belong to piezoelectric semiconductors and are expected to be new nano-materials of
electronics for the next generation [4]. One of the characteristics comes from the nanoscale
electronic polarization by a charge transfer from enclosed atoms to carbon cages. Since the
technology strategy map 2006 of Ministry of Economy, Trade and Industry places this
characteristic as a central agenda item, it is expected to apply to the optical memory
materials with a nano-meter size, means petabyte memory [5].

Alkali endohedral fullerenes have attracted wide interests for a viewpoint of charge
transfer.  Campbell et al. produced Li@Cs by using low energy ion implantation [6].
In EU, NICE project (Nanoscale Integrated Circuits using Endohedral Fullerenes) which
produces Li@Cg has taken effect for four years [7]. However, the satisfactory
characterization of Li@Cs has not been succeeded because of the difficulty of mass
production and their purification [1,8], so that they have not been made practicable yet [4].

We have tried a new synthesis method of alkali endohedral fullerenes by getting a hint
from the plasma process developed at Tohoku University [9]. In this presentation, we

introduce our recent results of the mass production of Li@Cso by using a Li plasma process.

[1] H. Shinohara, Rep. Phys. Prog. Physt., 63, 843 (2000)

[2] Endofullerenes: A New Family of Carbon Clusters; T. Akasaka and S. Nagase (Eds.), Kluwer Academic
Publishers, 2002.

[3] Quarterly Fullerene: The Forefront of Science & Technology, Dia Research Martech Inc., 1-47, (1993-2004)
[4] K. Omote and K. Yokoo, NEDO Research Report: The Investigation Regarding the Predominance in Regard
fo Industrial Utilization of Endohedral-Fullerenes FY2006 result report, 06002242-0-1, 1-278 (2007)

[5] Ministry of Economy, Trade and Industry, Technology Strategy Map 2006, 226 (2006)

[6] R. Tellgmann, N. Krawez, S. H. Lin, I. V. Hertel and E. E. B. Campbell, Nature, 382, 408 (1996)

[7]1 NMRC, University of Cambridge, University of Cothenborg and IBM Zurich, Covering Period : (2000-2004),
Final Project Report: Nanoscale Integrated Circuits using Endohedral Fullerenes, 1-102 (2004) 7
[8] T. Akasaka, Special Lecture of the 27" Fullerene-Nanotubes General symposium, 38-8 (2004)

[9] T. Hirata, R. Hatakeyama, T. Mieno and N. Sato, J. Vac. Sci. Technol. 4, 14, 615 (1996)

Corresponding Author: Kenji Omote
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Development of Carbon/Metal Oxide Nanocomposite Electrode Materials
o Isamu Moriguchi, Hirotoshi Yamada

Department of Applied Chemistry, Faculty of Engineering, Nagasaki University,
Nagasaki 852-8521, Japan

There is growing interest in electrical/electrochemical energy storage devices with both
high-power and high-energy densities because of possible applications as auxiliary power
sources for electric and/or hybrid-electric vehicles. The performance of conventional power
sources is however not enough for the auxiliary power sources. Many studies have been
made from the following approaches to develop high performance power sources;

- Improving electric double layer capacitive property by increasing surface area and
controlling the porous structure of carbons

- Developing pseudocapacitor materials by modifying carbon surface with redox active
materials

- Increasing power density of secondary batteries by nanostructural control of electrode
materials

For all the cases, it is important to develop a nanostructured electrode that enables
high-rate and high-capacitive electrochemical reactions, that is, to design and fabricate a high
surface area electrode structure effective to electrochemical processes, such as ion-transport at
a quasi-three-dimensional electrode interface, ion-diffusion in active material solid, electron
transfer accompanied with a faradic reactions, and so on.

Here I will focus on nanoporous materials such as porous carbons and carbon/metal oxide
porous composites as one of candidates of electrode materials for high power sources.
Topics will be as follows;

Topic 1: Development of mesoporous and macroporous carbons as EDLC materials [1-4]
Topic 2: Development of nanoporous composites of Li-intercalation host/carbon as high rate
Li-intercalation materials
(2-1) Nanoporous Li-intercalation host materials (TiO,, LiFePO,, Graphite) [5-9]
(2-2) Bicontinuous porous nanocomposites of Li-intercalation hosts and carbons such as
SWNTs [10]
(2-3) Post-modification of the surface of porous carbons with metal oxide nanolayers [11]

[1] H. Yamada, H. Nakamura, Y. Watanabe, I. Moriguchi, T. Kudo, J. Phys. Chem. C, 111, 227 (2007).

[2] M. Kodama, J. Yamashita, Y. Soneda, H. Hatori, K. Kamegawa, I. Moriguchi, Chem. Lett.,. 35, 680 (2006).
[3] I Moriguchi, F. Nakahara, H. Yamada, T. Kudo, Stud. Surf. Sci. Catal., 156, 589 (2005).

[4] I Moriguchi, F. Nakahara, H. Yamada, T. Kudo, Electrochemical and Solid State Letters, T, A221 (2004).
[5] I Moriguchi, R. Hidaka, H. Yamada, T. Kudo, Solid State Ionics, 176, pp.2361-2366 (2005).

[6] I Moriguchi, Y. Shono, H. Tachikawa, H. Yamada, T. Kudo, Y. Teraoka, T. Nishimi, Chem. Lett., 34(4), 610

(2003).
[71 H. Yamada, T. Yamato, I. Moriguchi, T. Kudo, Solid Sate Ionics, 175, 195 (2004).
[8] H. Yamada, T. Yamato, I. Moriguchi, T. Kudo Chemistry Letters, 33(12), 1548 (2004)
[9] I Moriguchi, Y. Katsuki, H. Yamada, T. Kudo, T. Nishimi Chemistry Letters, 33(9), 1102 (2004)
[10] L. Moriguchi, R. Hidaka, H. Yamada, T. Kudo, H. Murakami, N. Nakashima., Adv. Mater., 18, 69 (2006).
[11] H. Yamada, K. Tagawa, M. Komatsu, I. Moriguchi, T. Kudo, J. Phys. Chem. C, in press (2007).

Corresponding Author: Isamu Moriguchi
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Characteristics of Multi-Channel Carbon Nanotube Transistors
Fumiyuki Nihey

Nano Electronics Research Laboratories, NEC Corporation,
34 Miyukigaoka, Tsukuba 305-8501, Japan

Carbon nanotubes (CNTs) are attracting much attention because of their peculiar
mechanical and electrical properties. Especially, their chemical stability, mechanical
flexibility, and excellent carrier mobility are suitable for the next-generation electronics. In
this talk, we present three aspects of multi-channel CNT field-effect transistors (CNTFETs);
high-frequency characteristics, low-temperature fabrication on plastic substrates, and yield
estimation from the switching point of view.

We have developed a high density multiple-channel CNTFET structure whose output
impedance is much lower than conventional single channel CNTFETs, and the de-embedding
procedure that removes parasitic impedance components in measured S-parameters of
small-signal devices. We have obtained a cut-off frequency over 10 GHz and maximum
oscillation frequency higher than 3 GHz. These values are among the highest ever published.
We also made an equivalent circuit RF model for the CNTFETs, which appeared to be
consistent with the experimental results. Detailed analysis revealed that decreasing parasitic
capacitances of electrodes and resistances of CNT extensions greatly improve the
high-frequency performance of CNTFETs.

We have also fabricated CNT network transistors on plastic substrates. “CNT ink”, in
which single-wall carbon nanotubes were dispersed in organic solvent, was spin-coated onto
the plastic substrates with predefined electrodes (source, drain, and gate). The maximum
process temperature can be below 100°C, which is suitable for reliable fabrication on plastic
substrates. Field mobility reached 100 cm?/V's with on/off current ratio ranging from 10 to 10°.
By using these devices, we succeeded in driving organic light-emitting diodes (OLEDs).

Controlling CNT density is found to be important for achieving excellent switching
property. CNTs can be metallic or semiconducting, depending on their chirality. One third of
CNTs arc believed to be metallic, which may degrade the switching behavior due to the
creation of metallic paths between source and drain. This can be overcome by controlling
CNT density. We simulated device characteristics of CNT network transistors focusing on the
impact of CNT length on switching behavior. Although CNT consists of 1/3 of metallic
content, we found that device yield of more than 99.9% could be obtained by reducing CNT
length less than 1/5 of source-drain distance.

[1] Kaoru Narita, Hiroo Hongo, Masahiko Ishida, and Fumiyuki Nihey, Phys. Stat. Sol. (a) 204, 1808 (2007).

Corresponding Author: Fumiyuki Nihey
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Environmental Effect of Single-Walled Carbon Nanotubes

oYuhei Miyauchil, Riichiro Saito?, Kentaro Sato’, Yutaka Ohno’, Shinya Iwasaki’,
Takashi Mizutani®, Jie J iang4, Shigeo Matruyamal

'Department of Mechanical Engineering, The University of Tokyo, Tokyo 113-8656, Japan
2Department of Physics, Tohoku University and CREST, Sendai 980-8578, Japan
3Department of Quantum Engineering, Nagoya University, Nagoya 464-8603, Japan
‘Center for High Performance Simulation and Department of Physics, North Carolina State
University, Raleigh, North Carolina 27695-7518, USA

Optical transition energies of single-walled carbon nanotubes (SWNTs) are affected up
to 80meV by the change of environment materials around SWNTs [1], which is known as an
environmental effect. Here, we have calculated the environmental effect for optical transition
energies of an exciton [2] for many different (n,m) SWNTs [3]. In the calculation, we solve
the Bethe-Salpeter equation within the extended tight-binding model [2] in which we adoped
a polarization function for the valence m electrons and a static dielectric constant x for the
effects of the core electrons and the surrounding materials. The static dielectric constant x
used in the exciton calculation can be expressed as a harmonic average (serial connection of
two capacitors) of two dielectric constants of the surrounding material xeny and SWNT kiype
[3], that is 1/k= Cenv/Keny + Crube/Ktube, Where Ceny and Cupe are coefficients for the outside and
inside of a SWNT, respectively. In Fig.1(a), we show a schematic view for the serial
connection of electric flux and how the x is
related to keny and wupe. In Fig.1(b), the shift
of the experimentally observed E;; energy is
plotted as a function of k., for different (n,m)
SWNTs (left) [1] and the corresponding
calculated results (right) [3]. The calculated
results reproduce well the environmental
effects for the experimental transition

energies for various surrounding materials ~ ® ﬁXpe”mem — theory

and for various diameters. ° E %13262) °
4{11,3)

[11Y. Ohno, S. Iwasaki, Y. Murakami, S. Kishimoto, S. ol :‘xi(é%?) 20

Maruyama, T. Mizutani, arXiv:0704.1018v1 % : . :(?gsz; =

[cond-mat.mtrl-sci] (2007). £ * ao. l 5;

[2] J. Jiang, R. Saito, G.G. Samsonidze, A. Jorio, S.G. U%Lo :gg i 8 %40

Chou, G. Dresselhaus, M.S. Dresselhaus, Phys. Rev. B % ¥ v

75, 035407 (2007). o °

[31 Y. Miyauchi, R. Saito, K. Sato, Y. Ohno, S. Iwasaki, 0 I
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Crystal Face Dependence of Chiralities of Aligned SWNTs on Sapphire

Naoki Ishigami', Hiroki Ago*’l’z, Kenta Imamoto', Masaharu Tsujil’z,
Konstantin Iakoubovskii’, and Nobutsugu Minami’

! Graduate School of Engineering Sciences, Kyushu University, Fukuoka 816-8580, Japan
? Institute for Materials Chemistry and Engineering, Kyushu University
? Nanotechnology Research Institute, AIST, Tsukuba 305-8565, Japan

The directional control of single-walled carbon nanotubes (SWNTs) on a substrate is one
of the most important issues for fabrication of SWNT-based devices.  In our previous work,
we succeeded to grow horizontally-aligned SWNTs on A- and R-faces of sapphire substrates
[1].  The influence of the crystal face on the structure of aligned SWNTs is interesting from
the view point of epitaxial growth.  Here, we report on the characterization of the aligned
SWNTs by Raman and photoluminescence (PL) spectroscopies.

SWNTs were grown on A-, R-, C-face sapphire and SiO, substrates by chemical vapor
deposition (CVD) after immersing the substrates in Co-based catalyst solution (Fig. 1).
The diameter distribution estimated from the Raman spectra were found to depend on the
crystal face of sapphire (Fig. 2). The surfaces which aligned SWNTs gave relatively
narrow diameter distribution, which may suggest the interaction between the surface and
metal nanoparticles.  Interestingly, we could observe the PL from the aligned SWNTs on
sapphire, even though the SWNTs were not covered with surfactant.  The polarized PL
measurement confirmed the alignment of nanotubes.  This is the first demonstration of the
PL emission from uncovered SWNTs deposited on a substrate, as far as we know, because
tube-substrate interactions are supposed to quench the luminescence. The chirality
distribution shown in Fig. 3 agreed with the diameter distribution obtained by the Raman
measurements.
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Fig. 1 A typical SEM  Fig. 2 Diameter distributions of Fig. 3 PL map of aligned SWNTs

image of aligned SWNTs SWNTs grown on A-, R-, C-face  on R-face sapphire. The PL detection

on R-face sapphire. sapphire and SiO, determined from  range is < 1.7 um, corresponding to
Raman spectra (dyt=248/ wrgm). about 1.4 nm of SWNT.
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Oxidative Reaction of Carbon Nanotubes with O, and O;

(OTakazumi Kawai and Yoshiyuki Miyamoto

Nano Electronics Research Laboratories, NEC Corporation
34, Miyukigaoka, Tsukuba, Ibaraki 305-8501, JAPAN

The process of refinement is one of the most important issues for various device applications
of carbon nanotubes, since amorphous carbons and defective nanotubes would often inhibit
the original functions of intact nanotubes. The chirality selection of nanotubes is also
important role of the refinement process. Oxidation is one of the promising candidates for the
refinement process[1]. Although the understanding of atomic-scale mechanisms for oxidative
reaction should be important to increase efficiency of the refinement, the detailed mechanism
is unclear due to the complexity of the process.

Recently, we have done the first-principles calculations for the process of breaking C-C bond
after cyclo-addition of O, [2]. We found that the reaction barriers for the breaking C-C bond
are depending largely on the local curvature radius along the C-C bond about to break. The
reaction barriers are also depending on the electronic states of initial cyclo-addition and
transition state (saddle point) configurations at the Fermi level. Thus, the hole-doping effect
changes the reaction barriers dramatically, and even change the order of barrier heights. We
also discuss the refinement of nanotubes with O; molecules, which is known for more
reactive oxidative adduct.

References:

[1]1Y. Miyata, Y. Maniwa, and H. Kataura, J. Phys. Chem. B 110, 25, (2006), Y. Miyata, T. Kawai, Y. Miyamoto,
K. Yanagi, Y. Maniwa, H. Kataura, accepted for publication in J. Phys. Chem. C.
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Structural Dependence of Raman Spectrum of Single-walled Carbon
Nanotube Adsorbed on Metal Electrode

Norihiko Takeda' and cKei Murakoshi'*

!Japan Science and Technology Agency, Sapporo, Hokkaido 060-0810, Japan
*Division of Chemistry, Graduate School of Science,
Hokkaido University, Sapporo, Hokkaido 060-0810, Japan

Single-walled carbon nanotubes (SWNTSs) are attractive materials for new generation
of devices such as nano-scale electronic circuits, field emission displays, and fuel cells to
name a few. Although researches on physical properties of SWNTs had progressed
significantly in the past, much of information about structure dependent properties are based
on theoretical calculations. The difficulties in experimentally evaluating structure-property
relationships of SWNTSs are partly due to the lack of abilities to select specific tube structures
in the current synthesis methods. The band position in the absolute energy scale, i.e. the redox
potential of SWNT is an important factor in determining its chemical reactivity. Variations of
Fermi energies of isolated SWNTs were found in Raman spectroelectrochemical studies [1,2].
The Fermi levels became more positive in the electrochemical scale with decreasing
diameters. Diameter-dependent charge transfer reactivities of SDS-dispersed SWNTs to
electron acceptors in solution were interpreted as a result of the Fermi level shifts. In the
present study, resonant Raman scattering spectra of single-walled carbon nanotubes (SWNTs)
were investigated under electrochemical potential control in aqueous electrolytes. Raman
spectra of the radial breathing mode (RBM) with a 785 °f
nm laser excitation were monitored while slowly -04F
scanning the electrode potential. Six resolved RBM
peaks all showed decreasing intensities when the
electrode was positively biased due to depletion of
valence band electrons associated with resonant
excitation. General trends of more positive potentials
for eclectrochemical oxidation of narrower diameter :
tubes with higher RBM frequencies were observed osf-
(Figure). This is consistent with the larger bandgaps of 1ol . . . . . . . .0
narrower diameter tubes which would have the valence e (Cm4f5° 30
bands at more positive potential. However, the large
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Field-Effect Doping in Carbon Nanotubes
(OKazuyuki Uchida and Susumu Okada

Center for Computational Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba
305-8577, Japan
CREST, Japan Science and Technology (JST) Agency, 4-1-8 Honcho, Kawaguchi,
Saitama 332-0012, Japan

Abstract: Carbon nanotubes (CNTs) are considered to be a premier material for the
constituent of nanometer-scale electronic devices in the next generation. Indeed, it has
been demonstrated that the individual semiconducting CNT work as field-effect
transistors (FETs) [1,2]. Although experiments on CNT-FET are rapidly advancing, little
is known as to fundamentals of the CNTs in FET structures. In particular, electronic
property of charged CNTs under electronic field is not addressed yet. In this work, to
uncover the issue, we perform first-principles density-functional calculations on the
electronic structures of the charged CNTs under electronic field.

Here we take a (7,0) CNT placed over an electrode, which is considered to be a
structural model of the CNT-FET with a back (top) gate electrode. By applying the gate
voltage, carriers are injected into the CNT and the accumulated charges are distributed
in a part of the CNT facing to the electrode. Using this distribution of the accumulated
charge, we can estimate electrostatic component of the capacitance between the CNT
and the electrode. We also point out that the capacitance strongly depends on the bias
voltage, reflecting the electronic structure of the CNT. The result indicates that the
characteristics of CNT-FETs sensitively depend on the diameter and chirality of the
constituent CNTs.

References
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[2]R. Martel et al., Appl. Phys. Lett. 73, 2447 (1998).
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Variable Range Hopping Conduction in Boron doped MWNT Assembly

O Shunji Bandow, Shigenori Numao®, Sumio lijima
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1-501 Shiogamaguchi, Tenpaku, Nagoya 468-8502, Japan
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38 Nishigo-Naka, Myodaiji, Okazaki 444-8585

Enlargement on the innermost tube diameters for the
multiwall carbon nanotubes (MWNTs) can be achieved
by the vaporization of the boron containing carbon rod in
RF-plasma [1]. ESR study for RF-driven
B-MWNTs indicated the growth of new signals at g =
2.001 and 2.002 with increasing the boron concentration
[1]. In the present study, we measured the electrical
resistivity for the pellet formed MWNT assembly as a
function of the boron concentration.

Figure 1 is the SEM images taken for the
pellet-formed MWNT assemblies. Surface structures are
similar between these samples, suggesting that the
resistance does not closely depend on the porosity.

these

Electrical resistivities were measured in the temperature
range between 6 and 290 K by the 4-probes

Fig. 1.
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B-MWNT assemblies.
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method. Figure 2 is the temperature

dependences of the electrical resistivity p 1000 - 10@ (; b 3 -
together with the boron concentration F £ ]
dependence of pgr (p at room temperature) as ' %1' .9 0o 1 To=625 K .
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range hopping (3D-VRH) mechanism and the wg’ BSNT ‘
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electronic DOS that consists quantitatively with
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the results from ESR. This enhancement is due
to a fact of doping the boron to the tube wall.

Fig. 2. Temperature and boron concentration dependences
of the electrical resistivity. Mechanism for the electrical
conduction is represented by the Mott’s 3D-VRH.

[17 S. Numao, S. Bandow, S. lijima, J. Phys. Chem. C 111, 4543 (2007).
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Electronic Structure of Boron-doped Carbon Nanotube
(OTakashi Koretsune and Susumu Saito

Department of Physics, Tokyo Institute of Technology
2-12-1 Ookayama, Meguro-ku, Tokyo 152-8551

Since the discovery of the superconductivity in boron-doped diamond [1], the carrier
doping, especially boron doping in carbon materials attracts much attentions. For the carbon
nanotubes, however, the effect of boron doping as well as the possibility of the
superconductivity [2] have not been well understood yet. Thus, we study the boron-doped
single-walled zig-zag carbon nanotube using density functional theory to explore the basic
properties of boron doped nanotubes. _

We first discuss the result of the structure optimization and the total energy. Since boron
atom has larger atomic radius than carbon atom, a boron atom in the optimized structure
locates slightly outside of the original carbon nanotube. It is found that narrower tube needs
lower energy cost to exchange a carbon atom to a boron atom. We also discuss the doping rate
dependences of band structure and the density of states.
For the (10,0) nanotube, which has a moderate band
gap, the result indicates that boron doping can be
understood as a hole doping in the rigid band picture.
Doping rate within our calculation (0.8at%) is too large
to achieve the high density of states using the van

Hove singularity at the edge of the one-dimensional

band. We speculate that the low boron concentration is

sufficient to realize the superconductivity in
Fig 1. Optimized structure of

boron-doped nanotube, which is in sharp contrast to the | =~ doped (10,0) carbon nanotube.

boron-doped diamond.

References:
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Chirality dependence and excitonic effect of
optical transition of single wall carbon nanotubes

OXKentaro Sato', Riichiro Saito', Jie J iangz, Gene Dresselhaus®, Mildred S. Dresselhaus’
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2Department of Physics, NC State Univ., Raleigh, NC 27695-7518, USA
3Francis Bitter Magnet Laboratory, Massachusetts Institute of Technology,
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Since the exciton binding energy of single wall carbon nanotubes (SWNTs) is large
(0.3-0.5 eV), the exciton exists in the room temperature. Thus we should consider the
excitonic effect for optical transitions. The exciton energy is a sum of the single particle
energy and many body energy (X—Evg), where Z is the self energy, and Epq is the binding
energy [1]. In the case of E;;° and E»° optical transitions, the chirality dependence of the
exciton binding energy is almost cancelled by that of the self energy. Thus the origin of the
family pattern for £ “s and E»° optical transitions come from the chirality dependence of the
single particle energy [1].

Recently, some experiments show that the diameter dependence of E33S and Eu is
different from that of E,,> and Ezzs [2, 3]. The chirality dependence of the excitonic effect
becomes important [2]. We calculate exciton energy, self energy and binding energy of optical
transitions (EHS, Ezzs, EHM, E33S, E44S, EHM, E55S, E668, E33M) of SWNTs by solving the
Bethe-Salpeter equation within an extended tight binding method. We show that the chirality
dependence of the excitonic effect becomes important when we consider the origin of the
family pattern of E33° and Eu,° optical transitions. Since the self energy becomes larger than
the exciton binding energy for E3;° and E44°, the chirality dependence of the binding energy is
not canceled by that of the self energy. Thus the chirality dependence of the excitonic effect
becomes important for the origin of the family pattern of s3> and E4,° optical transitions [4].

References:
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Band-Gap Tuning of an Individual Single-Walled Carbon Nanotube

with Uniaxial Strain

Hideyuki Maki', Tetsuya Sato', and Koji Ishibashi*
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Keio University, Hiyoshi, Yokohama 223-8522, Japan
*Advanced Device Laboratory, The Institute of Physical and Chemical Research (RIKEN),
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The emission energy obtained from photoluminescence
(PL) and electrically induced optical emission is determined by
the band gap that depends on the chirality of SWNT. However,
it was theoretically reported that the band gap is varied by the
strain of SWNT and the change of the band gap depends on
their chirality and deformation mode.' In our study, we have
fabricated the new devices for applying strain to the individual
suspended SWNTs. Using this device, the emission energy
shift due to the band gap change caused by the elastic strain is
observed from the PL measurement for the individual SWNT.

Figure 1(a) shows schematic pictures of a device for
applying stretch to the suspended SWNTs. Suspended SWNTs
were formed over the crack of the substrate. One side of the
crack is opened; therefore, extension can be directly applied to
the suspended SWNTs by applying piezo voltage (Vpiezo) to the
piezoelectric device. This device has very small size (maximal
length of ~7 mm); hence it is easy to insert this device into
various experimental instruments. In this study, the form of
individual SWNT under stretching was directly observed by
SEM under applying piezo voltage. In addition, PL spectra
from individual SWNTs under stretching were also measured
using microscope objective at room temperature in air.

Figure 2a shows the Vpie,o dependence of the PL spectra for
the SWNT which have emission energy around 1.125 eV. As
applied Vpieso 1s increased, the emission peak is shifted toward
lower energy. Moreover, the peak goes back to the normal
position, when the applied Vpiezo is reduced to 0 V following
application of Vpieso = 39 V. Figure 2b shows the FVpieso
dependence of the emission energy. The emission energy is
linearly shifted toward lower energy in the range from Vic,o =
15.0 to 32.4 V (region II). This shift can be understood by the
band gap narrowing due to uniaxial strain.

[1]L. Yang, J. Han, Phys. Rev. Lett., 85, 154, (2000).
Corresponding Author: Hideyuki Maki
E-mail: maki@appi keio.ac.jp, Tel: +81-45-566-1643, FAX: +81-566-1587
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A growth model for single walled carbon nanotubes

~-Why near armchair structure is so special-

Y. Achiba
Department of Chemistry, Tokyo Metropolitan University, Tokyo 192-0397, Japan

One of the most intriguing aspect of the growth process in the field of single walled
carbon nanotubes (SWNTs) is represented by the question whether there is the preferential
growth of the SWNT with a specific chiral angle or not. Actually, the results deduced by the
recent photoluminescence experiments have strongly suggest the presence of a sort of the
propensity in the selection of chiral angle; favorite formation of near armchair structures. On
the other hand, the resonant Raman scattering experiments rather suggest strong preference in
the optical processes, depending on type of the family, chiral angle, tube diameter, etc.

With use of the laser ablation method, so far we have reported the preferential growth of (7,
6) and (6,5) SWNTs under the refined condition of laser ablation. Furthermore, the further
refining the experimental condition suggested that even the preferential formation of (5,4)
nanotubes would be possible [1]. All these experimental results has clearly shown that the
formation of the SWNT family characterized by the (n-m) = 1 index is very much pronounced.
In order to understand these experimental evidence, here in the present work, we would like
to propose a new growth model by which the preferential growth of the SWNTs with the
(n-m) = 1 family is safely interpreted in terms of a very simple mechanism.

The growth model presented here is based on several assumptions such that; 1) at the early
stage of the tube growth, a fullerene cap is formed, 2) the preferential growth of SWNT with a
specific chiral angle is controlled by the difference in the growth rate of the tubes (not the
growth rate of the fullerene cap), 3) major carbon source used for the tube growth is C;
species produced on the metal catalyst. 4) a paired dangling bond (p-DB) might be kinetically
much more stable in comparison with a single dangling bond (s-DB).

Under such assumption, we can easily deduce an essential property of the (n-m) = 1 family
which might differentiate the one from many other (n,m) family. The unique property of each
(n,m) family should appear in the DBs, sitting on the periphery of the cap structure, which
acts as a radical site. For example, the (n-m) = 0 family, so called “armchair” structure, is well
represented by the presence of all p-DBs, while the (n-m) = n family, “zigzag” structure, all
s-DBs. As a result, these two families might have different experience during the growth
under the assumption mentioned above; for the armchair, every cycle of the C, addition
reproduces the kinetically stable same edge structure with all p-DBs, and for the zigzag, after
finishing the C, addition every one round, the edge structure necessarily requires the addition
of C; or Cs species, this is out of the situation of assumption 3). All other chiral family
possesses combination of these p- and s-DBs. Among them, only the (n-m) = 1 family
possesses the structure with the combination of only one s-DB connected with p-DBs. For this
particular case, the C, addition is possibly taken place smoothly every minute without any
congestion in the growth direction.

[11Y. Tsuruoka, K. Urata, S. Suzuki and Y. Achiba, unpublished data.
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Study of Carbon Transmitting Method
for Growth of Carbon Nanotubes
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Kyoto 606-8501, Japan

Carbon nanotubes (CNTs) have been expected as ideal electric wires with the excellent
properties of low resistivity, high strength and light weight. However, it is difficult to
fabricate the long length wires with the excellent properties because it is difficult to maintain

the growth of CNT by covering of unnecessary harmful carbon ¢ eparator (Ag)

formed on nano-sized metal particle catalysts in thermal CVD CNT
process. We propose the Carbon Transmitting Method for J
continuous growth of CNT with the concept of the separation Carbon
between carbon source gas supply and CNT growth as shown Source
in Fig.1. g gas

The catalyst has Fe filament shape through the Ag foil as the S; .

. ide A Side B

separator between the carbon source gas and CNT growth site. yaup
The composite structure of Fe nano filaments and Ag matrix Fe filaments ~ Ar gas

was fabricated by deformation process of metal wire drawing

techniques. The composite wires with diameter of 10 mm was ~ Fig.1 Concept of Carbon
cut and polished until the thickness of about 50 um to the foil  Trangmitting Method
shape. The both end of Fe filaments in the Ag foil were
exposed with length of a few um on Ag surface. The Fe
filaments were tape shape with thickness of about 30nm to sub
um and width of about 200nm to a few pm.

The carbon source gas, CO was provided on one end of Fe
filaments (side A) and Ar gas was provided on the other end of
Fe filaments (side B) at 850 °C for 1 hour. As the result of the
heat treatment, the tape shaped carbon nano filaments were
generated on side B in Ar gas. The carbon nano filaments
were observed by TEM as shown in Fig.2. These results
indicate that the source carbon has been provided on the end of
Fe filaments and move to the other end, and then carbon nano
filaments generated according to the tape shape of the end of Fe
filaments. The tape shaped CNT is expected to become the A
bundled CNT conductors with high conductivity because of Fig.2 TEM photograph of tape-

low contact resistance between the flat surface of the taped
CNT filaments. shaped carbon nano filaments

Corresponding Author: Takeshi Hikata /E-mail: hikata-takeshi@sei.co.jp
TEL: +81-6-6466--5790, FAX: +81-6-6466-6583
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Synthesis of single-wall carbon nanotubes from diesel soot
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Single-wall carbon nanotubes (SWNTs) have been synthesized by electric arc-discharge,
laser vaporization and chemical vapor deposition methods. Each method has its own merits
and demerits in terms of quality, yield, growth control and cost. In electric arc-discharge and
laser vaporization methods, graphite is generally used as a carbon source. However, few
studies have shown the synthesis of SWNTSs from other carbon sources, among them synthesis
from fullerenes by a laser vaporization method [1]. Recently, a unique technique for
effectively collecting diesel soot has been developed [2]. The diesel soot is the exhaust soot
from diesel engines operating with light or heavy oil that causes air pollution and leads to
global warming and adverse health effects. To prevent this pollution, diesel soot should be
rendered harmless or collected before emission into the environment. It is desirable that the
collected diesel soot is recycled for useful applications. In this letter, we demonstrate the
synthesis of SWNTs from diesel soot by laser vaporization. As-grown materials were
characterized by Raman spectroscopy and transmission electron microscopy (TEM).

Figure 1 shows the Raman spectra of a typical as-grown material synthesized from diesel
soot by laser vaporization method taken at excitation energies of 1.96 and 2.33 eV. The
Raman spectra exhibit two strong bands at low (100 - 300 cm™) and high (1500 - 1600 cm'l)
frequencies, which correspond to the radial breathing modes and tangential modes (the G
band) of SWNTSs respectively. These Raman features show that SWNTs were successfully
synthesized by laser vaporization, even from a
diesel soot carbon source. The presence of
SWNTs in as-grown materials is also confirmed
by TEM images.

These results indicate that diesel soot can be
recycled as a carbon source for the synthesis of
SWNTs. The collection of diesel soot for the
synthesis of SWNTs is an example of recycling
to benefit the environment. SWNTs produced in
this way should provide economic benefits and
also contribute to a cleaner environment.

This work has been published on JJAP 45
(2006) 8027.
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Are Catalyst Free SWNT Forests Free From Impurities? — Existence of
Graphitic Carbonaceous Impurities

oSatoshi Yasuda, Tatsuki Hiraoka, Don N. Futaba,
Motoo Yumura, Sumio Iijima, and Kenji Hata
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Science and Technology (AIST), Tsukuba, 305-8576, Japan

The “Super-growth” CVD technique has enabled synthesis of millimeter-long, vertically
aligned and catalyst free SWNTSs forest by adding a small and controlled level of water into
the growth environment [1,2]. Super-growth is a promising approach for the mass production
of SWNTs, and might open the door for the scientific and industrial application of SWNTs,
such as electrical devices, nano-reactors, and especially, super capacitors for compact
energy-storage devices [3]. Although the carbon purity of SWNTs synthesized by
super-growth technique reaches more than 99.98%[1], this result does not exclude the
possibility of carbonaceous impurities in forms different from nanotubes existing in the
synthesized material. From a practical point, it is important to estimate the carbonaceous
impurities in the forests and study their influence on physical and chemical properties. With
this in view, we investigated the amount and characteristics of carbon impurity in SWNTs
synthesized by super-growth CVD. TEM measurement shows that the nanotubes at 5 mins
growth time are clean SWNTs free from carbonaceous and metal catalysts (Figure 1(a)).
However, we found a large amount of carbonaceous impurities on SWNTs synthesized at 90
mins growth time. We interpret this carbonaceous impurities are due to expose of the SWNT
forests to the carbon source gas for a long time (Figure 1(b)). The adhesion rate and
characteristics of the carbon impurity will be discussed in the conference.

Figure 1 TEM images of (a) SWNTs at 5 mins and (b) 90 mins growth times, respectively.

[1] K. Hata, D. N. Futaba, K. Mizuno, T. Namai, M. Yumura, and S. Tijima, Scinece 2004, 306, 1362.

[2] D. N. Futaba, K. Hata, T. Yamada, K. Mizuno, M. Yumura, and S. lijima Phys. Rev. Lett. 2005, 95, 056104
{3] D. N. Futaba, K. Hata, T. Yamada, T. Hiraoka, Y. Hayamizu, Y. Kakudate, O. Tanaike, H. Hatori, M. Yumura,
and S. lijima Nature Material 2006, 5, 987
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Combinatorial Control of Catalyst
for Basics and Applications of Carbon Nanotube Growth
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"Dept. of Chemical System Engineering, The University of Tokyo, Tokyo 113-8656, Japan
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Control of catalyst nanoparticles is a key for further progress in both SWNT production
and understanding of its growth mechanism. We have developed "combinatorial masked
deposition (CMD)" method [1], in which a series of catalyst nanoparticles are formed on a
substrate from a catalyst gradient thickness profile preformed by sputtering through a physical
filter. We have applied this CMD to alcohol catalytic CVD (ACCVD) [2] and realized SWNT
films by Co/SiO; [3] and Ni/SiO, [4], and VA-SWNTs by Co-Mo/SiO; [5].

This time we studied ACCVD in detail. Co/SiO, grew SWNTs and MWNTs efficiently
at Co thickness of 0.1-0.2 nm and 1-2 nm at 973 K, respectively, and hardly grew nanotubes
in between. Co-Mo/SiO, yielded VA-SWNTs under several conditions, including Co/Mo
atomic ratio of (i) 1/2 reported for CO disproportion [6] and (ii) 1.6/1 for ACCVD [7] (Fig. 1).
We also found the third region with pure Co (iii) highly efficient under 4 kPa C,HsOH,
yielding VA-SWNTs with a bimodal diameter distribution. Catalyst layers of different
thickness yield different particles, which are catalytically active for different conditions.

We also applied CMD to "supergrowth [8]" and reproduced it [9]. Figure 2 shows a
millimeter-thick forest grown in 10 min by 0.2-3-nm-thick Fe on Al,O,/SiO;. Thin Fe (~ 0.5
nm) yielded SWNTs under a limited condition, and thicker Fe yielded thicker nanotubes
under wider conditions. CMD enabled efficient optimization because CVD condition can be
adjusted to lead the threshold Fe thickness for VA-CNTs smaller. Aluminum oxide, which is a
well-known catalyst in hydrocarbon reforming, had an essential role in enhancing the
nanotube growth by dissociating carbon species and supplying them to Fe nanoparticles.

SWNT growth at a low areal density is important as well. The as-grown network of
thick bundles resulted from sparse, long SWNTs (Fig. 3a) by ACCVD showed a transparent
conducting property much better than that of thin bundles from short, dense SWNTs (Fig. 3b).

In summary, there remains abundant potential in catalytic growth of nanotubes and
CMD is effective in both understanding and developing supported catalysts.
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[1]S. Noda, et al., dppl. Surf Sci., 225, 372 (2004). [2] S. Maruyama, et al., Chem. Phys. Lett., 360, 229 (2002). [3] S. Noda,
et al., Appl. Phys. Lett., 86, 173106 (2005). [4] K. Kakehi, et al., Chem. Phys. Lett., 428, 381 (2006). [5] S. Noda, et al.,
Carbon, 44, 1414 (2006). [6] I.E. Herrera, et al., J. Catal., 204, 129 (2001). [7] Y. Murakami, et al., Chem. Phys. Lett., 385,
298 (2004). [8] K. Hata, ct al., Science, 306, 1362 (2004). [9] S. Noda, et al., Jpn. J. Appl. Phys., 46, 1399 (2007).
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In-situ Raman observation of single-wall carbon nanotube growth by CVD
using Co-filled apoferritin catalyst

OTakashi Uchida'?, Masaya Tazawa'*, Akira Yamazaki'*, and Yoshihiro Kobayashi'
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Clarifying the growth mechanism of single-wall carbon nanotubes (SWNTs) is
indispensable for the control of SWNT growth. In-situ observation by scanning electron
microscopy and Raman spectroscopy is very useful for investigating the growth mechanism
of SWNTs [1,2]. In these previous studies, the chiralities of growing SWNTs were not
specified. We have succeeded in observing the diameter-dependent growth behavior through
the observation of chirality-sensitive RBM signals in in-sifu Raman spectra using Co thin film
catalyst [3]. However, the correlation between the growth behavior and the CVD conditions
has not been clarified because the size of the catalyst particle formed from thin film also
depends on the CVD conditions. Metal nanoparticle catalysts, such as Co-filled apoferritins
(Co-ferritin) [4], are useful for investigating the initial growth stage of SWNTs because their
diameter remains fixed regardless of the CVD conditions. In this report, we report on in-situ
Raman observation during CVD growth of SWNTs using Co-ferritin as a catalyst.

In-situ Raman spectra were obtained with a micro-Raman system (633-nm excitation
wavelength; 2-pum laser spot) combined with an ethanol-CVD system.

Figure 1 shows a series of typical RBMs in the in-situ Raman spectra observed during
CVD growth. The growth temperature was 720 °C and the ethanol gas pressure was 0.8 Torr.
Each spectrum was integrated for 30 s. It is clearly observed that the RBM intensities around
130 - 215 cm™ increase with increasing growth time. In particular, the increase in the RBM
intensities at around 130 cm™ and 215 cm™ is delayed compared to those at 160 - 190 cm’™.
Furthermore, the RBM at 250 cm™' appeared at the growth time of about 1600 s. These results
indicate that the incubation time of SWNT
growth depends on the chirality. In-situ
Raman observation of CVD growth using
Co-ferritin catalyst enables us to analyze the
details of the kinetics of SWNT growth
under various CVD conditions.

This work was partly supported by JSPS
Grant-in-Aid for Scientific Research (B).
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Size control of catalyst nanoparticles for carbon nanotube growth
by gas-phase catalytic chemical vapor deposition
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Diameter control of carbon nanotubes (CNTs), including single wall carbon nanotubes
(SWCNTs) and multi wall carbon nanotubes (MWCNTs), is very important, because the
characteristics of CNT change with the diameter. Since CNT structures are strongly related to
catalyst nanoparticles, control of the size and density is very important issue. To control the
size of catalyst nanoparticles, we performed gas-phase catalytic chemical vapor deposition
(CVD) in which carbonyl iron used for the catalyst precursor. Until now, this method has
been reported by many researchers for the purpose of high mass production [1,2]. In these
reports, CNTs were grown by the floating growth. In this study, we are focusing on the
detailed control of the nanoparticles size on the substrate by employing the gas-phase
catalyst.

To form nanoparticles, organic Fe complex gas was used as a precursor. Size and density
of nanoparticles can be controlled by varying the molar flow rate, decomposition temperature
and flow time. The substrates were quartz and Si. The nanoparticles were formed at a
substrate temperature of 600 °C. Following the formation of nanoparticles, CNTs were
successively grown by thermal CVD at 800 °C. Acetylene was used as a carbon source.
Figure 1(a) and (b) show AFM images of Fe nanoparticles under pressures of 1 and 2 Torr,
and at flow rate of 4.4 and 2.9 umol/min, respectively. The average particle size increases
with the pressure and carbonyl iron flow rate. Figure 2 shows the SEM image of CNTs. The
CNTs were vertically aligned to the substrate. The size control of catalyst nanoparticles and
resulting CNT growth will be presented.

[1] P. Nikolaev, M. J. Bronikowski, R. K. Bradley, F. Rohmnd, D. T. Colbert, K.A. Smith, R. E. Smalley:

Chemical Phys. Lett. 313 (1999) 91-97

[2] HM. Cheng, F. Li, X. Sun, S.D.M. Brown, M.A. Pimenta, A. Marucci, G Dresslhaus, M.S. Dresselhaus:

Chemical Phys. Lett. 289(1998) 602-610
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TEL:+81-53-478-1319 FAX:+81-53-478-1321e-mail:k_ohara@nvrc.rie.shizuoka.ac.jp
I - .

Fig.1 AFM images of Fe nanoparticles = 5
Fig.2 SEM image of CNTs
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Low-temperature growth of double and single-walled carbon nanotubes on
a substrate using catalyst nanoparticles size-classified with an impactor

ODaiyu Kondo'??, Shintaro Sato'**, Yoshitaka Yarnaguchi2 , Taisuke Iwai'”*", Yuji Awano'*?
"Fujitsu Limited, ZNanotechnology Research Center, Fujitsu Laboratories Ltd., SCREST/JST

Due to their peculiar electrical properties, double and single-walled carbon nanotubes
(DWNTs and SWNTSs) have been attracting a great deal of interest as a candidate for future
electronic devices. Applying them to electronic devices such as high frequency transistors, it
1s important to control the chirality of DWNTs and SWNTs which determines their electrical
properties. The diameter-controlled growth of DWNTs and SWNTs is the first step to such
control. However, it is difficult to control their diameters using conventional metal films as a
catalyst, because catalyst particles formed by annealing metal films have a wide diameter
distribution in general. To overcome this problem, size-classified catalyst nanoparticles with a
newly-designed impactor [1] were used. This classification method leads to a higher yield of
metal catalyst nanoparticles with diameters smaller than 2 nm on a desired substrate in
comparison with a method using a differential mobility analyzer [2].

Growth of DWNTs and SWNTs was performed using size-classified iron
nanoparticles as a catalyst by hot-filament chemical vapor deposition (CVD). The iron
nanoparticles of diameters of 1.1, 1.8 and 2.1 nm (standard deviation: ~54%, 31% and 34%)
were obtained by a dry process including size-classification with an impactor. The particles
were then deposited on a silicon oxide substrate. As the carbon source, a mixture of acetylene
and argon gases was introduced into a CVD chamber, in which the substrate was placed.
Hydrogen was also added during the growth and the substrate temperature was 590°C. After
the CVD process, carbon nanotubes (CNTs) grown
uniformly all over the substrate were observed using :
scanning electron microscopy. From the Raman 633 nm
spectroscopy and transmission electron microscopy, it
was found that high-quality DWNTs and SWNTs Si
were grown from iron nanoparticles with a diameter i

of 2.1 nm, and high-quality SWNTs grown from M

those with a diameter below 1.8 nm. The radial

breathing modes in the Raman spectra (figure 1) show ®©)
that SWNTs from nanoparticles below 1.8 nm have a UM

Intensity

narrower diameter distribution centering around 1.3 @
nm than those metal catalyst films (not shown). : . : .

: 150 200 250 1300
Furthermore, DWNTs from 2.1-nm nanoparticles are Raman Shift (cm )
found to have smaller diameter than those from metal
catalyst films [3]. Figure 1 Raman spectra of

SWNTs and DWNTs grown from
References: [1]Y. Awano et al., phys. stat. sol. (a) 203 (2006) nanoparticles with diameters of
3611. [2]S. Sato et al., Chem. Phys. Lett. 382 (2003) 361. [3]D.
Kondo ez al., 2™ Korea-Japan sympoium on Carbon Nanotube, (a) 1.1 nm, (b) 1.8 nm and (c)
1P-06 (2005). 2. 1nm.
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Observation of catalyst in a CVD growth process
of single-walled carbon nanotubes on SiO,

©Toshiya Murakami', Yuki Hasebe', Kenji Kisoda’, Koji Nishio',
Toshiyuki Isshiki' and Hiroshi Harima'

'Department of Electronics, Kyoto Institute of Technology, Kyoto 606-8585, Japan
’Physics Department, Wakayama University, Wakayama 640-8510, Japan

Clarifying the growth mechanism of single-walled carbon nanotube (SWNT) is a key step
for its future chirality-controlled growth. Rich information may be obtained by observing the
correspondence between the SWNT characteristics and the growth parameters such as the
carbon source, the catalyst species and the supporting material. By transmission electron
microscopy (TEM), we carefully observed morphology of catalyst particles and SWNT
simultaneously in the as-grown state, and considered how the catalyst formed a compound or
aggregated in the growth process, and affected the growth of SWNT.

SWNTs were grown by chemical vapor deposition (CVD) at 800°C using ethanol as the
carbon source and Co or Fe as the catalyst. To support the catalyst, amorphous SiO, powder
or a SiO, plate thinned to less than 50 nm for TEM observation was employed. First,
catalyst-related products after the growth process were analyzed by X-ray diffraction (XRD).
As shown in Fig.1 for Co (upper) and Fe (lower), p-Co and Fe,SiO, were mainly formed,
respectively. Raman scattering and TEM observation showed that SWNT grew efficiently
from Co catalyst, but not from Fe. It means that formation of iron silicate during the growth
process deprived iron of the catalytic activity.

Figure 2 shows the change of TEM image of a
SiO, substrate; loaded with Co catalyst before
growth (a) and after growth (b). When the growth
started, reaction of ethanol vapor with the catalyst
promoted aggregation of Co to nm-sized particles.
We found furthermore that large particles with size
> ~6 nm showed no catalytic activity, while smaller
particles with diameter < ~3 nm grew SWNT with
almost the same tube diameter.

Intensity (arb. units)
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Fig. 1 XRD pattern of the samples
after the growth process

Fig. 2 TEM images of SiO, substrate
before (a) and after growth (b).
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Metal-carbide endohedral-metallofullerenes have attracted interests due to their unique
structures and characteristic properties. The metallofullerene molecules are crystallized with
several kinds of solvent molecule such as toluene and carbon disulfide. Previously, we have
determined the crystal structures of (MyC@Cg)(CsHsCH3) (M=Sc[1],Y[2]) by synchrotron
radiation (SR) powder diffraction. The ratio between fullerene and toluene molecules in the
crystal so far determined was 1:1. Recently, we managed to crystallize the powder specimen
of (MaCo@Cs2)(C¢HsCH3),, which has different ratio of fullerene and solvent toluene
molecules, that is 1:2. In this presentation, we report a structural analysis of the
(M,Co@Cs2)(CsHsCH3), (M=Sc, Er, Lu) determined from the powder specimen.

The SR X-ray powder patterns of (MaCo@Cs2)(CsHsCH3z), (M=Sc, Er, Lu) were
collected by Large Debye-Scheerer Camera installed at SPring-8 BL02B2. The powder
patterns of (MxCr@Cs2)(CsHsCH3) (M=Sc, Er, Lu) were also collected for the references. The
obtained data were analyzed by the MEM/Rietveld analysis.

It is found that the M,C,@Cs, molecules form two-dimensional layer in the
(M2Co@Cs2)(CsHsCH3), crystal. The toluene molecules also show layer structure between the
fullerene layers. It is also found that the molecular arrangement of metal-carbide
metallofullerene in (MyCr@Cs,)(CsHsCHs), is different from that in (M,Co@Cg2)(C¢HsCHs).

[1] Nishibori, E., Ishihara, M., Takata, M., Sakata, M., Ito, Y., Inoue, T., Shinohara, H., Chem. Phys. Lett. 433
(2006) 120-124.

[2] Nishibori, E., Narioka, S., Takata, M., Sakata, M., Inoue, T., Shinohara, H., ChemPhysChem,7(2006)
345-348.
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Recently, we found that (Er,C,)@Csy(I1I), an di-Er-metal-carbide fullerene, exhibits an
enhanced near infrared (IR) fluorescence which is the strongest IR fluorescence among the
several isomers of Erx@Cs, and (Er,C)@Cs»[1]. The present optical study indicates that the
encapsulated C, molecule does not contribute to the f-f transition of the encapsulated Er'.
The insertion of the C; molecule into the Cg; cage, however, induces an enlargement of the
HOMO-LUMO gap of the Cg, cage. By comparing the HOMO-LUMO energy gap of Csg
cage and the excited (4115/2 - 4113/2) electronic state gap of Er’ " the mechanism of
intra-fullerene energy transfer may be divided into three types, which are shown in Figure 1.

The energy transfer from the LUMO of the Cg, cage to M3 level in encapsulated Er'' is
the most efficient process (Type 1). The energy transfer from the Cs, cage to Er’" and the
relaxation to the HOMO of Cg; may occur simultancously (Type 2), which induces the
reduction of the efficiency of energy transfer from the Cg, cage to Er’”.Vibrationally excited
HOMO states of the Cg, cage may rapidly decay nonradiatively to the LUMO state without
the energy transfer to Er’* (Type 3).

In any of these fluorescence mechanisms, the HOMO-LUMO gap of the Cs, cage plays a
crucial in inducing the IR fluorescence of Er-dimetallofullerenes. If the HOMO-LUMO gap
can be varied by reduction/oxidation or chemical derivatization, the corresponding IR
fluorescence can be obtained even from mono-Er-metallofullerenes such as Er@Cs,, in which
no such IR fluorescence has been obtained so far.

Type 1 Type 2 Type 3
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Figure 1. Schematic Energy Diagrams for the observed IR fluorescence of Er-dimetallofullerenes. Type 1,2, 3
may be applied to (Er,C,)@Cs(IID), Ery@Csy(I, 11T) and (Er,Cr)@Csa(1), Er@Cex(1T) and (ErCo)@Cs,(11)
cases, respectively.
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Titan Satellite Would Be a Carbon-Cluster Factory in Space
— From Explosive-Reaction Experiment -

OTetsu Mieno’, Sunao Hasegawa’

'Dept. Physics, Shizuoka University. Qoya, Suruga-ku Shizuoka-shi 422-8529, Japan
“Inst. Space & Astronautical Science, JAXA, Sagamihara-shi, Kanagawa, 229-8510, Japan

Huge amount of carbon atoms have been produced in fixed stars and they are diffusing
into cosmic space. From the successful exploration of Cassini mission to Titan satellite by
NASA, we could recognize huge methane-seas on the surface of Titan. [1]  From these
pioneer explorations, we expect that Titan is a carbon-cluster factory in space. As the
surface temperature of Titan is low, coming methane molecules are stored as liquid or solid in
nitrogen atmosphere. As there were large number of collisions by space asteroids and debris,
explosive reactions by these collisions have been naturally carried out on Titan, which would
make many kinds of carbon clusters and hydro-carbon molecules. Main parts of these
products are stored on the Titan’s surface, and a part was flown off into space (inter-stellar
region) and diffused to another stars. Therefore, we expect that many kinds of carbon
clusters are stored in Titan’s methane seas.

In order to simulate this collisional explosion-reaction, a 2-stage light-gas gun and a rail
gun set in ISAS/JAXA are used. In the gas-gun experiment, a stainless-steel ball (3 mm ¢ )
is accelerated in a metal tube to 3.7 km/s and it hits a surface of a metal substrate, which
makes large explosion and the surface materials are blown off. When the ball hits on liquid
propanol in 1 atm of He gas, it blows off the liquid. After this explosion, produced carbon
soot 1s carefully collected and analyzed by a laser-desorption TOF mass-analyzer. Figure 1
shows a obtained mass spectrum of this soot. We can clearly confirm that higher-fullerenes
are produced by this reaction. When we use a rail-gun, and a poly-carbonate projectile is
accelerated by electro-magnetic force to about 6 km/s, which hits a surface of a stainless steel
target. A large explosion takes place and a big crater is formed. From this reaction we
could find production of fullerenes, [2] carbon capsules and balloon-like carbons.

From the simulation experiment, we can expect that many kinds of carbon clusters were
produced and stored on the surface of

-
I duan

Titan satellite. - cs4
[1] See a homepage of “NASA Cassini
mission”. [2] T. Mieno, A. Yamori, Jpn. J. 1agm
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Fig. 2. The ISAS gas—gun.

Fig. 1. A mass spectrum of the soot by a LD-TOF-MS.
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In order to spread the utilization of SWNTs, we
have studied the light-induced processes. Here, SWNTs
were  noncovalently  functionalized using alkyl
ammonium functionalized pyrene (PyrNH3') to form
SWNT/PerHf, to which  crown-Cgy was added to
yield SWNT/Pyr-NH3 /crown-Cgo (See right Scheme).
The nanohybrids were characterized by HR-TEM,
UV-visible-near IR and electrochemical methods. Free
energy calculations suggested charge-separation from
SWNTs to the singlet excited Cgo (1C60*) in the
SWNT/Pyr-NH; /crown-Cgy in polar solvents. The
fluorescence studies revealed efficient quenching of
'Ceo* in the nanohybrids. Nanosecond transient
absorption  studies  confirmed charge-separation
mechanism, in which Cey anion radical was spectrally
characterized at 1000 nm (see right figure). The rates
of charge separation, kcs and charge recombination, kcr
were found to be 3.5 x 10° s' and 1.0 x 10’ s'I,
respectively, in DMF. The calculated lifetime of the
radical ion-pair was found to be over 100 ns suggesting
charge stabilization in this novel supramolecular
nanohybrids. The generated radical ion-pair of the
nanohybrids was further utilized to pump up an excess
electron on Cgp to hexyl-viologen dication (HV*") in the

AAbsorbance

presence of appropriate a hole shifting reagent in solution.
Accumulation of the radical cation of HV*" at 610 nm as an
evidence of electron pooling was observed (see right figure),

which confirms the photoinduced

charge-separation,

suggesting utilizations of SWNT/Pyr-NH;"/crown-Cg in light

energy harvesting applications.

[1] Chitta, R.; Sandanayaka, A. S. D.; Schumacher, A. L.; D’Souza, L.;

Araki, Y.; Ito, O.; D’Souza, F. J. Phys. Chem. C 2007, 111, 6947-6955.

Corresponding Author: Osamu Ito
TEL (& FAX): +81-22-376-5970, E-mail: ito@tagen.tohoku.ac.jp
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Optical Enrichment of SWNTs
oXiaobin Pengl’z, Naoki Komatsu', Takahide Kimura', and Atsuhiro Osuka®

!Department of Chemistry, Shiga University of Medical Science, Seta, Otsu 520-2192, Japan,
*International Innovation Center, Kyoto University, Nishikyo-ku, Kyoto 615- 8520, Japan,
Department of Chemistry, Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto

606-8502, Japan

At the last two conferences, we reported the optically
active SWNTs obtained through the preferential extraction
of the left- or right-handed structure of SWNTSs with chiral
diporphyrin nano-tweezers (Fig. 1), and the enhanced ability

. T _ N s
of the tweezers for extracting and discriminating SWNTs by ~ a- © @
changing the spacer unit from benzene (1) to pyridine (2) oo e @

PhCH, NHCOt-Bu

[1]. Herein, chiral diporphyrins linked with carbazole (3) Fig. 1 Diporphyrin nano-tweezers
and dibenzothiophene (4) are newly designed, synthesized  with different spacers ((R)-1 - 4).
and examined for optical enrichment of SWNTs.

After the porphyrin nano-tweezers was removed completely from the porphyrin-SWNTs
complexes, pairs of symmetrical CD spectra were obtained from the D,O/SDBS solutions of
the SWNTs extracted with (R)- and (S)-3 (Fig. 2b), and (R)- and (S)-4 as in the case of those
with 1 and 2 (Fig. 2a). The CD intensity of (7,5) SWNTs is largest in the spectra of SWNTs
extracted with 3 (Fig. 2b) and 4,
while 2 showed higher
discriminating ability to (6,5) ]
SWNTs than that to other
chiralities of SWNTs (Fig. 2a).

These results indicate that optical 20 A

b

Extracted with (S)-3
Extracted with (R)-3

Extracted with (S)-2
Extracted with (R)-2

i ; . Wavelength
enrichment of the specific chiral avelength (nm)

SWNTs can be realized by 50 209 3728

choosing  appropriate  chiral

Fig. 2. CD spectra of SWNTs extracted with (R)- and
(S)-nano-tweezers 2 (a) and 3 (b).

nano-tweezers.

References: [1] X. Peng, et al, The 31* and 32™ Pullerene-Nanotubes General Symposium; X. Peng, N.
Komatsu, et al, Nature Nanotechnology, advance online publication.

Corresponding Author: Xiaobin Peng,

TEL: +81-77-548-2102, FAX: +81-77-548-2354, E-mail: xiaobin@belle.shiga-med.ac.jp
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Transparent Carbon Nanotubes for Encapsulated Dyes
-Toward the complete separation of metallic and semiconducting SWCNTs-

OK. Yanagi, Y. Miyata, H. Kataura

Nanotechnolgy Research Institute, National Insititute of Advanced Industrial Science and
Technology (AIST)

Abstract: Complete separation of metallic and semiconducting single-wall carbon nanotubes
(SWCNTs) from their mixture is one of the most important subjects for applications of
SWCNTs. Recently, Arnold et al.' suggested a sorting method of SWCNTSs from the mixture
through density-gradient centrifugation. In this study, with additional improvements to their
method, a technique to obtain a large amount of SWCNTs of a single electronic type [metallic
(or semiconducting) purity is ~99%] was developed (Fig. 1). The technique enables us to
investigate their intrinsic properties under the cover of the mixture situation. For example,
although dye molecules do exhibit remarkable photophysical properties inside SWCNTSs,’
efficient photoexcitation of the encapsulated dyes was difficult in the mixture. To overcome
this problem, dyes encapsulated SWCNTs of a single electronic type were prepared using our
sorting method. B-Carotene, which is a model for one dimensional n-conjugated molecules,
encapsulated into metallic or semiconducting SWCNTs (Car@Metal, and Car@Semicn)
were selectively obtained. The absorption band of encapsulated B-Carotene is located in a
region where metallic tubes have a low extinction coefficient. This situation enables resonant
excitation of B-Carotene at an off-resonance condition for its surrounding tubes in
Car@Metal.,. Figure 2 shows the Raman spectra of Car@Metal,, and Car@Semicy;.
Compared with negligibly small Raman signals caused by SWCNTs, signals originating from
encapsulated 3-Carotene were significantly large in Car@Metaly, indicating the transparency
of the surrounding tubes for encapsulated dye molecules.

References: [1] Arnold et al., Nature Nano., 1 (2006) 60, [2] Yanagi et al., JACS, 129 (2007) 4992.
Corresponding Author: K. Yanagi, E-mail: k-yanagi@aist.go.jp, Tel&Fax: 029-861-3132, 029-861-2786
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Imaging of single alkyl chains in carbon nanotubes
by transmission electron microscopy

OMasanori Koshino," Takatsugu Tanaka,’ Niclas Solin,” Kazutomo Suenaga,’
Hiroyuki Isobe,’ Eiichi Nakamura,'”

TERAT: O, Nakamura Functional Carbon Cluster Project, JST, ’Research Centre for
Advanced Carbon Materials, National Institute of Advanced Industrial Science and
Technology (AIST), Higashi, Tsukuba, Ibaraki 305-8565, Japan. 3Department of Chemistry,
The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. * Department of
Chemistry, Tohoku University, Aoba-ku, Sendai 980-8578 Japan

For organic compounds, the assumed high sensitivity of light elements such as
hydrocatbons to damage by electron impact has discouraged previous exploration by
transmission electron microscopy (TEM)!". We recently reported, with near-atomic resolution
(2.4 A resolution), the observation of a single small organic molecule either at rest or
translating within a single-wall carbon nanotube (CNT) by TEM'.

We chose, for this proof-of-principle study, molecules 1-4 with hydrocarbon chains
covalently attached to an ortho-carborane end group (Fig.1a; C;BioHi2, ca. 0.8 nm diameter),
which serves as a tag for identification by its characteristic element and shape. As the
molecular container, we chose a mixture of CNTs with diameters of 0.9 to 1.2 nm, from which
we could combinatorially investigate size matching between the host and guest.

Under the condition of room temperature TEM (120 kV) with 0.5 s electron irradiation (~
40,000 e/nm?) imaging intervals, the alkyl chain molecules 1-4 in narrow CNTs were
immobilized and its head/tail structure was clearly visualized (Fig.1b-e) over several seconds
to a minute. The measured length of alkyl chains (C;; and Cy;) and image contrast between
the head and tail structures agree very well with the simulation. Electron energy loss
spectroscopy (EELS) analysis supported the presence of carborane.

These results highlight the unanticipated utility of TEM for single-molecule chemical
analysis relevant to fundamental reactivity as well as to engineering applications, such as
tribology and gas absorption/storage in activated carbon. The mechanism of the electron
impact on the organic molecules in CNTs is not fully understood, but the applied method, i.e.
isolation of molecules in inert CNT that has high thermal and electron conductivity, must
contribute to the stability of guest molecules under the TEM observation.

a
Ri
1. R cﬁHmR =R
2:R 1 = Ciahas, P =CyaHps
3:R1=CpHis, R2=H
g2 4 R'=CaHes, R? = Ophes

OBH @C T

Fig.1 Constitutional formula
(a), and model structure, —_ . 0
simulation and TEM images , o HL R ; Gl - L
(b-e) of molecules 1-4, ;
Scale bar = Inm.

References: [1]R. F. Egerton et al Micron 2004, 35, 399. [2] M. Koshmo et al Smence 2007 316 853
Corresponding Author: M. Koshino, E-mail: m-koshino@aist.go.jp
Tel&Fax: +81(0)29-861-4424, +81(0)29-861-4415
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Fabrication of ZnPc-Nanohorn-Protein Nanohybrid
for Photodynamic Therapy

OM. Zhang', M. Yudasaka" 2 K. Ajima', J. Miyawaki', S. lijima"*’

'SORST-JST, ¢/o NEC, 34 Miyukigaoka, Tsukuba, Ibaraki 305-8501, Japan
’NEC, 34 Miyukigaoka, Tsukuba, Ibaraki 305-8501, Japan
*Meijo Univ. 1-501 Shiogamaguchi, Tenpaku-ku, Nagoya 468-8502, Japan

Photodynamic therapy (PDT) is an innovative treatment for several types of cancers and
noncancer diseases. This therapy utilizes photosensitizing agents that absorb light and generate
cytotoxic species. Zinc phthalocyanine (ZnPc) is a promising PDT agent due to its strong optical
absorption in the phototherapeutic window (600-800 nm) and high efficiency in generating
cytotoxic species. However, ZnPc is hydrophobic and prone to self-aggregate in aqueous
solutions, which limit its delivery and photosensitizing efficiency. Thus, it must be administered
in vivo by means of delivery system. Comparing with other drug carriers such as liposomes,
single-wall carbon nanohorns (SWNHs) are rx-electron conjugated material, and can have
holes on the walls by the oxidation, which allow ZnPc to adsorb on the SWNH-walls, and even
enter inside SWNHs, thereby the self-aggregation is avoided. In addition, the solubility of
SWNHs m aqueous solution can be enhanced by modification with BSA protein as we proved in
the previous study [1]. Therefore, BSA modified SWNHs is favorable to carry ZnPc for PDT.

For loading ZnPc, we first treated SWNHs by light assisted oxidation using H>O, to open
holes and generate carboxylic groups at the holes edges. Then the SWNHs were immersed in a
ZnPc-saturated solution followed by filtration. After loading of ZnPc, the SWNHs were
chemically modified with BSA via diimide-activated amidation. The obtained
ZnPc-SWNH-BSA was well dispersed in phosphate buffered saline (PBS) and its homogeneous
dispersion state was kept for several weeks. When the rat cancer cells were incubated with the
culture medium solution containing
ZnPc-SWNH-BSA for about 24 h, the confocal
microscopy and flow cytometry results indicated
that the ZnPc-SWNH-BSA could get inside of
almost rat cancer cells. Because of such effective
uptake of ZnPc-SWNH-BSA by the cells, the light
irradiation (about 60 mW/cm?, wavelength of
600-700 nm) for 5 minutes made the cell to die
(Fig.1). This proves that the bio-inorganic . /
nanohybrid of ZnPc-SWNH-BSA is potentially Cont® BT gae [

useful in the photodynamic therapy. Fig. 1 Viability of rat cancer cells incubated
with ZnPc-SWNH-BSA under light (600-700

nm) irradiation for 5 minutes.
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References
[1] Zhang, M.; Yudasaka, M.; Ajima, K_; Iijima, S. 32 th F-NT symposium, 2-14.

Corresponding authors: M. Zhang, minfang@frl.cl.nec.co.jp, M. Yudasaka, yudasaka@ftl.cl.nec.co.jp
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Carbon Nanotube Growth from Semiconductor Nanoparticles

oDaisuke Takagil’ 3, Hiroki Hibino2, Satoru Suzuki® 3,
Yoshihiro Kobayashi®*, Yoshikazu Homma'-*

IDepartment of Physics, Tokyo University of Science, Shinjuku, Tokyo 162-8601, Japan
’NTT Basic Research Laboratories, NTT Corporation, Atsugi, Kanagawa 243-0198, Japan
’CREST, JST, Kawaguchi, Saitama 332-0012, Japan

In this report, we show that semiconductor (SiC, Ge, and Si) nanoparicles can produce
carbon nanotubes (CNTs) as catalyst.

The size of semiconductor particles is the key to CNT synthesis (1-5 nm). To obtain small
crystalline semiconductor particles, we used the epitaxial relationship between particles and
substrates. We monitored the formation process of crystalline particles by reflection
high-energy electron diffraction (RHEED) in an ultrahigh vacuum (UHV) and terminated the
formation process at the initial growth stage. SiC nanoparticles were formed on Si(111)
substrate, and Ge and Si nanoparticles were formed on SiC(0001) substrates. CNTs were
synthesized by alcohol chemical vapor deposition. The grown CNTs and catalyst particles
were characterized by SEM, TEM, AFM, and Raman spectroscopy.

Figure la is a RHEED pattern from SiC nanoparticles on Si substrate. The transmission
diffraction spots, one of which is denoted by an arrow, indicate that SiC(111) crystalline
particles were epitaxially formed on the Si(111)7x7 substrate. The AFM image of the surface
in Fig. 1b shows that the SiC nanoparticle size is less than 5 nm. Double- and single-walled
carbon nanotube (DWCNT and SWCNT) growth was confirmed from TEM images (Fig. 1c¢).
In the Raman scattering spectra (Fig. 1d), signals due to the radial breathing mode (RBM)
indicate that metallic and semiconducting SWCNTs can be synthesized from semiconductor
SiC nanoparticles. CNTs were also synthesized from Ge and Si crystalline nanoparticles.

For the CNT synthesis, metal particles, such as iron, platinum, and gold, have been used'.
As an interpretation of the metal-catalyzed CNT growth mechanism, the vapor-liquid-solid
mode] has been proposed. On the other hand, SiC is a high-melting-point semiconductor
material, and we confirmed from RHEED that SiC nanoparticles remained solid in the UHV
even at 1000 °C, which is much higher than the CNT growth temperature (850 °C). This
indicates that CNTs grow from the solid catalyst surface. The present results mean that CNTs
can be synthesized from nanosize structures, regardless of species (metal or semiconductor)
and phase (liquid or solid). The essential role of the catalyst particles would be the provision
of a template for CNT cap nucleation.
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Fig.1. (a) RHEED pattern of epitaxially-grown SiC nanoparticles on Si(111)7x7. (b) AFM image of SiC
nanoparticles. (¢} TEM image of grown CNTs (inset scale bars: 5 nm). (d) Raman spectra from grown CNTs.

[1] D. Takagi, ef al., Nano Lett., 2006, 6, 2642-2645.
Corresponding Author: Daisuke Takagi
TEL: +81-3-5228-8244, FAX +81-3-5261-1023, E-mail: daisuke@will.brl.ntt.co.jp
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Ion Mobility Measurement with a Newly Developed Pulsed Ion Valve
OT. Sugai', H. Shinohara'*"

'Department of Chemistry (RCMS), Nagoya University
*Institute for Advanced Research, Nagoya University
JCREST, Japan Science and Technology Agency

[on mobility measurements on fullerenes have clarified novel carbide structures and
formation processes[1,2]. These achievements are accomplished by the high sensitivity
and the high measurement throughput of the method. However, the mobility or
structural resolution and upper mass limitation prevent us to apply this method to
fullerene isomer identification and nanotube growth observation. To overcome these
limitations, we have developed a pulsed ion valve (PIV), which is the key interface to
couple a high-pressure drift cell (DC) to a high-vacuum time of flight mass
spectrometer (TOF). Here we present the mobility measurement with this system and

the expected resolution to identify fullerene isomers.

The measurement system consists of a laser T T
desorption ion source, PIV, and TOF. The
mobility measurements were performed with the
air origin ions produced by the laser. The
1onization point was 60 mm apart from PIV where
1 kV was applied. The ions were introduced from
the air side into TOF through PIV only when the

Intensity / Arb. Units

PIV opening timing was set after 1 ms of the ion @2 ms
production showing that the drift velocity is l { . ‘ 3
. 20 30 40 50 60
around 60 m/s(Fig. 1). Time of Flight / ms
The PIV worked at more than 10 atm, where we Fig. 1 PIV timing dependence
expect to separate Cs isomers in 200 ms together ' ‘ ’
with a drift cell length of 1 m and a drift voltage o C3V(8)p '
z
of 100 kV(Fig. 2). With this PIV, we are planning = :
{
to explore new structures of fullerenes and to § f
] 1
observe the nanotube growth processes utilizing 2 C.(6) !
this HPLC level resolution. = :
References: ‘ J \ !
[1]T. Sugai et al., J. Am. Chem. Soc. 123, 6427 (2001). 07 o098 098 100 101
[2] von Helden et al., J. Chem. Phys. 95, 3835 (1991). lon Bunch Profile /m
e-mail: sugai@nano.chem.nagoya-u.ac.jp tel: Fig. 2 Expected Resolution for Cs,

+81-52-789-2477 fax: +81-52-789-1169
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HRTEM observation of an Individual C, Fullerene Molecule and its
Deformation Process

(OZheng Liu', Kazu Suenaga', Ale§ Mrzel®, Hiromichi Kataura® and Sumio lijima'

'Research Center for Advanced Carbon Materials, National Institute of Advanced Industrial
Science and Technology (AIST), Tsukuba, 305-8565, Japan
’Nanotechnology Research Institute, National Institute of Advanced Industrial Science and
Technology (AIST), Tsukuba, 305-8562, Japan

The fullerene molecules (Cy,) with a functional group of C;NH, (Cg-C;NH,), which
are prepared by following the Prato reaction’, confined inside single-wall carbon nanotubes
(SWNTs) have already been visualized.” However, higher spatial resolution is definitively
required to visualize the intramolecular structure of fullerenes. Since the resolution of TEM is
determined by the spherical aberration coefficient (C,) of objective lens and the wave length
(M) of incident electron beam, the C, must be minimized to achieve the best performance
because the reduction of the A (equal to elevate the accelerating voltage) causes beam damage
to the carbon materials. A high-resolution transmission electron microscope (HRTEM,
JEM-2010F) equipped with a C, corrector (CEOS)’ was operated at a moderate accelerating
voltage (120kV). Although the point resolution of 0.14 nm was obtained, HRTEM
simulations were necessary in order to investigate the images of fullerenes taken under
different projections. SWNT is used as a specimen support in this experlment We observed
the fullerene molecules which were located on the &
surface of the SWNTs perpendicular to the incident
electron beam (not the ones inside the SWNTSs), so
that the carbon network of the SWNT does not
interfere in the direct imaging of the fullerene
intramolecular structures by HRTEM. For this
purpose the Cg fullerenes were chemically
functionalized with pyrrolidine' so that the functional
groups attached to each fullerene molecule should act
as anchors’ and the functionalized Cg, fullerenes are
relatively stabilized on the surface of SWNT during
the TEM observations. In this work, the
intramolecular structure, such as pentagons and
hexagons, of the individual Cg fullerene was
visualized (shown in the figure). The deformation of
Cs, fullerene due to the electron irradiation was also
investigated. Three C,; molecules with C, symmetry
are depicted as reasonably well fitted models.

a-c) HRTEM images of C,-C,NH, attached to

References the surface of SWNTs. The intra-molecular
(1) Prato, M. et al., Tetrahedron 1996, 52, 5221. structures are clearly visible for each fullerene.
(2) Liu, Z. et al., Phys. Rev. Ler. 2006, 96, 088304, d-f) Image simulations of Cg fullerene
(3) Haider, M. et al., Nature 1998, 392, 768. derivatives for various orientations and the

Corresponding atomic models (g-i).
Corresponding Author: Zheng Liu
E-mail: liu-z@aist.go.jp
Tel: 029-861-2514
Fax: 029-861-4806
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Positional Control of Encapsulated Metal Atoms Inside a Fullerene Cage by
Exohedral Chemical Functionalization

O Michio Yamada,' Chika Someya,' Takatsugu Wakahara,' Takahiro Tsuchiya,' Takeshi
Akasaka,' Yutaka Maeda,” Kenji Yoza,” Naomi Mizorogi,* and Shigeru Nagase®

'Center for Tsukuba Advanced Research Alliance, University of Tsukuba, Tsukuba, Ibaraki
305-8577, Japan *Department of Chemistry, Tokyo Gakugei University, Koganei, Tokyo 184-
8501, Japan *Bruker AXS K. K., Yokohama, Kanagawa 221-0022, Japan *Institute for
Molecular Science, Okazaki, Aichi 444-8585, Japan

Among many kinds of metallofullerenes,’ M,@Cq, has attracted special attention for the
dynamics of the encapsulated metal atoms because of their three-dimensional random
motion.” Positional control of the metal atoms within a cage is expected to be very valuable in
designing functional molecular devices with new electronic or magnetic properties.

We successfully prepared an exohedrally silylated Ce,@C,,, Ce,@C,(Mes,Si),CH,, in
which the random motion of two Ce atoms is fixed at specific positions. We also synthesized
an exohedrally silylated La,@C,,, La,@C,,(Dep,Si),CH,, in which the two La atoms hop two-
dimensionally along the equator of the cage.* These results reveal that exohedral
functionalization of the fullerene surface can regulate the motion of the metal atoms
drastically.

It is very interesting to know what controls the dynamic behavior of the metal atoms. We
synthesized and characterized two regioisomers of endohedral pyrrolidinodimetallofullerene,
La,@C,(CH,),NTrt.” We revealed that two La atoms in 6,6-closed adduct are localized at the
slantwise position. Meanwhile, theoretical calculation for the 5,6-closed adduct suggests that
two La atoms can rotate rather freely. These results indicate that the motion of the metal
atoms is controllable by addition position of the addends.

Furthermore, we found that the selective addition of the adamantylidene carbene occurs at
the 6,6-junction of the M,@C,, (M = La & Ce) to afford the formation of 6,6-open adduct,
M,@C,(Ad).° The location of the metal atoms is regulated below the Ad group.

From the viewpoint of designing functional molecular devices, it is important to regulate
the metal position to the desirable one inside the cage. We expect this study enhances the
possibilities for the application of metallofullerenes.

6,6-La,@Cgo(CHo)NTTt La,@ Cgo(Ad)

[1] Akasaka, T.; Nagase, S. Endofullerenes: A New Family of Carbon Clusters; Kluwer: Dordrecht, The
Netherlands, 2002. [2] Akasaka, T. et al. Angew. Chem., Int. Ed. Engl. 1997, 36, 1643. [3] Yamada, M. et al. J.
Am. Chem. Soc. 2008, 127, 14570. [4] Wakahara, T. et al. Chem. Commun. 2007, in press. [5] Yamada, M. et al.
J. Am. Chem. Soc. 2006, 128, 1402. [6] Yamada, M. et al. submitted.

Corresponding Author: Takeshi Akasaka, Tel&Fax: +81-29-853-6409, E-mail: akasaka@tara.tsukuba.ac.jp
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Syntheses, Structures and Optical Properties of
Dodeca- and Trideca(organo)|[60]fullerenes

oTakeshi Fujita', Yutaka Matsuo”, Eiichi Nakamura'”

'Department of Chemistry, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033,
Japan
’Nakamura Functional Carbon Cluster Project, ERATO, Japan Science and Technology
Agency (JST), Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

The detraction of the n-electron conjugated system for [60]fullerene by
functionalization is a powerful method to construct new hoop- and bowl-shaped r systems[1].
Such compounds showed unique luminescence by changing electronic structures of
[60]fullerene[2]. Herein we report on syntheses, structural determination, and optical
properties of dodeca- and trideca(organo)[60]fullerenes bearing new curved © systems.

Treatment of decaadducts CePh1oX; (1a: X = CsHsRu; 1b: X = Me) with potassium
metal afforded dianions 2, which were trapped with an excess amount of benzyl bromide to
give two kinds of dodecaadducts 3 and 4. The sequential nucleophilic addition reaction of
benzylmagnesium chloride to 3 afforded tridecaadduct CgoPh;oX,(CH2Ph)sH (5).
Unambiguous structural determination of dodeca- and tridecaadducts were achieved by X-ray
crystallographic analysis with ruthenium complex 3a, 4a, and 5a. Dodecaadduct 3a and 4a
has C; and C, symmetry. Tridecaadduct 5a has an indene part surrounded by three benzyl
groups. Dodecaadduts 3b and 4b and tridecaadduct 5b exhibited characteristic luminescence
for each © systems. The colors of emission for 3b, 4b, and 5b are yellow, green, and blue,
respectively. Note that Sb shows the highest luminescent quantum yield among all fullerene
compounds.

These fullerene multiadducts having new curved =n-electron conjugated systems are
expected to be new optical materials.

2 3a: X=RuCp 24% 4a: X =RuCp 12%
1b: X = Me 3b: X =Me 10% 4b: X = Me 3%
h X
BaMgCl - '::h Rl poen
(20 eq) aq. HCl  ppy,d y gh
THF, tt, -Ph
40 min Phi,C X

5a: X =RuCp 59%
5b: X = Me 20%

[1] (a) E. Nakamura, K. Tahara, Y. Matsuo, M. Sawamura, J. Am. Chem. Soc., 125, 2834 (2003). (b) Y. Matsuo,
K. Tahara, M. Sawamura, E. Nakamura, J. Am. Chem. Soc., 126, 8725 (2004).
[2] Y. Matsuo, K. Tahara, K. Morita, K. Matsuo, E. Nakamura, Angew. Chem. Int. Ed., 46,2844 (2007).
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Low-dimensional Columnar Alignment of Cg Fulleride Single Crystals
Stabilized by Triarylmethane Dye Cations

OHiroshi Moriyama*, Takahito Sugiura |
Department of Chemistry, Toho University, Miyama 2-2-1, Funabashi, 274-8510 Japan

The novel low-dimensional nanostructural alignment of a Cg anion radical moiety was
revealed by single crystal structure analysis of Ceo fulleride salts stabilized by
triarylmethane dye cations formed by electrocrystallization.

Discrete fulleride anions” have drawn much attention, as the electron-accepting ability
of Cq 1s its most characteristic chemical property, results in intriguing physical properties,
such as superconducting of alkali-metal doped Ceo and unique ferromagnetic behavior of
TDAE-C¢. However, there has been rather a limited number of well-characterized Cg
anion radical salts predominantly because of their sensitivity to air. We have succeeded in
obtaining single crystals of Ce¢p anion radical salts stabilized by cationic triarylmethane
dyes® (Fig. 1), some of which were found to give rise to an intriguing nanostructural
columnar alignment of Ce fullerides.

Fig 2. shows the single-crystal structure of [Crystal Violet]+C6o_' CeHsCl. The Cqy
fulleride aligns with the columnar structure along the a axis (crystal growth direction), as
well as a zigzag structure along the b axis, with contacts of almost van der Waals
magnitude (ca. 10 A, distance of the Cgg — Cgp centers), stabilized by mutual interactions
of Ceo " and dye, such as m—n, face-to-face, and CH-n. SQUID measurement showed that
some salts demonstrate antiferromagnetic interaction between the Cg fullerides, as well as
magnetic phase transition.

Crystal Violet Ethyl Violet
~F /\F\l/\
sael sael
‘ ) Zigzag path
Malachite Green Brilliant Green

Fig.2 Crystal Structure of [Crystal Violet] Cgo™ CsHsCl

Fig. 1. Trilarylmethane D
g arylmethane Dycs along the a and b axis.

1) C.A.Reed and R. D. Bolskar, Chem. Rev., 100, 1075-1120 (2000).
2) T. Sugiura, E. Osawa, and H. Moriyama, Abstracts of 30th Fullerene-Nanotubes General Symposium
2-13 (2006); H. Moriyama and T. Sugiura, New Diamond, 22, 30-31(2006).
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Ceo thin film field-effect transistor devices with gold electrodes
modified by various types of alkanethiols

O Yohei Ohta,” Naoko Kawasaki,” Takayuki Nagano," Akihiko Fujiwara® and
Y oshihiro Kubozono®

a) Research Laboratory for Surface Science (RLSS), Okayama University, Okayama 700-8530,
Japan
b) Japan Advanced Institute for Science and Technology, Ishikawa 923-1292, Japan

Cygo thin film field-effect transistor devices are fabricated with gold (Au) source/drain electrodes
modified with various types of 1-alkanethiols (C.H»y+;SH, n = 4 — 18) in order to study carrier
injection barriers at the interface between electrodes and Cg thin films. We have analyzed the drain
current density Jp vs drain-source voltage Vps curve, which shows concave-up nonlinear behavior at
low Vps region (Fig.1), on the basis of a thermionic emission model for double Schottky barriers.
From the analyses 1-alkanethiols are found to form large tunneling barrier at the interface. In the
device modified with 1-hexadecanthiol (C;sH33SH), effective Schottky barrier ¢Beff which consists of
tunneling barrier and pristine Schottky barrier for the contact of Au— Cg is 0.591(2) eV in application
of gate voltage ¥ = 100 V, and 85% of ¢ is produced by the tunneling barrier. The tunneling
efficiency, /3, between electrodes and Cg thin films is 1.12(6) A™, whose value is close to that, 0.87
A", junction of n-Si-(hexadecane)-Hg."

Above 320 K, the concave-up nonlinear behavior in I, — Vpg changed to normal curve (linear and
saturation) (Fig. 2) because of a large fluctuation of 1-hexadecanethiol; its melting point is ~310 K.
This implies a destruction of tunneling barrier at the interface. Furthermore, thickness dependences of
photoemission spectra on the pristine Au electrodes and the modified electrodes are also studied in
order to clarify electronic structures at the interfaces. In the conference, the tunneling barriers and
s will also be reported for the devices modified with other 1-alkanethils and the alkyl-chain length
dependence of @™ will be clearly shown. Part of this work was recently published in JPC.?

300
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Fig. 1: Jp-Vpg plots for the Cgo FET Fig. 2: Ip-Vps plots for the Cgo FET device
device with Au source/drain electrodes measured from 210K to 350K.

modified by 1-hexadecanethiol.

1) E. Faber, ChemPhysChem. 6, 2153 (2005).
2) T.Nagano et al., J. Phys. Chem. C 111, 7211 (2007).
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Preparation and characterization of C¢ and Cy, fibrillar
superstructures and its polymerization by y-ray irradiation

Sudip Malik, Norifumi Fujita and Seiji Shinkai

Department of Chemistry and Biochemistry, Graduate School of Engineering, Kyushu
University, 744 Moto-oka, Nishi-ku, 819 0395 Fukuoka, Japan

Fullerenes (Cgp or Cy9) are dissolved in solid and subliamble solvents such as
naphthalene, ferrocene and camphor, respectively. After removing these solvents by
sublimation process, the formation of fibrillar superstructures of fullerene has been observed
by scanning electron microscopy (SEM) as shown in Figure 1. X-ray powder diffraction study
and ATR/IR analysis reveal that fullerene superstructures preserve fcc lattice as like in pristine
in case of Csp. NMR together with elemental analysis proposes the presence of significantly
less amount of solvent in the superstructures. We have attempted to polymerize these
superstructures by y-ray irradiation to achieve polyCey or polyCsy that is the material
composed only fullerenes connected by covalent bonds without any additional linkage.[1] We
have characterized these materials by TEM/HRTEM as well as PL studies. The approach that
provides not only an easy, simple and efficient technique for the production of fibrous
fullerene or polyfullerene but also to control over the morphological aspects will be the
promising pathways to prepare fullerene based material for the development of realistic
applications.

Figure 1: The typical SEM images of Cg superstructure after sublimation of solid

solvents :(a) naphthalene, (b) ferrocene and (c¢) camphor respectively

[1] F. Giacalone and N. Martin, Chem. Rev., 106, 5136 (2006).
Corresponding Author: Seiji Shinkai
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Raman Spectroscopic Study of Polyyne Peopods
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The SWNT that contains C,,H, polyynes inside has been prepared and its advantages as a
spectroscopic tool for stabilizing the highly reactive molecules have been demonstrated. This
work is a follow-up research of the previous publications on the demonstration for trapping
CioH; polyyne inside SWNTs [1] and its thorough research on Cy,H, (n=4-6) [2].

In the present Raman spectra of polyynes C,,H, (n=4-8) inside SWNTs reveals Raman
activities of CH-stretching, CCC-bending overtones in addition to the reported strong
activities of the CC-stretching fundamentals and overtones. Along with the recent studies on
normal Raman [3] and resonance Raman spectra of pristine polyynes in solution [4], the
mechanism of the overtone of stretching of polyyne and nanotube and other weak Raman
modes is discussed in more detail.

[1] D. Nishide et al. Chem. Phys. Lett. 428, 356 (2006).

[2] D. Nishide et al. J. Phys. Chem. C 111, 5178 (2007).

[3] H. Tabata et al. Carbon 44, 3168 (2006).

[4] T. Wakabayashi et al. Chem. Phys. Lett. 433, 296 (2007).
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Single electron injection into Cg-encapsulated carbon nano-peapod
quantum dots
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Carbon nano-peapods have recently attracted considerable attention [1, 2], because
their unique nano -structures are expected to yield exotic electronic states [3], quantum
charge (spin) transports, and one-dimensional (1D) quantum phenomena. There are,
however, still a few reliable reports that experimentally reported such electronic states
and quantum phenomena [4][5].

Here, we report anomalous charging effect of single electrons (Coulomb diamonds)
observed in carbon nano-peapods quantum dots that encapsulate a series of Cego
molecules [6]. We find that behaviors of diamonds are anomalously sensitive to
back-gate voltages (Vy,), exhibiting two evidently different Vy, regions and a large
polarity on Vy,. In particular, we find only a sequence of one large diamond followed by
three smaller ones existing around ground state. Magnetic field dependence indicates
presence of shell filling by spin singlet to doubly degenerate electronic levels for these.
The encapsulated Cep molecules indirectly affect this shell filling at low Vy,, possibly via
nearly free electrons. In contrast, they act as individual quantum dots coupled in series
in high Vy, region. It directly contributes to highly overlapped very large diamonds.

Moreover, we report power law behaviors on conductance versus energy
relationships observed in the same peapods and discuss about correlation of the
anomalous power values with orbital-related Tomonaga-Luttinger liquid.

References
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Preparation of subnanometer-sized Pt particles using single-wall carbon
nanohorns
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Single-wall carbon nanohorns (SWNHs), a type of single-wall carbon nanotubes, adsorb
various materials, thus being potentially useful in many fields. Surface areas inside and
outside of SWNH aggregates measured by Nj-adsorption were about 600 and 400 m’/g,
respectively [1]. Mechanism of storage and release of materials into/from SWNHs was well
studied [2, 3]. We previously reported that Pt particles with sizes of about 2 nm can be loaded
on the outside surface of the pristine SWNHs or inside of SWNHs if holes were opened. The
Pt deposition method employed there was the colloidal one carried out at 70°C. On the other
hand, the smaller-sized Pt particles about 1.7 nm were available on the pristine SWNHs by
depositing Pt-ammine complexes at room temperature [4]. Since the small-sized Pt particles
are more useful in various catalytic-applications [5], we developed a new method to decrease
the Pt-particle sizes.

Recently, it was shown that abundant oxygen-containing functional groups were formed on
SWNHs by light-assisted oxidation (LAOx) [6]. In LAOx, SWNHs were dispersed in
hydrogen peroxide solution at 80°C for 6 hours, wherein the light from a Xe lamp was
irradiated. We made Pt-SWNHs using LAOx-SWNHs and Pt-ammine complexes, and
observed the obtained Pt loaded LAOX-SWNH with transmission electron microscope, X-ray
diffraction, and others. As a result, it was found that the Pt particles were well supported on
SWNHs, and the Pt-particle sizes were in the range of sub-nanometers. We consider that the
abundant oxygen-containing functional groups of LAOx-SWNH had certain effects in
decreasing the Pt particle sizes. The details are shown in the presentation.

Acknowledgement:
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Non-volatile Memory using SWCNT Encapsulating Fullerene
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A reproducible resistance switch effect is observed in the I-V characteristics of a simple
metal nanogap junction when high-bias voltages are applied. This phenomenon is only occurs
for gap widths slightly under about 10 nm [1]. The switching effect is caused by the following
process; applied bias voltage induces the changes of the gap width between the metal
electrodes, and the change of the gap width affects the resistance of the gap. As a result, such
gap junctions can exhibit a non-volatile resistance hysteresis, leading to the resistance
switching. Due to the simplicity of the construction process of the metal nanogaps, this device
has great potential for non-volatile memory and other information storage devices. To achieve
such switching in a few nanometer line electrodes, however, is required for the applications to
these devices. The diameter of single wall carbon nanotubes (SWCNT) is approximately 1~2
nm, thus SWCNT is one of the possible candidates for the nanometer line electrodes of the
nanogap switching. In this study, we constructed nanogaps using carbon nanotubes to achieve
the switching in the 1 nm line scale range. For the switching, fullerene peapods were prepared,
because the position changes of encapsulated fullerenes will lead to the change of resistance
similar to that of metal gaps. The nanogap parts were fabricated by electromigration and
breakdown methods [2]. Figure 1 shows resistances of the peapod nanogap junction in on-off
cycles. The nanogap does exhibit switching behavior, indicating the observation of resistance
switching between ~1 nm scale electrodes.

107 e ’ ; ‘
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Repetitious Counts
Figure 1. Resistances of a peapod nanogap junction at 0.2V in On-Off cycles.

[1]Y. Naitoh, M. Horikawa, H. Abe, and Tetsuo Shimizu, Nanaotchnolog., 17, 5669 (2006).

[2]1 R. V. Seidel, A. P. Graham, B. Rajasekharan, E. Unger, M. Liebau, G. S. Duesberg, F. Kreupl, and W.
Hoenlein, J. Appl. Phys., 96, 6694 (2004).
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Atomically-resolved field emission image of aluminum clusters
deposited on carbon nanotubes

T. Matsukawa, T. Yamashita, K. Asaka, H. Nakahara and OY. Saito
Department of Quantum Eng., Nagoya University, Furo-cho, Nagoya 464-8603

Field emission of electrons from multiwall carbon nanotubes (MWNTs) with a closed
cap occurs preferentially from pentagons at the cap when the nanotube surface is clean [1].
Enhancement of electron emission occurs when residual gas molecules are adsorbed on
the nanotube surface [2]. In this work, effect of aluminum (Al) deposition on MWNT
field emitters was studied by field emission microscopy (FEM), and FEM images of Al
clusters in atomic-resolution and the suppression of current fluctuation were observed.

MWNTs produced by arc discharge were attached to a tungsten hairpin by
graphite-bond, and Al was deposited onto apex regions of MWNTs in the FEM chamber.
The amount of Al deposited on MWNT caps was in a range from ~1 nm to ~10 nm in
terms of mean film thickness. The base pressure of the FEM chamber was 7 X 10°® Pa.

Figure 1 shows FEM images of an MWNT emitter before and after Al deposition.
Before the Al deposition, pentagon patterns characteristic of clean caps of MWNTs (two
MWNTs are visible in this image) are observed as revealed in Fig. 1 (a). By the
deposition of Al, as shown in Fig. 1 (b), a spotty pattern with a high symmetry (4-fold
symmetry in this case) appeared instead of the clean pentagon patterns. The contrast of
the spotty pattern reminiscent of the structure of an atom cluster with a shape of
cubo-octahedron, which is the crystal
form characteristic of face-centered
cubic metals. A model of the
structure consisting of 79 Al atoms is
illustrated in Fig. 2. The polyhedral
image, rotating and  migrating,
disappeared at several seconds after its

appearance, and finally the original gj; | FEM images of (a) clean MWNT caps
clean cap was recovered. and (b) an Al cluster.
Although  the fluctuation of

emission current was large just after the Al deposition,
flickering of spots in the FEM and current fluctuation
considerably decreased after the first current-voltage
measurement. This may be due to the gettering action of Al
clusters deposited on MWNT emitters.

[1]Y. Saito, K. Hata and T. Murata: Jpn. J. Appl. Phys. 39, L271 (2000). .

[2] K. Hata, A. Takakura and Y, Saito: Surface Sci. 490, 296-300 (2001).  Fig. 2. Cubo-octahedron
of an Alyg cluster
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Porphyrin-Modified Single-Walled Carbon Nanotubes for
Photoelectrochemical Devices
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In recent years, carbon nanomaterials including fullerenes and single-walled carbon
nanotubes (SWNTs) have extensively been applied to photovoltaic and photoelectrochemical
devices. While fullerenes are moderately soluble in organic solvents, SWNTs form bundle
structures, resulting in poor dispersibility in organic solvents due to their strong m—m
interaction between the individual SWNTs. In this study, photoactive molecules (i.e.,
porphyrin) have been tethered to SWNTSs to increase the dispersibility in organic solvents and
then the composites have been deposited electrophoretically onto semiconductor electrodes to
construct photoelectrochemical devices.

Sequential covalent modification
of SWNTs with bulky porphyrin Scheme 1
units was carried out to disentangle
large bundles of SWNTs as shown
in Scheme 1.' The electropho-
retically  deposited films  of
NT-H,P and H.P-NT-H,P on
nanostructured SnQO, electrodes
exhibited  incident  photon-to-
photocurrent efficiencies (IPCEs)
as high as 4.0 % and 49 %,
respectively, under an applied "y
potential of 0.08 V vs SCE, while )

. HoP-NT-H,P
the maximum IPCEs of NT-CO,H e
Reagents and conditions: 1) 200 °C, air, 24 h, ii) conc. HCI,

and NT-ref were 2.3 % and 2.6 %.  sonication, 15 min, ii)) 2.6 M_HNO,, reflux, 24 h, iv) SOCL,
The more efficient photocurrent reflux, 24 h, v) n-CioHy NH,, 130 °C, 3 days, vi) H,P-NH,, DMF,

generation in the porphyrin-SWNT Iﬁgrozgve3lo%a§é, 3(\)/irir)linH2P—NH2, isoamyl nitrile, ODCB,

composite  devices can  be ’ ’ '

rationalized by the exfoliation abilities of the bulky porphyrins that yield more exfoliated
SWNTs in the deposited films, which was confirmed by AFM and TEM measurements. In
spite of efficient quenching of the porphyrin excited singlet state by the SWNTs in the
porphyrin-linked SWNTSs, the photocurrent action spectra revealed that the excitation of the
porphyrin moieties makes no contribution to the photocurrent generation. Direct electron
injection from the excited states of the SWNTS to the conduction band of the SnO, electrode
is responsible for the photocurrent generation. This is the first example of
photoelectrochemical devices in which porphyrins are covalently linked to SWNTs.

[1] T. Umeyama, M. Fujita, N. Tezuka, N. Kadota, Y. Matano, K. Yoshida, S. Isoda and H. Imahori, J. Phys.
Chem. C, in press.
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Carbon Nanotube Networks
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Single-wall carbon nanotubes (SWNTs) show great promise as a gas sensing material
because of their extremely small size and large surface area (per unit volume). Accordingly, to
maximize their gas sensing ability, it is essential to prepare a finely dispersed SWNT network
down to a nanometer-scale. Following this line and extending our previous work of
cellulose-derivative aided dispersion and thin 5 107
film fabrication of SWNT [1], we have NO
developed an ultra-sensitive gas sensor. 50ppb 2

SWNTs finely dispersed in an aqueous
solution of a cellulose derivative were spin
coated on a quartz substrate, followed by matrix
removal by burning in vacuum, realizing well ol__«—> 20min
exposed and mostly individualized SWNT Time
networks. A sensor was completed by vacuum  Fig.1 Electrical response to 25ppb and 50ppb NO».
depositing a pair of interdigitated gold
electrodes (100um gap) on top of the SWNT network.

The sensor demonstrated a sizable increase in current
upon exposure to 25ppb NO; (Fig. 1) or even lower; this
is one of the most sensitive NO, detection ever reported
for pristine (non-functionalized) SWNTs. UV-induced
photodesorption was used to recover the baseline. As is
generally accepted, the current increase results from hole
doping by NO,, reflecting the p-type nature of
oxygen-doped SWNTs. When exposed to Sppm NH3, on
the other hand, a considerable reduction in current was
observed, attributable to carrier compensation by
electron donation from NHj3 to p-doped SWNTs.

These charge transfer processes were further studied
by investigating the effect of gas exposure on absorption
and photoluminescence (PL). We found that upon
exposure to NO,, PL from an SWNT network derived
from the Sy; optical transition considerably decreased, 070 075 080 0.85 090
while it increased upon exposure to NH; (Fig. 2). Indeed,
this is the first demonstration of optical gas sensing with
SWNT, and the trend of the PL change is fully consistent ~ exposure (100ppmNO2 & 30ppmNH3).
with the charge transfer mechanism mentioned above.

[1] N. Minami ef al., Appl. Phys. Lett. 88, 093123 (2006).
Corresponding Author: Nobutsugu Minami

TEL: +81-29-861-9385, FAX: +81-29-861-6309, E-mail: n.minami@aist.go.jp
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Fig.2 PL change induced by gas
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Super-Growth Single-Walled Carbon Nanotube Electrochemical Capacitors
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With the advent of global warming and its ever present impact, zero-emission
renewable energy sources and conversion devices have garnered much attention within the
scientific community and beyond. One promising source of compact energy storage devices 1s
the electrochemical capacitor, also called supercapacitor. Able to simultaneously deliver
high energy density and high power density, supercapacitors operate on the principle of
double layer charging; therefore, a potential electrode material is based on its accessible
specific surface area, electronic conductivity, chemical stability and operating voltage range.

It is thought that SWNTSs, due to their crystallinity (i.e. high electrical conductivity)
and high surface area possess the potential for becoming next-generation electrode material.
Super-growth SWNT (SGT) forests have shown the highest reported specific surface area for
CNT material [1]. Here we report the performance of electrochemical capacitors based on
super-growth forests, and showcase their potential to exceed performance of other types of
supercapacitors.

[1] D. N. Futaba, K. Hata, T. Yamada, T. Hiraoka, Y. Hayamizu, Y. Kakudate, O. Yanaike, H. Hatori, M. Yumura
and S. lijima, Nat. Mater., 5 (12), 987 (2006)
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3-9

Ink-jet Printing of Carbon Nanotube Film Transistors
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Fundamental studies of charge transport through individual single-walled carbon
nanotubes (SWNTs) reveal remarkable room-temperature properties, including mobilities
more than ten times larger than that of silicon, current-carrying capacities as high as 10°
Acm and ideal subthreshold characteristics in single-tube transistors. The implications of
these behavior could be significant for many applications in electronics, optoelectronics,
sensing and other areas. Devices that use single SWNTs as functional elements might not,
however, form a realistic basis for these technologies, due to part to their low current outputs
and small active areas. More importantly, integration of single SWNT devices into scalable
integrated circuits requires a solution to the very difficult problem of synthesizing and
accurately positioning large numbers of individual, electrical homogeneous tubes.

Currently, researchers are developing thin-film transistors (TFTs) using various organic
semiconductors in order to construct electronics on polymeric materials for such
“macroelectronic” applications as lightweight flexible display, inexpensive radio frequency
identification, etc., whereby the performance merit is not driven by Moore’s law scaling as in
conventional microelectronics but is instead determined by the low-cost per unit area and the
compatibility with large-area, non-crystallines substrates. We recently proposed an alternative
semiconducting material for such applications that consists of a two-dimensional random
network of solution-processed SWNTs and have reported high-performance SWNT TFTs on
inflexible Si substrates [1] and on flexible plastic substrates [2]. One of the main
technological attractions for solution-processed SWNT TFTs is that an TFT can be deposited
and patterned at low/room temperature by a combination of low-cost solution-processing and
direct-write printing, which makes them ideally suitable for realization of low-cost, large-area
electronic functions on flexible substrates. Here we applied inkjet printing to the fabrication
process of SWNT TFTs. Transistors have been successfully fabricated via inkjet printing with
high reproducibility. The detail of fabrication process and device performance will be
presented at the meeting.

This study was supported by Industrial Technology Research Grant Program in 2006
from New Energy and Industrial Technology Development Organization (NEDO) of Japan.

[1] M. Shiraishi, T. Takenobu, T. Iwai, Y. Iwasa, H. Kataura and M. Ata, Chem. Phys. Lett., 394, 110 (2004).
[2] T. Takenobu, T. Takahashi, T. Kanbara, K. Tsukagoshi, Y. Aoyagi and Y. Iwasa, Appl. Phys. Lett., 88, 33511
(2006).
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Formation of Water-Dispersible Nanotubular Graphitic Assembly
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Recently, we have reported that Gemini-shaped hexa-peri-hexabenzocoronene (HBC)
amphiphiles self-assemble to form z-electronic, discrete nanotubular objects [1]. Due to the
well-defined one-dimensionality, the nanotubues are attractive in view of electronic and
optoelectronic materials. By taking advantage of this study an isothiouronium ion-appended
HBC amphiphile 1 is newly synthesized (Fig. 1). Incorporation of the ionic functionality as
a pendant allows the resultant nanotube to disperse in water owing to effective hydration as
well as electrostatic repulsion (Fig. 2).  Furthermore, we also succeeded in post
supramolecular functionalization of the nanotube surface with oxoanion guests [2].

HBC 1 is the first examples of ionically
charged Gemini-shaped HBC amphiphile.
After many attempts, we found that 1 can
self-assemble specifically in CH,Cl; to form
nanotubular objects. Although compound 1
was insoluble in water even under boiling
conditions, tubularly assembled 1 was finely
dispersed in water at room temperature. For HBC 1
examp le’ a CH2C12 suspension Of the Fig. 1. Molecular structure of isothiouronium ion-appended
nanotubes (1 mL, 1 mg/ mL) was Centrlfuged hexa-peri-hexabenzocoronene (HBC) 1.
at 25 °C, and the resulting solid substance was
subjected to immersion in MeCN (2 mL)
followed by centrifugation. After repeating

e
this washing treatment, deionized water (2 N S a
mL) was added to the residue, whereupon a N0

yellow-colored, transparent solution resulted.
TEM and SEM microscopy of an air-dried
aqueous dispersion clearly displayed that the
individual nanotubes are well separated from  Fig. 2. (a) Schematic structure of a graphitic nanotube from 1.
each other. Making use of a speciﬁc (b) Possit?le binding stru.ct-ure of the .isothiouronium ion
interaction of the isothiouronium pendants ~peiea® wio Sess Somtnng an exoanion group through a
with oxoanionic species, we demonstrated

post surface functionalization of the uniformly dispersed nanotubes in water. While
excitation of the nanotubes in water/MeCN (1:1 v/v) at 427 nm resulted in a fluorescence
emission at 526 nm with a shoulder at 562 nm, upon titration with sodium
anthraquinone-2-carboxylate (SAQ), the fluorescence stepwise decreased in intensity. The
Stern——Volmer constant (Ksv) for the fluorescence quenching was determined to be 3.3 x 10°
M from the initial fluorescence intensity change at 526 nm. The flurescence quenching is
obviously due to a long-range photoinduced electron transfer from the HBC units in the
graphitic tubular wall to surface-bound SAQ molecules.

[11J. P. Hill, W. Jin, A. Kosaka, T. Fukushima, H. Ichihara, T. Shimomura, K. Ito, T. Hashizume, N. Ishii and T.
Aida, Science 304, 1481 (2004).

[2] G. Zhang, W. Jin, T. Fukushima, A. Kosaka, N. Ishii and T. Aida, J. Am. Chem. Soc., 129, 719 (2007).
Corresponding Author: Wusong Jin
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Structure of Vertically Aligned Carbon Nanofibers Containing Conical
Cavity Array: One-dimensional Array of Graphitic Cones

O Akira Koshio, Yuta Tango, Takayuki Yamasaki, Kentaro Suzuki, and Fumio Kokai

Division of Chemistry for Materials, Graduate School of Engineering, Mie University,
1577 Kurimamachiya-cho, Tsu, Mie 514-8507, Japan

Catalytic chemical vapor deposition (CVD) has been extensively investigated as a
promising method for growing carbon nanofibers (CNFs). It is well known that various
types of CNFs can be formed by controlling the growth conditions, such as metal catalysts
and reactant gases. We have previously reported that CNFs having an array of conical
cavities that are 300-800 nm long were formed by alcohol CVD using indium tin oxide
(ITO) and Fe as the metal catalysts (Fig. 1(a))[1]. We named these CNFs “conical-cavity
CNFs (CC-CNFs)” because they have a unique structure containing conical cavities in a
one-dimensional array at uniform intervals. In this study we inspected the structure of
CC-CNFs using electron microscopies. We found that the conical cavities in CC-CNFs
consisted of a one-dimensional array of graphitic cones confined by disclination defects in
the hexagonal graphitic network.

Figure 1(b) shows a typical TEM image of one of the conical cavities in CC-CNF. The
TEM observation revealed
that the CC-CNF had two
graphitic structures, which
were parallel to the fiber
axis (Fig. 1(c)) and the
wall of the conical cavity
(Fig. 1(d)). The graphitic
structures correspond to ] | : :
multi-wall carbon Fig. 1 TEM 1mageg (L)“f?;)wéC—CNst, (b) one conical cavity, () outr
nanotubes and graphitic  graphitic structure shown in (b), and (d) inner graphitic structure
cones [2], respectively. We ~ shown in (b).
observed a few limited
angles by deducing them
from the projected
dimensions of the tilted
conical cavity. This means
that the conical cavity is
confined to seven possible
cone structures by the total i 5T W, BT Al = i
disclination (TD) of the Fig. 2 Examples of conical cavities corresponding to graphitic cones.
graphitic network decided The tip angles of the conical cavities indicate 6 = 60° and 6 = 38.9° in

(a) and (b), respectively. Image (c) shows the hollow MWNTs
corresponding to the tip angle 6 =0°.

by the number of pentagons

(P) in the tip (Fig. 2).

References: [1] A. Koshio et al., The 31°' Fullerene-Nanotube General Symposium, 1-18.
[2] A. Krishnan et al., Nature, 388, 451(1997).
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Novel Magnetic Field Effects and Time-Resolved EPR Spectra of Biradicals
from Photoinduced Intramolecular Electron Transfer Reactions in
Phenotiazine-Cg Linked Compounds

oHiroaki Yonemura', Shinya Moribe', Yuya Wakita!, Sunao Yamada'”,
Yoshihisa Fujiwara®, and Yoshifumi Tanimoto®

'Department of Applied Chemistry, Kyushu University, Fukuoka 819-0395, Japan
*Center for Future Creation, Kyushu University, Fukuoka 819-0395, Japan
*Department of Mathematical and Life Sciences, Hiroshima University, Higashi-Hiroshima
739-8526, Japan

We examined photoinduced electron-transfer reactions and magnetic field effects
(MFEs) on the photogenerated biradicals in phenothiazine(Ph)-Cey linked compounds,
Ph(n)Csp (n=6,8,10,12), where photoinduced intramolecluar electron-transfer reactions occur
from Ph to the excited triplet state of Cgg in benzonitrile [1]. We also investigated a system of
porphyrin-Cep linked compounds (ZnP(n)Cg (n=4,8)) [2] and have found the novel MFEs in
both the Ph(n)Cg and ZnP(n)Csp systems.

In the study, we have examined the effects of temperature, solvent, and a salt on the
dynamics of the biradical of Ph(n)Cg(n=4-12,BP) (Fig. 1) in benzonitrile [3] and THF at
various magnetic fields (0-14 T) and temperatures (283-343K) to verify the mechanism of the
novel MFEs.

Transient absorption spectra indicated that
triplet biradicals were generated by intramolecular
electron-transfer reactions from the Ph to triplet
excited state of Cgg.

The reverse MFE, that the lifetime of the
biradical increases first and then decreases with
increasing magnetic field, was clearly observed at
low magnetic fields (0.1~0.2 T) in Ph(n)Cg
(n=4-12,BP). The MFEs were drastically changed by
temperature, solvent, a salt, and a spacer.

The present MFEs can be explained by the Ph(n)Cg(n=4,6,8,10,12)
contribution of not only spin-lattice relaxation Q
mechanism but also spin-spin relaxation mechanism _
related to exchange ilﬁeracl‘zion of the biradical. The CHZCHZ N3
time-resolved EPR spectra in Ph(n)Cgo(n=4-12) are Ph(BP)Cyg
assigned to spin-correlated radical pairs. The
time-resolved EPR spectra also support the
mechanism suggested in MFEs. Ph-Cq linked compounds

Fig. 1. Molecular structures of

[1] S. Moribe, H. Yonemura, and S. Yamada, C. R. Chimie, 9, 247 (2006).

[2] H.Yonemura, S. Harada, S. Moribe, S. Yamada, H. Nakamura, Y. Fujiwara, and Y. Tanimoto, Mol. Phys., 104,
1559 (2006).

[3] S. Moribe, H. Yonemura, and S. Yamada, Chem. Phys., 334, 242 (2007).
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Kinetic Study on Antioxidant Activity of Water-soluble [60]Fullerene and
[60]Fullerene Epoxide by #Carotene Bleaching Assay

OKen Kokubo', Tadashi Goto', Kyoko Togaya', Hisae Aoshima® and Takumi Oshima'

' Division of Applied Chemistry, Graduate School of Engineering, Osaka University
Suita, Osaka 565-0871, Japan
*Vitamin C60 BioResearch Corporation, 1-8-7, Kyobashi, Chuo-ku, Tokyo 104-0031, Japan

Water-soluble fullerenes have been found to behave as potent reactive oxygen species
(ROS)-scavengers in cell cultures and can protect human skin keratinocytes from UV
irradiation and oxidative damage by ferz-butyl hydroperoxide [1,2]. Despite numerous studies
on the radical scavenging activity of water-soluble fullerenes, little is known about the
comparative assay of fullerenes versus carotenoids, which are known to behave as a radical
scavenging type antioxidant. Recently, we evaluated the antioxidant activity of
unfunctionalized water-soluble fullerenes, such as y~cyclodextrin (CD)-bicapped [60]fullerene
and polyvinylpyrrolidone (PVP)-entrapped [60]fullerene, by f-carotene bleaching assay and
found a significant inhibitory effect of these water-soluble fullerenes on the oxidative
discoloration of f-carotene induced by coupled autoxidation of linoleic acid [3]. In the present
study, we investigated the antioxidant activity of water-soluble [60]fullerene epoxides as well
as other fullerenes in a wide range of concentrations. We found that the »CD-bicapped
[60]fullerene monoepoxide showed slightly higher antioxidant activity (%AOA) than that of
y~CD-bicapped [60]fullerene with the relative rate constant k. of 1.30 at 50°C.

\\\\\\\\\\\

fBCarotene

}’"CD/Ceoo PVP/CS()O

[1] L. Xiao, H. Takada, K. Maeda, M. Haramoto and N. Miwa, Biomed. Pharmacother. 2005, 59, 351-358.
[2] L. Xiao, H. Takada, X. H. Gan and N. Miwa, Bioorg. Med. Chem. Lett. 2006, 16, 1590-1595.
[3] H. Takada, K. Kokubo, K. Matsubayashi and T. Oshima, Biosci. Biotechnol. Biochem. 2006, 70, 3088-3093.
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Kinetic Control of Interfacial Energy in Carbon/Epoxy Composites
by using Fullerenes

.. 1.2 . . . 1 . 1
Yusuke Tajima'*, oDaisuke Yamazaki'”, Takanori Matsuura', Youhei Numata
. . . . 1.3
Hiroaki Kawamura1’3, Hiroki Osedo™

]Nano-lntegration Materials Research Unit, RIKEN, Wako 351-0198
2Department of Chemical Engineering, Saitama University, Saitama 338-8570
3Toray Industries Inc., New Frontiers Research Laboratories, Kamakura 248-8555.

Composite materials consist of carbon and matrix resins (ca. epoxy resins) are widely used in
transport and architecture industries. The interfacial condition of carbon/matrix has received
much attention recently, as it is generally accepted that this region can influence the properties
of composites strongly. Control of carbon surface energy is one of the ways to improve the
interfacial adhesion between carbon and matrix resins. In this study, we tried to control the
surface free energy of carbon by fullerenes coating. We also investigated the reinforcement
effect of fullerenes for flexural modulus of epoxy resins.

The surface free energies ( 7% 775 »"s rs) of carbon wafers applied with or without
fullerenes were assessed by contact angles of standard test liquids (water, glycerin,
ethyleneglycole, etc. ) using the expanded Fowkes method [1]. Adhesion work between carbon
wafers and epoxy resins (W) was determined by the liquid surface tension of epoxy resins and
the contact angles of epoxy resins on carbon wafers using the Young-Dupré equation. As shown
in Table 1, sand W varied depending upon the structures of fullerenes. The relation between
weight ratio of fullerenes and flexural modulus for epoxy resins seems not to obey theoretical

curve derived from rule of mixture.
/C16H33 (?16H33

Ceo BDCP BDTL DOPE
Table 1 pgand W of carbon wafers applied with or without fullerenes [mN/m]
Fullerenes 745 7P 7" ¥s w

Non 435 0.2 0.1 43.8 90.1

Ceo 41.8 0.3 0.1 422 90.6
PCBM 41.5 43 0.0 45.8 92.0
DOPE 345 15.5 0.7 50.7 92.4
BDTL 41.9 0.6 0.5 43.0 90.1
BDCP 38.1 0.1 0.6 38.8 75.2

[1]T. Hata, Y. Kitazaki, .J. Adhesion, 1972, 8, 131
Corresponding author: Yusuke Tajima
Tel: +81-48-467-9309, Fax: +81-48-462-4702, E-mail: tajima@riken jp
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Temperature Dependence of Conductivity of Crystalline Ceoand Cro

Pellets

OGou Kawano', Tsuyoshi Takakura', Tsuyoshi Takase? Hidetsugu Nakamura'and Yong Sun'

'Department of Applied Science for Integrated System Engineering, Graduate school of

Engineering, Kyushu Institute of Technology, 1-1 Sensui, Tobata, Kitakyushu, Fukuoka 804-8550,

Japan

2Faculty of Modern Communication, Baiko Gakuin University, 1-1-1 Koyocho Shimonoseki,
Yamaguchi 750-8511, Japan

Using the samples produced in pellet form, the conductivity of crystalline Cg and Cyo

fullerenes was measured. The conductivity of Cg sample is shown in Fig.1 as a function of

temperature. The conductivity depends on temperature process of the sample, and is almost

constant at temperatures below 300K.

At temperatures above 300K, the
conductivity rapidly decreases with
increasing temperature. Moreover, a
hysteresis on the conductivity is
observed in the temperature region
from 410K to 480K during upping and
downing the temperature. Thermal
activation energies of about 0.6 and
0.7eV on the conductivity are
obtained in the temperature regions
of 300-410K and above 480K,
respectively. X-ray diffraction showed
that the crystalline Cgo sample has fcc
lattice structure at room temperature.
Based on the above results, we
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Fig.1 Conductivity of crystaliine Cg, sample as a function

of temperature

believe that there are three crystal phases, sc phase below 300K, fcc1 phase between

300-410K, and fcc2 phase above 480K. Here, lattice constant of fcc2 phase should be larger

than that of fcc1 phase. The temperature dependence of the conductivity below 300K is

related to a disordered orientation of Cgo molecule in sc lattice, and the hysteresis between
410K and 480K may be due to the phase transition between fcc1 and fcc2.

Reference: BRAH. BEEIF/\: 75—LoDt2EPE (BHBRZHRE. 1997).
TEL/FAX: 81-93-884-3564.  E-mail: g348913g@tobata.isc.kyutech.ac.jp
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Iridium(III) Porphyrin Cyclic Dimer as a Bond-Forming Host for

Fullerenes

oMakoto Yanagisawa, Kentaro Tashiro, Takuzo Aida
Department of Chemistry and Biotechnology, School of Engineering, The University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656

Design of host molecules having bond-forming cpart
capability with fullerenes is interesting in that the
structures as well as chemical/physical properties of the

carbon cages can be modified through host/guest

chemistry. Here we report that a cyclic dimer of
methyliridium  porphyrin (1; Chart) displays an
extraordinary affinity toward fullerenes, as the result of a

bond-forming host-guest interaction [1]. Because of the

binding of two iridium centers to the opposite sides of

1: M=1Ir, R' = Hex, R = Me
included Cg, the fullerene deforms from a spherical 2: M=Zn,R'=R2=Et

shape to an oval shape upon inclusion.

From spectroscopic titrations, the association constant Kuesoc between 1 and Cgo in
benzene was estimated at 10’ M, which is one of the largest values among those for any
host-guest complexation events reported. In order to investigate the origin of such an
extraordinary affinity of 1 toward Cso, we conducted an X-ray crystallographic study on the
inclusion complex 12C¢. Two iridium centers in 1 bind to the opposite ends of the Cgo
frame, where each of the iridium atoms coordinates in an #* fashion to a 6:6 ring-juncture
C—C bond of Cgp. The coordinated C—C bonds are definitely longer than a C—C bond at a
6:6 ring but shorter than that at a 5:6 fusion in uncomplexed Csp. Bound Ceo exhibits a
marked elongation along the Ir---Ir axis, thereby adopting an oval shape. In sharp contrast to
1DCsp, an analogous inclusion complex of Cgo with a zinc porphyrin cyclic dimer (22Ceo;
Chart 1) displays neither such bond-forming signatures nor detectable distortions of included
Ceo [2-5].

[1] M. Yanagisawa et al., submitted.

[2] K. Tashiro et al., J. Am. Chem. Soc., 121, 9477 (1999).
[31J.-Y. Zheng et al., Angew. Chem. Int. Ed., 40, 1857 (2001).
[4] H. Sato et al., J. Am. Chem. Soc., 127, 13086 (2005).

{5] K. Tashiro and T. Aida, Chem. Soc. Rev., 36, 189 (2007).

Corresponding Authors: Takuzo Aida and Kentaro Tashiro
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Control of Selectivity in Addition—Cyclization of Chloramine-T to Cg

oRyoji Tsuruoka', Satoshi Minakata', and Mitsuo Komatsu®

]Departmenl of Applied Chemistry, Graduate School of Engineering, Osaka University,
Suita, Osaka 565-0871, Japan
? Anan National College of Technology, Anan, Tokushima 774-0017, Japan

The development of a facile and basic method for functionalization of Cey is still an
important challenge because of recent demand of carbon nanomaterials. The known
procedures so far for the functionalization have just employed conventional transformation of
electron-deficient olefins. Among these methods, introduction of N; unit to Cg leading to
azafulleroids and aziridinofullerenes is limited to use of azides with need for careful
treatment.! We have already reported in this symposium that Cgp was directly converted to
an aziridinofullerene with Chloramine-T in the presence of phase-transfer catalyst. Here we
found that azafulleroid, which is an isomer of aziridinofullerene, was produced by addition of
MS4A to the above reaction system. The investigation of the reaction conditions could
successfully control the selective formation of aziridinofullerene and azafulleroid.

N-Ts

Q = quaternary amine

In addition, to confirm the reaction pathway, isolated aziridinofullerene was treated
with MS4A under the thermal conditions, but the reaction did not proceed at all. On the
other hand, when the aziridinofullerene and chloramine-T were heated in toluene in the
presence of MS4A, the azafulleroid was produced. These results indicate that the
aziridinofullerene was rearranged to azafulleroid by the combination of MS4A and
chloramine-T.

MS4A

// no reaction
toluene, 110 °C,5h
Cly
® N—Ts
Q © * MS4A

toluene, 110 °C, 10 min

[1] M. Prato, Q. C. Li, F. Wudl, and V. Lucchini, J. Am. Chem. Soc. 115, 1148 (1993).
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Efficient synthesis of fullerenols by mechanochemical
reaction of Cg with HO under O, atmosphere

OYuichi Ishiyama, Hiroto Watanabe, Mamoru Senna

Faculty of Science and Technology, Keio University
3-14-1 Hiyoshi Kohoku-ku, Yokohama, 223-8522, Japan

Fullerenols have attracted much interest in industrial chemistry and biochemistry. They
are known to be free-radical scavengers or water-soluble antioxidant in biological systems.
Hydroxylation of fullerene has been performed in not only liquid phase with toxic organic
solvents [1], but also under solvent-free conditions using high-speed vibration mill (HSVM)
techniques [2]. While HSVM methods do not need any solvents, then take a lot of trouble
with eliminating metallic salts remaining in reaction products. Therefore, we developed a
more efficient synthesis method of fullerenols, without any catalyst.

We recently demonstrated a solid-state oxidation of fullerene under mechanical stressing
by ambient gaseous oxygen [3]. Major products were polymerized fullerene epoxides (CgoO)y.
We supposed the polymerization of epoxides to have initiated by oxygen radical generated
during destruction of unstable epoxy rings on a fullerene cage [4]. We further assumed that
the trapping of those radicals by water results in introduction of hydroxyl groups on fullerene,
and inhibition of further polymerizations at the same time (Scheme 1).

We here examine generation of fullerenols during mechanochemical reaction of fullerene
with H,O under O, atmosphere, without adding any catalyst and toxic reagents. We milled
crystallite Cgo with water under O, atmosphere, using vibration mill with a single milling ball
(Fritsch, Pulversitte 0). Obtained products showed water solubility. From the IR spectra, we
observed the peak assigned to hydroxyl groups, and it is totally different from those of
polymerized fullerene epoxides.

Mechanical H,0

SN
) g\ OH Fullerenols
O =,cu0m),

o

Poly fllerene epoxides
Scheme 1 Hydroxylation of fullerene
Finally, we developed a very simple and clean synthetic method of fullerenols, by only
using O, and H,O. Therefore, this method will be wide spread to many industrial applications
in fullerene chemistry.

References:

[1]Long Y.Chiang, J.B.Bhonsle, Leeyih Wang, S.F.Shu, TM.Chang, and Jih Ru Hwu, Tetrahedron Lett., 1996,
52, 4963-4972

[2] Pu Zhang, Hualong Pan, Dongfang Liu, Zhi-Xin Guo, Fushi Zhang, and Daoben Zhu, Synth. Commun.,
2003, 33, 2469-2474

[3] Watanabe H, et al., Abstracts of The 30" Fullerene-Nanotubes general symposium, p.152, 2006

[4] Watanabe H, ef al., Abstracts of The 32™ Fullerene-Nanotubes general symposium, p.120, 2007
Corresponding Author: Mamoru Senna Tel: +81-045-566-1569; fax: +81-045-564-0950; E-mail
senna@apple.keio.ac.jp
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NMR Studies of Molecular Hydrogen Encapsulated in Dianions of
Fullerene Cg and Open-Cage Cg Derivatives
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We have already reported that a hydrogen molecule encapsulated in
fullerene Cg cage can be used as a sensitive NMR probe for chemical
functionalization at the exterior of the fullerene cage [1]. The NMR signals of
H> inside Cg or its derivatives were observed in high-field region (6 < -1.4
ppm) because of strong shielding effect of the fullerene cage. In this study,
we carried out two-electron reduction of Cgy and open-cage Ceo derivatives
encapsulating H, and examined the 'H NMR chemical shifts of inside H,.

Dianion of open-cage fullerene derivative 1 having a
13-membered-ring orifice encapsulating hydrogen (H.@1) was successfully generated within
one hour by treating with CH3SNa in acetonitrile-d5 under vacuum. '"H NMR spectrum of
the resulting brown solution showed a signal for the encapsulated hydrogen at & 8.13 ppm, -
which was downfield shifted by ca. 15 ppm as compared to that of neutral Hy@1 (8 7.25 ppm
in 1,2-dichlorobenzene-d;). More drastic downfield shift was observed when the pristine Cg
encapsulating H, (H,@Cgo) acquired two electrons. An NMR spectrum of dianion of
Ho@Ceo, which was generated in the same way as that of Hy@1, exhibited a signal for
encapsulated H, at such a downfield as
026.36 ppm in acetonitrile-d; as shown in i
Figure 1.  These large downfield shifts of \
H, signals upon two-electron reduction 5 26.36 ppm 1‘
indicated significant decrease of overall |
aromaticity of the fullerene n-conjugated M

systems and were interpreted based on the |
GIAO and NICS calculations. We will also H—————— ——

discuss NMR  chemical ~shifts for H, 3% 32 30 28 26 24 22 20 obpm
encapsulated in dianion of open-cage Ceo Figure 1. ' H NMR spectrum of dianion of Hy@Cgy
derivatives with different orifice sizes. in acetonitrile-ds.

[1] M. Murata, Y. Murata and K. Komatsu, J. Am. Chem. Soc. 128, 8024 (2006).
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Highly soluble fullerene derivatives
and their production process development

oMasahiko HASHIGUCHLI, Eiji DEJIMA, Tomomi YANO, Katsutomo TANAKA
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MCC-Group, Kurosaki, Yahatanishi-ku Kitakyushu-shi 806-0004 Fukuoka, Japan

Recently the fullerene application development as the real industrial materials, has been
progressed in many variety of the product are as such as the energy devices or the
cosmetics. Though Cgy, the most popular fullerene molecular, can be dissolved, the
customers require the more solubility. By adding some functions using the chemical
modification, the very high solubility can be attained for many kinds of the solvents. For
example, PCBM families (refer to the following figures), it is found that the solubility has
been dramatically changed by the different types of ester structure added to Cg. These
types of molecular are now studied as the electron acceptor of the organic thin film photo
voltaic cell all over the world[1,2].

PCBM PCBNB PCBIB

Frontier Carbon Corporation (FCC) has been developing the fullerene derivatives and the
production process with Mitsubishi Chemical Science and Technology Research Center, and
can supply the various fullerene derivatives which solubility is suitable for many industrial
applications with the reasonable prices and the reliable qualities. In this poster some of the
fullerene derivatives are introduced with some property data, as well as the FCC fullerene
derivative development activity.

[11G Yuetal., Science, 270, 1789 (1995).
[2] L. Zheng et al., J. Phys. Chem. B, 108, 11921 (2004).
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TEL: +81-93-643-4400, FAX: +81-93-643-4401, E-mail: 6206530@f-carbon.com



1P-10

Synthesis of Various Amino-Functionalized [60]Fullerene Derivative via Nitrofullerene

Intermediate
(OMasaru Sekido, Masatomi Ohno

Department of Advanced Science and Technology, Toyota Technological Institute
2-12-1 Hisakata, Tempaku, Nagoya 468-8511, Japan

We have developed the effective methods to prepare the nitrofullerene intermediate” and
its application to synthesize hydrophilic fullerene derivatives, such as hydroxyfullerene
derivatives. Aiming at the further application of the nitrofullerene intermediate, various amino
functional groups were introduced to give aminofullerene derivatives. Typically nitrofullerene
intermediate was prepared by the reaction of Cg with HNO; (fuming) at room temperature
without using any solvents to give the nitrofullerene intermediate as an orange crystal. Then
NH; was added to the THF solution of this nitrofullerene intermediate to give the

amino-fullerene derivative, which was soluble in water.

Hydrophilic

By using the similar methods various amino groups were introduced to give hydrophilic
and lipophilic fullerene derivatives. For example, amino acid, such as L-glutamic acid, was
introduced to give the corresponding hydrophilic fullerene derivatives, which may have
mteresting biological activity. Synthesis of the fullerene-knot network by using

1,4-diaminobutane was also attempted to obtain a fullerene-based material.

References: V. Anantharaj, J. Bhonsle, T. Canteenwala, and L. Y. Chiang, J. Chem. Soc., Perkin Trans. 1, 1999,
31-36.
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Ultraviolet Photoelectron Spectroscopy of Lu-encapsulated Metallofullerenes

oTakafumi Miyazaki', Masayuki Kato®, Konosuke Furukawa®, Ryohei Sumii**, Hisashi
Umemoto’, Toshiya Okimoto’, Toshiki Sugai’, Hisanori Shinohara®, Shojun Hino',

" Graduate School of Science & Technology, Ehime University
? Graduate School of Science & Technology, Chiba University
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The valence band electronic structure of Cg endohedral fullerenes containing Lu
atom(s) was studied by ultraviolet photoelectron spectroscopy.

Figure 1 shows the ultraviolet photoelectron spectra (UPS) of Lu-encapsulated Cs;
obtained by hv=40eV irradiation. Their spectral onsets are 1.1 eV (Cg), 0.23 eV (Lu@Csx(I)),
0.60 eV (Lu,@Cg(I1)), 0.87 eV (Lux@Cs(I11)), 0.61 eV (LuC:@Cs2(II)) and 0.80 eV
LuCo@(I11)). A large difference is observed in

the structures between 0 — 4 eV. However,
similarity is observed in the UPS of

Lu,@Cs(11) and Lu,Co@Ci2(IT), and in those of
Lux@Csx(I1I) and LuyCo@Csx(111). Luy@Cso(I1)
and Lu;C,@Cg(I1) have the same C,, cage
structure and Lu,@Cs(I11) and Lu,C,@(III) f
have the same Cs;,.. It seems that the cage
structure dominates the electronic structure \/I.\\/\N\ €

derived from n-electrons.

Their spectral structures between 5~9eV
are almost analogous, which suggests that the
electronic structure of skeletal c-bonds are
almost the same. It should be noted that there

] b
are two structures at around 9.5eVand 11.0 eV, \;'\I\
which are not observed in the UPS of other o .‘ﬁ a
fullerenes. These two structures are attributed 1210 8 6 4 2 0
Binding Energy / eV

to Lu 4felectrons.
Figure 1 UPS of Lu-encapsulated Cg: (a) Ce,

Corresponding Author : S. Hino, E-mail : hino @ eng. (b)) Lu@Ca(D), (¢) Lu;@Ca(1I), (d) Lu,@Cx(1I0),

ehime-u.ac.jp, phone : 089-927-9924 (e) Lu,C,@Cg(Il), and (f) Lu,C,@(ID.
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ESR Spectra of Bingel Mono-adducts of Gd@Cs;

OMakoto Kanazumi”, Yuji Takematsu D Takatsugu Wakahara D Takahiro Tsuchiya D
Ko Furukawa ?, Takeshi Akasaka ”, Tatsuhisa Kato”*

" Department of Chemistry, Josai University, Sakado 350-0295, Japan, D Center for
Tsukuba Advanced Research Alliance, University of Tsukuba, Ibaraki 305-8577, Japan,
D mstitute for Molecular Science, Okazaki 444-85835, Japan,

Two kinds of Bingel mono-adducts of Gd@Cs, exhibited a sharp contrast on ESR
spectra. The reaction of La@Csg, with diethyl bromomalonate in the presence of base
(the Bingel reaction) has generated five monoadducts" 2. The Tsukuba group of the
authors recently synthesized two mono-adducts of Gd@Cs, which were well purified,
mono-A and mono-E. ESR spectra of the adducts were obtained by using a high-field

(W-band) ESR spectrometer at low temperature in solution, which show a remarkable

1 1 contrast
4G j between
Gd@Cqg,-A adduct ’; mon-A  and
%1’! mon-E (Fig. 1).
BN g S g““‘ 3 | i : .
‘ ‘§ spectrum  of
' T I i . mon-A was
10 20 30 40x 10
Magntic Field / Gauss unambiguously
| | ! ! assigned to the
Gd@C,,-E adduct spin._state  of
S=7/2, and
’)&V‘ " mono-E to
31
| e L Pl v«fwm $=3.
|
I I | | I
0 19 20 30 40x10°
Magnetic Field / Gauss

Fig. 1

References: 1) L. Feng et al., J. Am. Chem. Soc., 127, 17136-17137 (2005). 2) L. Feng et al., Chem. Eur.
J., 12, 5578-5586 (2006).
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Characterization of Alkali Endohedral Fullerene:
The Aggregated Cluster Structure
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In 1996, Campbell et al. reported for the first time the synthesis of an alkali endohedral
fullerene Li@Cgo using ion implantation technique [1] and described its extraction and
purification [2]. They have investigated the properties of alkali endohedral fullerenes
extensively (thermal stability, electric conductivity, IR, Raman, ESR, etc.) [3]. However, the
structural characterization has not been achieved yet.

We have developed the mass production technique for Li@Cgo using the reaction of
empty Cgo with Li plasma and have examined its extraction with organic solvents and
characterization of the extracted product.

The LDI-TOF MS spectrum of the extracted sample shows a strong molecular ion peak
at m/z = 727 (Figure 1). The ICP analysis of Li revealed that the sample contains 0.05-0.07
wt% of Li. This result indicates that the Li@Cq molecules in the extracted sample
aggregate with empty Cgy molecules to form a cluster structure formulated as (Li@Ce0)(Ceo)x
(x =12 ~20). The particle size of the extracted sample, 3-7 nm in diameter, determined by
TEM (Transmission Electron Microscope)
and DLS (Dynamic Light Scattering) in

solution is consistent  with the | 100, ' ”/ m/z =127 (CeoLi)
above-mentioned cluster structure. 2 |
In this poster, we report the extraction | g ..
process for Li@Cs and analytical data for |2 | m/z =743 (CgLiO)
the extracted material. Its 'Li NMR and E Imz=1720 (Cp)
ESR spectra will also be discussed. E ‘ﬁ%
A i
0 e - 750

[1] Campbell et al., Nature, 382, 407 (6590). 710 730
mass/charge

[2] Campbell et al., Appl. Phys., A66, 293 (1998).
[3] (a) Campbell et al., Eur. Phys. J. D, 9, 345 (1999). Figure 1. A mass spectrum of the extracted product
(b) Campbell et al., J. Phys. Chem. B, 107, 11290

(2003). (c) Campbell et al., Solid State Communications, 133, 499 (2005).
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A Reversible Crystal Structural Transformation and Structural
Characterization of Pr@Cs, Metallofullerene.

Ryo Kitaura, Yutaka Kitamura, Eiji Nishibori, Shinobu Aoyagi, Makoto Sakata, Haruya

Okimoto, Hisanori Shinchara*.

Endohedral metallofullerenes have attracted much attention during the past decade
and added a new dimension to materials-directed physics and chemistry; properties and
applications of these materials range from magnetism, photoluminescence, transport
and mechanical properties, molecular switches, field effect transistors and drug
deliveries. 2 M@Cs2 (M = rare earth metal ions) is one of the most abundant
metallofullerenes, where water-soluble Gd@Csz is a promising candidate for MRI
contrast agents of next generation. Elucidation of molecular and packing structure of
these metallofullerenes is essential to understand their properties and promote further
applications.

Synchrotron X-ray powder diffraction (SXRD) followed by MEM/Rietveld analysis is
one of the most powerful techniques to determine the structure of novel
metallofullerenes. We have promoted systematic structural characterization of M@Csz
metallofullerenes using the SXRD-MEM/Rietveld method, and successfully determined
the structure of Eu, Gd, Ce, Dy and Er encapsulating M@Csz metallofullerenes. In this
presentation, we will focus on Pr@Cs: whose molecular and crystal structure is still
unknown.

Pr@Csz was synthesized by using arc-discharge and purified by high-performance
liquid chromatography. By controlling temperature and growing speed of the sample
preparation, we have prepared two crystals, one is monoclinic and the other is triclinic
crystal system. Both of crystal structures were successfully determined by the
MEM/Rietveld method. In the triclinic crystal, Pr@Csz molecules form 2-dimensional
array separated by layers of toluene molecules, whereas 3-dimensional packing of
Pr@Csz was formed in the monoclinic crystal. We also found that a reversible crystal
structural transformation from the monoclinic to triclinic structure occurs by exposing
Pr@Csz crystals to toluene vapors.

1. Kitaura, R. & Shinohara, H. Carbon-nanotube-based hybrid materials:
Nanopeapods. Chemistry-an Asian Journal 1, 646-655 (2006).

2. Shinohara, H. Endohedral metallofullerenes. Reports on Progress in Physics 63,
843-892 (2000).
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Metallic Phase in Magnesium Fullerides
(OSatoshi Heguri, Nozomu Kimata, Mototada Kobayashi
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University of Hyogo, Ako, Hyogo 678-1297, Japan

The divalent magnesium ion Mg®" has a small jonic radius. A large number of Mg®* will be
accommodated into fullerene lattice and it may be possible to control a doping level widely.
We have reported structural and physical properties of magnesium fullerides Mg,Cr [1,2].
The x-ray powder diffraction profile of magnesium saturated phase MgsCy is shown in Fig.1.
It can be assigned to a simple orthorhombic structure with a=1.684, b=1.462 and c¢=1.384nm.
The molar ratio x was determined by weight uptake measurement. Figure 2 shows the
temperature dependence of the spin susceptibility of the MgsCy derived from the intensity of
the ESR signal. The spin susceptibility was estimated to be 4.1 X 10 emu/mol at 300K. This
value is one order smaller than those of typical metallic fullerides. MgsCro was suggested to
be insulating.

We adopted thin film technique in order to reveal possible metallic phases. Evaporation
technique may improve the diffusivity of magnesium into fullerene lattice. Pristine Cyg film of
IOOnm thickness was deposited on a glass substrate at 423K under high vacuum of the order
of 10* Pa. Mg metal was deposited onto the film in the evaporation chamber afterward.
Electrical resistivity measurement was performed by four-probe method during the deposition.
The substrate was maintained at 473K throughout the Mg deposition process. The
composition x of Mg,Cy film was estimated from the thickness ratio of Mg to Cy. The
thickness was measured by using a quartz oscillator thickness monitor. Mg concentration
dependence of the electrical resistivity for Mg,Cr films, together with Mg,Csp, will be
discussed at the meeting.
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Fig.1. X-ray DOWe e>r(é f'hO’aCtm pro e for Mg.C,,. Fig.2. Temperature dependence of the spin

susceptibility for Mg;C,, derived from ESR intensity.

References: [1]S. Heguri et al., The 23™ Commemorative Fullerene & Nanotubes Symposium, 2p-84(2003).
[2] S. Heguri et al., The 25" Commemorative Fullerene& Nanotubes Symposium, 1P-34(2004).
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Superconductivity in sodium fullerides Na,Cegg
oNozomu Kimata, Satoshi Heguri, and Mototada Kobayashi
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University of Hyogo, Ako, Hyogo 678-1297, Japan

The structure and physical properties of sodium fullerides NayCsy are very interesting
because they are different from those of other alkali-doped Cgo. Since the Na' ion has a small
ionic radius, NayCg with large x value can be expected. Yildirim et al. reported the synthesis
of Nag 7Cg with an face-centered cubic(fcc) structure and suggested the Na-saturated phase to
be Na;;Ceo[1]. Superconductivity in Na,Csp has not yet been found. We report here the results
of structure and magnetic susceptibility and superconductivity for NayCeo.

Sodium doped fullerides were prepared from sublimed Cgy powder with 99.95% purity
(MTR Ltd.) and Na metal. The mixture of degassed Cg and Na metal was encapsulated into a
stainless steel tube and sealed into a Pyrex grass tube after evacuating. Thermal treatments in
a furnace were carried out at 723K for 192 hours. The molar composition x of products were
determined by weight uptake measurement.

The X-ray powder diffraction profiles for Na,Cgo (6=x) at room temperature using MoK «
radiation are shown in Fig.1. All profiles can be assigned to be a hexagonal lattice. Lattice
parameters of NajogCsp are a=1.023 and c¢=1.662 nm, respectively. Figure 2 shows the
temperature dependence of the magnetic susceptibility for Nag,Cg by using SQUID
magnetometer. Clear superconducting transition was observed below T.=14K. The magnitude
of the flux exclusion for the zero-field-cooled curve corresponds to 0.5% volume fraction.
Details will be discussed at the meeting.
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Fig.1 X-ray diffraction profiles for Na,Cyy with Fig.2 Temperature dependence of magnetic
x=0,6,9 and 11 by using MoKa radiation susceptibility for Nag,Cg by using SQUID.

[1] T.Yildirim, O.Zhou, J.E.Fischer, N.Bykovetz, R.A.Strongin, M.A.Cichy, A.B.Smith T, C.L.Lin and
R.Jelinek, Nature, 360, 568(1992).
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Molecular beam epitaxy of copper phthalocyanine on Cg (111) surface
H. Suzuki, Y. Yamashita, ON. Kojima and M. Yamaguchi
Toyota Technological Institute, 2-12-1 Hisakata, Tempaku, Nagoya 468-8511 Japan

Ceo and copper phthalocyanine (CuPc) are expected as a prospective combination to
fabricate an organic solar cell with high conversion efficiency, because they have high carrier
mobility in organic semiconductors. So far, 5.7 % of conversion efficiency has been achieved
by the combination [1]. However, separation and transport processes of carriers between Cey
and CuPc have been not clear yet. To analyze the processes precisely, it is necessary to
prepare highly ordered CuPc/Cg structure. Molecular beam epitaxy method is a useful
technique to fabricate such ordered structures. In this study, we selected a Cgo (111) surface as
a template for epitaxial growth of CuPc.

Ceo (111) surfaces were prepared by MBE method on cleaved mica substrates in an ultra
high vacuum chamber. The Cgqo (111) surfaces were evidenced by reflection high-energy
electron diffraction. Continuously, CuPc was evaporated on the Cg (111) surfaces at
60~160°C. After evaporation, the samples were removed from the chamber. Lattice constant
and orientation of CuPc crystals were evaluated by x-ray diffraction (XRD) and surface
morphology was observed by scanning electron microscopy (SEM).

Typical surface morphology of a CuPc crystal on Cg (111) is shown in Fig.l. For
comparison, that on a mica substrate is also shown. In case of mica, CuPc agglutinated each
other and the bare mica substrate was observed (white region in the figure). In case of Cqp,
CuPc forms fiber shape crystals and covered whole region of the surface. In addition, CuPc
crystals were aligned along 3 directions equivalent to <112> on Cg (111), although few fibers
were dispersed randomly on the top of the surface. These results indicated that epitaxial CuPc
crystals could be grown on Ce (111) by MBE.

- T

Fig.1: SEM images of CuPc crystals grown on mica (left) and Cgo (111) (right).

References: [1] J. Xue, et. al., Appl. Phys. Lett., 85 (2004) 5757
Corresponding Author: H. Suzuki, E-mail: ssk@toyota-ti.ac.jp, Tel&Fax: +81-52-809-1830
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Sub-millimeter long single-walled carbon nanotubes synthesis by alcohol
enclosed catalytic chemical vapor deposition
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To obtain longer vertically aligned single-walled carbon nanotube films using alcohol
catalytic vapor deposition (ACCVD)[1], we have developed a novel method. Using a
conventional ACCVD system, ethanol vapor was filled up and enclosed in a reactor tube with
Co/Mo catalysts formed on a quartz substrate during growth period.

Comparing gas flow type ACCVD, gas enclosed type ACCVD increased the film thickness
up to 0.11mm for 30min growth. Gas elements during CVD were investigated by means of
Fourier transform infrared spectroscopy (FT-IR) and quadrupole mass spectrometer (QMAS).
Ethanol was thermally decomposed into ethylene, acetylene, acetaldehyde, and water, and at
CVD temperature. A possible mechanism for the increase of film thickness is suppression of
carbon coating on catalysts by produced water and enhancement of SWNTs growth by new

generated carbon sources such as ethylene.
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Fig.1 A typical cross-section SEM image and Raman Fig.2 SWNTs film thickness as a function of
spectrum excited by 488nm laser growth time. Gas enclosed conditions: initial
Growth conditions: enclosed initial pressure 2.7kPa at pressure 2.7kPa at 840°C. Gas flow conditions:
840°C for 30min Pressure 1.3kPa at 840°C

[1] Y. Murakami, S. Chiashi, Y. Miyauchi, M. Hu, M. Ogura, T. Okubo, and S. Maruyama, Chem. Phys. Lett.,
385, 298 (2004)
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Growth Termination of Carbon Nanotubes at Millimeter Thickness
Due to Structural Change in Catalyst

oShingo Morokuma', Kei Hasegawa', Suguru Noda', Shigeo Maruyama”, Yukio Yamaguchi'

"Dept. of Chemical System Engineering, The University of Tokyo, Tokyo 113-8656, Japan
2Dept. of Mechanical Engineering, The University of Tokyo, Tokyo 113-8656, Japan

The water-assisted growth method, so-called "supergrowth [1]", realized millimeter-
thick vertically-aligned single-walled carbon nanotubes (VA-SWNTs). Later, it is reported
that "supergrowth" rate decreases with reaction time and finally the growth terminates [2].
Our group recently reproduced "supergrowth" [3] and observed similar "supergrowth"
termination within a few tens minutes. In this work, we analyzed substrate surface before and
after CVD to clarity the mechanisms of catalyst deactivation.

0.5-2-nm-thick Fe catalyst was prepared on Al,O3/SiO; substrate by sputtering method.
After 10 minutes reduction of this catalyst under 27 kPa H»/ 0.010 kPa H,O/ Ar balance at
atmospheric pressure, 8.0 kPa C,H,; was introduced and CVD was carried out at 1093 K for
3-30 min. After removing CNT by oxidation in air at 1000 K, substrate surfaces were
investigated by SEM and XPS. SEM images of substrate surfaces showed that the mean
diameter of catalyst particles increased while number density of catalyst particles decreased
with an increasing CVD time (Fig. 1). Fe/Al intensity ratio by XPS decreased with reaction
time, and this change occurred quickly for thinner Fe (Fig. 2). The decrease in Fe/Al ratio is
caused by the increase in Fe particle size rather than by the decrease in the amount of Fe. The
coarsening of Fe particles during CVD is possibly the fundamental cause of the growth
termination under our experimental conditions. More details will be reported.
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Fig. 1 SEM images of 2 nm Fe/ Al,05/Si0, sample surfaces Fig. 2 Change of XPS intensity with
after CVD for (a) 3 min and (b) 30 min. VA-CNTs were reduction/CVD time at 1093 K. Intensity
removed by oxidizing under air at 1000 K. ratio was normalized by the initial value.

References
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[2] D. N. Futaba, et al., Phys. Rev. Lett., 95, 056104 (2005).

[3] S Noda, et al., Jpn. J. Appl. Phys., 46,1.399 (2007).
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Single-Wall Carbon Nanotubes Grown from Size Controlled Rh/Pd and Co

Nanoparticles by Catalyst-supported Chemical Vapor Deposition
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In chemical vapor deposition (CVD) growth of carbon nanotubes (CNTs), preparation of
size-controlled metal catalyst nanoparticles is essential to realize diameter-controlled growth of CNTs; the

diameter of CNTs depends on the size of catalyst nanoparticles employed. Mesoporous materials such as

S :
Figure 1. (2)TEM image and the
diffraction
(inset) of FSM-16
impregnating  size-ordered Rh/Pd
particles (b) Typical TEM image of the
SWNTs obtaining after CCVD

corresponding  electron

pattern

FSM-16 [1, 2] have ideal one-dimensional (1D) channels with a
narrow size distribution, which provides suitable nano-sized ordered
space to prepare regulated nano-sized metal particles [3]. In a
previous study, we reported synthesis of single-wall carbon
nanotubes (SWNTs) by catalyst-supported CVD (CCVD) using
size-ordered Rh/Pd nanoparticles which are supported in 1D
channels of FSM-16[4, 5]. The diameter of obtained SWNTs is
smaller than the size of Rh/Pd nanoparticles (Fig. 1), indicating that
the diameter distribution of SWNTs depends not only on the size of
catalyst particles but also on specimen of catalysts. Here, we report
the growth of SWNTs by CCVD using size-controlled Co and Rh/Pd
particles supported on the mesoporous materials.

A mixture solution of RhCly/H,PdCl, or CoCly 6H,0O was
used as a source of catalyst metals, which were mixed with a powder
of FSM-16. The RhCly/H,PdCl, or CoCl,-6H,O, which were
incorporated in 1D channel of FSM-16, were reduced by a high
temperature Hy reaction. Prior to alcohol CCVD, the Rh/Pd particles
were treated at 1173 K in air to enhance the catalyst activity [6]. The
alcohol CCVD was carried out at 1173 K under an Ar gas flow.
Obtained SWNTs were characterized by TEM observations and
Raman spectroscopy.

We will discuss the correlation between the diameter distribution of SWNTSs and size of catalyst

metal nanoparticles.

[
[
[
[
[
[

1] T. Yanagisawa et al., Bull. Chem. Soc. Jpn., 63, 988 (1990).

2] S. Inagaki et al., Chem. Commun., 680 (1993).

3] A. Fukuoka et al., Microporous Mesoporous Mat., 48, 171 (2001).

4] K. Kobayashi et al., Proc. 322d Fullllerene nanotubes symposium, 397 (2006).
5] K. Kobayashi et al., in preparation.

6] D. Takagi et al., Nano Lett., 6, 2642 (2006).
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Synthesis of small diameter SWNTs
by ACCVD method using platinum as catalyst
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It is well known that ambient temperature, carbon source materials, and the kind of catalyst
are important parameters for controlling the production of SWNTs. Actually, so far we have
reported that platinum catalyst gives rise to very narrow diameter distribution of SWNTs [1].
The diameter distribution was also found to be very much dependent on the pore size of the
porous glass used as a supported material [1,2]. In this presentation, the effect of alcohol
pressure (density of carbon supply) on the diameter distribution of SWNTs was carefully
investigated by means of so called alcohol-CCVD (ACCVD) method.

The SWNTs samples were synthesized by ACCVD method using ethanol as carbon source,
and platinum was used as a catalyst deposited on PG. The ambient temperature and an inner
pressure of ethanol were systematically changed with the aim of synthesizing the smaller and
the narrower diameter distributions of SWNTs. The obtained SWNTs were analyzed by TEM,
Raman spectroscopy, and fluorescence spectroscopy. Typical example of Raman spectra are
shown in Figs.1 (a) and (b). Under the higher pressure condition, the average diameter of
SWNT sample tends to shifts to the larger one, but the lower pressure condition results in the
production of the SWNTs with the smaller diameter, peaking at 311em™(6,5) and
370cm™ (5,4). Furthermore, it was also found that the relative ratio of these two peaks changes
by changing the ambient temperature.
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Figure.1,: Raman spectra of SWNTs synthesized at 850°C

with different pressure of ethanol. (488nm)
References:[1] K. Urata et al., The 31™ Fullerene-Nanotubes General Symposium, 1P-30 (2006).
[2] Y.Aoki et al., Chem. Lett., 562, 34(2005)

Corresponding Author: Yohji Achiba
E-mail: achiba-yohji@c.metro-u.ac.jp, TEL:042-677-2534




1P-22

Efficient growth of double-walled carbon nanotube by CVD
using a mixed catalyst Fe/Co/Mo with MgO supporter
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Double-walled carbon nanotubes (DWNT) have great potential for future nm-sized
devices due to their robustness and quasi one-dimensionality. It is, however, very difficult to
grow DWNT selectively in an efficient manner. We have already reported the growth of high
purity DWNT by chemical vapor deposition (CVD) using MgO as a supporting material and
Fe/Co/Mo as a catalyst.[1] Here we studied in more detail to find the key parameters for
growing DWNT and discussed the growth mechanism.

The DWNT sample was grown by CVD at 850 "C using n-hexane as a carbon source.
They were purified by post-oxidation in air at 700°C to remove single-walled carbon
nanotubes (SWNT) and other carbon impurities. Here we tested various catalyst compositions
between Fe, Co and Mo, and also compared catalyst supporting materials between MgO, SiO»
and A1203.

As a result, we found that DWNTs grew only on MgO, and mixed catalysts of Co/Mo,
Fe/Mo and Fe/Co/Mo worked more efficiently than any single elemental catalyst. In the case
of ternary mixture, Fe/Co/Mo, the Mo concentration greatly affected the DWNT content in
the as-grown samples. As shown by TEM images in Fig.1, DWNT grew more efficiently for
composition of Fe/Co/Mo=1/1/5.5 wt% (b) than for 1/1/1.8 wt% (a). All these results suggest
important role of Mo, and we may optimize the Mo content for efficient growth of DWNT.

T e BT Lt
Figure 1. TEM images of as-grown samples for (a) Fe/Co/Mo=1/1/1.8wt% and
(b) Fe/Co/Mo=1/1/5.5wt%. Insets are histograms of wall numbers of observed

nanotubes; 1 for SWNT, 2 for DWNT, and so on. Symbols “S” and “D” indicate
SWNT and DWNT, respectively.

5

[1] K. Matsumoto, T. Murakami, T. Isshiki, K. Kisoda and H. Harima, Diamond and Related Materials, 16
(2007) 1188.
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Single-walled carbon nanotubes (SWNTs) with high crystallization have been

synthesized by a hydrogen DC arc discharge with evaporation of carbon anode

containing 1at% Fe catalyst in Hy-Ar mixture gas[1]. It is also very clear that some

impurities such as metal particles and amorphous carbon coexist in the SWNTs soot. In

order to obtain high quality of SWNTs, various purification methods have been

attempted. As we know, refluxing by H,0; is an
efficient method for SWNTSs purification. However, it
is necessary to use a lot of toxic H»O; and take a long
time. In this study, a high-pressure microreactor has
been utilized instead of refluxing instrument.
Therefore, even with a little H,O, by shorter time, the
purification of SWNTs can be efficiently realized.
The purified SWNTs have been confirmed by
scanning electron microscopy (SEM, as shown in Fig.
1) and transmission electron microscopy (TEM, as
shown in Fig. 2).

By the result of thermogravimetric analysis (TGA),
it is known that Fe particles are almost near to zero.
After the purification, the nitrogen cryo-adsorption
isotherms have been measured. The specific surface
area (SSA) of purified SWNTs calculated using the
Brunauer-Emmett-Teller is about two times as large
as that of as-grown SWNTs.

Fig. 1 SEM image of purified
SWNTs

Fig. 2 TEM image of purified
SWNTs

Reference: [1] X. Zhao, et al., Chem. Phys. Leit., 373, 266-271 (2003)
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Ando et al. have recently reported the liquid-phase synthesis of highly aligned carbon
nanotubes (CNTs) by resistance heating of a small Si substrate in liquid organic compounds
[1,2]. However, the Fe metal catalyst was deposited on the substrate by a vacuum process,
namely sputtering. The whole process thus consisted of two-step processes.

In this study, we have developed a novel one-step process for liquid-phase synthesis of
highly aligned CNTs[3,4]. We used the substrate of stainless steel (SUS304) and
homogeneously dissolved cobaltocene Co(CsHs), in alcohols as a catalyst source.
Commercially available stainless steel (SUS304) substrates were used without any surface
treatments. The substrate (5 x 25 x 0.1 mm®) was heated at 800°C for 15 min in an alcohol
(200 ml) by applying a direct current. Straight-chain primary alcohol with n=1-6 (n.: the
number of carbon atoms), 1,2-ethanediol, cyclohexanol and tert-butanol were used as a
carbon source to examine the effects of the molecular structures on the morphologies and
alignment of CNTs.

Fig. 1 shows a SEM image of highly aligned CNTs prepared from methanol containing
cobaltocene. Vertically aligned multi-walled
CNTs were grown on the stainless steel
substrates in all the alcohols except
1,2-ethanediol and tert-butanol. Methanol
brought the best purity and alignment of
CNTs of all the alcohols. A large amount of
amorphous carbon and irregularly deposited
CNTs were prepared from 1,2-ethanediol.
Only a small amount of amorphous carbon
was prepared from fert-butanol.

Distinctive features of this method are
simple, low cost and a one-step process
involving none of vacuum processes and
catalyst preparation processes.

Fig. 1. SEM image of highly aligned CNTs prepared

from methanol containing cobaltocene.

[11Y. F. Zhang, M. N. Gamo, C.Y. Xiao and T. Ando, Physica B, 323, 293 (2002).

[2] Y. F. Zhang, M. N. Gamo, C. Y. Xiao and T. Ando, Jpn. J. Appl. Phys, 41, L411 (2002).
[3] K. Yamagiwa et al., Key Eng. Mater. , in press.

[4] M. Mikami et al., Key Eng. Mater. , in press.
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In the case of the laser ablation-furnace method, properly choosing the furnace temperature, the
kinds of ambient gas as well as catalyst has been found to be important factors by which a specific
SWNT with a very narrow diameter distribution and/or a limited number of chiral structures is
selectively produced [1]. In order to find the better condition for the production of the SWNT with
a specific chiral index ((6,5) tube, for example), in the present work, we intended to understand
the effect of temperature history of the plume (a vapor cloud of network forming carbons) after
laser irradiation, particularly placing special attention to the temporal change of the effective
temperature resulting from the time and spatial evolution of the plume which immediately starts to
move after ablation and continues for several hundreds millisecond, or in some cases, even for the
minute time range.

Since there is a distinct temperature gradient inside a furnace (maximum 100°C between center
and inlet or outlet), it is obvious that by changing the position of the laser ablation target (graphite
rod), we are able to make the condition so that the plume would have different temperature
experience during traveling inside the furnace. For example, when the target is arranged close to
exit of the furnace, the resulting plume travels in the ambience of the temperature from low to
high within 1-2 ms, and then it stays for a while in the ambience at high temperature with in 10-20
ms, and finally slowly moves to the lower temperature by taking several seconds.

Figure 1 shows Raman spectra of the raw (8,5) (6,5)
soot collected at the outlet area of the furnace ¥— ]
by changing the position of the target inside Eq jﬂ
the furnace from -40mm to +140mm (here, e
we define zero position as the center of the j&ﬁ
furnace and + means the distance from the § E\\\imww —
center to the outlet direction, -, the inlet & S S NS
direction). Figure 2 shows plots of intensity =~ £ ——— """~
of two peaks at 260cm™ (8,5) (solid line) and 2 [ w
310cm” (6,5) (broken line) in Fig. 1 as a I ST
function of the position of the target. The ]
detailed results and discussion will be shown Aﬂ
in the symposium. m B w0 mo me 40
Raman Shift (cm )
Fig. 1 Raman spectra of the Fig. 2 Change of intensity of

[1]Y. Tsuruoka et al., The 31* Fullerene-Nanotubes soot by excitation of 488nm two peaks at 260cm™ and

General Symposium, 2P-28 (2006) Jaser line 310cm? in Fig. 1 as a

function of the target
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In the direct growth of SWNTs on substrates by CVD methods, preparation of the
catalyst nanoparticles is a crucial issue. Co-Mo binary catalysts effectively grow SWNTs
either from CO [1] or from alcohol [2]. However, different values are reported as the optimum
Co/Mo atomic ratio; 1/3 for the former [1] and 1.6/1 for the latter [2]. The structure of catalyst
nanoparticles should be determined not only by the composition but also by the amount of
catalyst metals, and optimum conditions should depend on the CVD conditions.

In this study, SWNT growth by alcohol catalytic CVD with Co-Mo catalyst was
systematically investigated, by mapping the SWNT yield against the orthogonal gradient
thickness profiles of Co and Mo [3]. Vertically-aligned SWNT forests grew in 10 minutes at
several regions including Co/Mo ratios of 1/3 and 1.6/1 mentioned above. The temperature for
catalyst reduction before CVD did not affect the regions for forests so much compared to the
temperature for CVD. Maximum heights of forests were about 30 um either at 1123 K or
1023 K under different catalyst conditions. Figure 1 shows TEM images of the as-grown
SWNTs obtained under the optimum condition and histograms of their diameter distribution.
SWNTs had a monomodal diameter distribution when they were grown by Co-Mo catalyst at
1123 K, on the other hand it had bimodal distribution when they were grown by Co catalyst at
1023 K. The bimodal distribution was possibly caused by the bimodal size distribution of
catalyst particles evolved by Ostwald ripening process during CVD.

P R o T T

Fig. 1 TEM images and histograms of diameter distribution of as-grown SWNTSs
(a) Co:0.22nm Mo:0.14nm Temperature:1123 K  (b) Co:0.78nm Mo:0nm Temperature:1023 K
Scale bar: 5 nm

[1]J. E. Herrera, L. Balzano, A. Borgna, W. E. Alvarez and D. E. Resasco, J. Catal. 204, 129 (2001).
[2] M. Hu, Y. Murakami, M. Ogura, S. Maruyama and T. Okubo, J. Catal. 225, 230 (2004).
[3] S. Noda, H. Sugime, T. Osawa, Y. Tsuji, S. Chiashi, Y. Murakami and S. Maruyama, Carbon 44, 1414 (2006).
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Abstract: Brush-shaped carbon nanotubes (CNTs) are expected to
have wide applications due to their structural anisotropy. It is
important to control the gas components in the whole process of
CVD, especially in the heating process. In this report, we have
investigated the effect of a small amount of residual CoH, in the gas
system on the formation of the catalyst particles, which results in
the different states of CNTs growth.

Iron films with a thickness of 4 nm deposited on the SiO,/Si
substrates were used as catalyst. The samples were heated from
room temperature to 700°C at a rate of 20°C/min in a He
atmosphere, where a small of C,H, resident in the gas supplying
system was monitored by a quardrupole mass spectrometer
(QMS). After holding the temperature at 700°C for 2 min, CoH;
with a flow rate of 15 sccm were introduced in the chamber for 10
min for the growth of CNTs.

Figure 1 shows the AFM image of Fe particles on substrate after

heating to 700°C in He atmosphere, during which the amount of |

acetylene is extremely small (below the detectable level of QMS).
It is found that there are two kinds of particles formed in this
process. One kind is the relatively large particles with an average
diameter of 40 nm and the other kind is the particles with an
average diameter of tens of nanometer. With the increase of the
amount of residual C;H, (Maximum 8.7cc), as shown in Fig. 2, the
number of larger particles is largely increased. After CVD, the
length and density of CNTs grown by the catalyst of Fig. 1 (about

Fig.1 AFM image of tt
substrate heated in H
with a very small amow
of acetylene.

Fig.2 AFM image of
the substrate heated in
He with a larger
amount of acetylene.

110um and 25mg/cm’) are larger than those by the catalyst of Fig. 2 (about 100um and
20mg/cm’). Tt is considered that the formation of large sized particles is by the adoption the
carbon from the residual C,H, during the heating process, which may cause the reduction of
the catalyst activities for the growth of CNTs. The CNTs are considered to be grown only
from the smaller sized Fe particles without poisoned by the residual C-H» gas. The increase of
the amount of residual C,;H, would result in the decreasing of the number of smaller sized Fe
particles and hence decreasing the density of the grown CNTs, which is evidence by the
experimental results. These results suggest that the states of grown CNTs can be controlled by
the heating conditions with an addition of a small amount of reaction gas.

Acknowledgement: This work was partially supported by the Osaka Prefecture Collaboration of Regional Entities

for the Advancement of Technological Excellence, JST.
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Though metal catalysts play an important role in the growth of carbon nanotubes (CNTs),
we do not have a clear understanding of the chemical and physical states of catalysts during
CVD. Therefore, we have been investigating these states using in situ x-ray photoelectron
spectroscopy (XPS) [1]. A real-time analysis is desirable but is technically difficult. Therefore,
in this work, we looked at the reaction product of the catalyst nanoparticles obtained after
CVD by analyzing the surface in sifu in a stable state in an ultra-high vacuum.

Si substrates with a thin SiO; layer were used. We prepared two samples. For one, Co
was deposited in a growth chamber, followed by the CNT growth without exposure to air
(metallic sample). The other sample was exposed to air to oxidize a Co thin film after the
deposition (oxidized sample). The samples were heated at 600°C in an ethanol ambient with a
pressure of ~0.05 Torr. Then, the as-grown surfaces were analyzed by in situ XPS without

exposure to air.

The Co 2p spectra of the metallic sample (right) and oxidized sample (left) are shown in
Fig. 1. From these spectra, we found that, in the metallic sample, the Co remained in the
metallic state after the CNT growth process. For the oxidized sample, Co oxide was reduced
during the annealing process, resulting in a spectrum identical to that of the metallic sample.
In C 1s, after the CNT growth in both samples, no peak was found at the binding energy
corresponding to Co carbide, but asymmetric single peaks were observed, which are attributed
to graphite or amorphous carbon. These results indicate that the oxide state and the state
involving carbon are not stable but that the metallic state is stable for Co under this CNT
growth condition. Meanwhile, the intensity of C 1s of the metallic sample was much larger
than that of the oxidized sample, although the density of CNTs is too small to explain this C
ls intensity. Here, Co nanoparticles and CNTs covered with thick films were observed in a
SEM image. Thus, the high intensity is ascribed to this thick film, i.e., the thick graphitic film
adheres to the CNTs and Co nanoparticles. Since the CNT growth yield for the metallic
sample was larger than that for the oxidized sample, these results suggest that a high growth
yield was obtained as the result of the high efficiency of the decomposition of ethanol by the

metallic Co.

[1] F. Maeda et al., Jpn. J.
Appl. Phys. 46 (2007) L148.
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Fig. 1. Co 2p spectra of oxidized sample (left) and metallic sample (right).
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Chemical vapor deposition (CVD) is a conventional technique for growth of carbon
nanotubes on various substrates. Optimizing catalyst species and their diameter for each
substrate are much important to grow carbon nanotubes efficiently with controlling their
chirality. We have investigated the relation between nanotubes and catalyst particles on
substrates after CVD process by transmission electron microscopy (TEM) [1].

Before loading catalyst source, a substrate was processed enough thin to observe by
TEM. The substrate was dipped in ethanol solution dispersed catalyst, and then was dried in
air. CVD was carried out at 800°C using ethanol as a carbon source. As-grown sample was
immediately observed by TEM without any process. This sample preparation technique makes
possible to observe SWNTs and catalyst particles on substrate simultaneously.

Figure 1 shows a TEM image of as-grown sample with Co catalyst on thin SiO,
substrate. Single-walled carbon nanotubes (SWNTs) and catalyst particles (dark spots) were
clearly observed on the substrate. No multi-walled carbon nanotubes were observed. The
diameter distribution of SWNTs and catalyst particles is shown in Fig. 2. The mean diameter
of Co particles (~3.5 nm) was significantly larger than that of SWNTs (~1.5 nm). This
difference indicates that activity of catalyst drastically decreased as increasing the diameter of
Co particles. In the present growth, the ratio of Co particles effective for SWNTs growth to
amount of Co particles was only around 10% in particle number. It is expected that the ratio
of the active particles will increase by controlling CVD parameters as the mean diameter of
Co particles will be suppressed around 2nm equal to diameter of growing SWNTs.

= P ¥ [1] T. Murakami et al., J. Applied Physics,
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Figure 2. Diameter distribution of SWNTSs
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Figure 1. TEM image of the as-grown sample after CVD.
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Controlled growth of single-walled carbon nanotubes (SWNTs) on substrates is
crucial for many of their device applications. SWNT growth is largely dependent on both
catalyst conditions (element of catalyst, diameter, etc.) and reaction conditions (source of
carbon, temperature, pressure, etc.). Effects of these conditions interact with each other
complicatedly.

Previously, we prepared a thickness profile of Co on a SiO,/Si substrate [1] and that
of Ni on quartz glass substrate [2] by our ‘combinatorial masked deposition (CMD)’ method
[3], carried out alcohol catalytic CVD (ACCVD) [4], and grew SWNTs by metal nanoparticle
catalysts spontaneously forming from nominal monolayers of metal. The thickness profiles
formed by this method enable preparation of a series of nanoparticles with various sizes and
areal densities on one substrate. Thus we can investigate influence of reaction and catalyst
conditions systematically.

In this work, we studied the relationship between the structure of catalyst and that of
growing nanotubes by preparing a gradient thickness profile (about 0.06-3.5 nm) of Co by
using CMD method and by growing carbon nanotubes (CNTs) by ACCVD at 873-1123K. At
973K, two active regions appeared with an inactive region in between. SWNTs mainly grew
at a thin Co region (~ 0.1 nm, Fig. (a)), small amount of short CNTs grew at a medium region
(~ 0.4 nm, Fig. (b)), and multi-walled carbon nanotubes grew at a thick region (~ 1.5 nm, Fig.
(c)). In the medium region, the dissolution of carbon into catalysts and the precipitation of
carbon as CNTs from them may be unbalanced and the growth may not be sustainable.

Fig. Plan-view FE-SEM images of CNTs at the nominal Co thickness of (a) 0.13, (b) 0.29 and
(c) 0.92 nm. All images are in the same scale and the scale bar is 100 nm.

[1] S. Noda, et al., Appl. Phys. Lett. 86, 173106 (2005). [2] K. Kakehi, et al., Chem. Phys. Lett. 428, 381 (2006).
[3] S. Noda, et al., Appl. Surf. Sci. 225, 372 (2004). [4] S. Maruyama, et al., Chem. Phys. Lett. 360, 229 (2002)."
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Experimental results and theoretical calculations indicated that the holes at the tips of
single-wall carbon nanohorns (SWNHs) can be closed by heating treatment of 1200 °C in Ar
atmosphere [1]. We have examined the effect of heating temperatures (HT 600~ 1200 °C) on
closing of the hole of SWNHs opened at different oxidizing temperatures (Tox 350~ 550°C) .
it was found that the number of closed holes increased with the HT temperature. When Tox
was higher than 500 °C, the hole closing mainly occurred at HT 1200 °C. In this study, we
further investigated the hole closing rate of SWNHs by changing the heating periods.

To open the holes, SWNHs were oxidized in flowing air by slow combustion method [2]
(NHox) with various target temperatures (Tox 300~ 500 °C). For closing the holes, NHox was
heat-treated at 1200°C in Ar for O~ 3 h. The hole closing was examined by measuring
xylene-adsorption quantity using thermogravimetric equipment. As a result, we found that the
holes show the tendency of closing with HT duration period. However, we also noticed that
the closed holes were once again opened during HT, which will be explained in the
presentation.
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Fig. 1 Adsorption quantities of xylene by NHox (Tox 300~ 500 °C) depending on HT duration
periods. The heat treatment temperature was 1200 °C, and the atmosphere was Ar (760 Torr).
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We have been studying applications of single-wall carbon nanohorns (NH) to drug
delivery systems (DDS). Previous experiments showed that cisplatin (CDDP), an anticancer
drug, could be incorporated into NH by the precipitation method using H>O, and that the
CDDP released from CDDP-incorporated NH (CDDP@NH) showed strong
anticancer-effects against human-lung cancer cell in vitro. In vivo anticancer effect of
CDDP@NH was also confirmed using tumor-bearing nude-mice.

To apply CDDP@NH to DDS, release rate of CDDP from CDDP@NH needs to be
slow; however, CDDP was quickly released from the as-prepared CDDP@NH in
phosphate-buffered saline (PBS). We show in this report that the surface modification of
NH of CDDP@NH is effective to make the CDDP release slow. Several modification
methods were examined using various materials such as bovine serum albumin,
polyethylene glycol (PEG), PEG-doxorubicin, lactic acid, and benzoic acid. The
modifications by these materials also enhance dispersibility of CDDP@NH in H,O. The
materials were solved in a small amount of H,O and mixed with CDDP@NH powders. The
small amount of H,O was indispensable because the CDDP in CDDP@NH easily went out
in H,O. After the mixture, x-ray diffractions were measured to check whether the CDDP
crystals exist outside NH. The CDDP clusters remained in CDDP@NH were checked with
high-resolution transmission electron-microscopy. Then the release rates of CDDP from
CDDP@NH in PBS were measured by dialysis method. The quantities of released CDDP
were measured by atomic absorption spectroscopy.

We will discuss about the release rates of CDDP from CDDP@NH depending on the
NH-surface modification materials.
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Folate-Receptor Mediated Uptake of Single-Walled Carbon Nanohorns
by Cultured Cancer Cells
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Drug carrying ability [1,2] and low toxicity [3] of single-walled carbon nanohorns
(SWNHs) [4] present their potential usage as a drug delivery carrier. To maximize therapeutic
efficiency and reduce adverse side effects, however, targeted delivery of drugs to diseased
sites 1s crucial issue. It is known that many human cancer cells significantly overexpress
receptors for vitamin folic acid (FA) on their surface membranes [5], thus conjugation with
FA is considerably promising for the selective delivery of SWNHSs to the cancer cells. Herein,
we demonstrate preferential uptake of the FA-labeled SWNHs into cultured cancer cells.

To increase dispersibility in physiologic solutions, SWNHs were first modified with
fluorescently labeled protein BSA (BSA-NH) [6], and then, FA was covalently attached to
BSA-NH via carbodiimide-activated amidation (FA-BSA-NH). The KB human cancer cells,
derived from an epidermal carcinoma of oral cavity, were cultured in folate-free medium.
Following 24-h incubation of the KB cells with FA-BSA-NH or BSA-NH, the cellular
uptakes were investigated by confocal laser scanning microscopy and flow cytometry. Both
analyses showed that the uptake of FA-BSA-NH by the KB cells was preferential as
compared with that of BSA-NH. On the other hand, no difference in uptake quantity was
observed between FA-BSA-NH and BSA-NH for normal human cells having much less
amount of the FA receptors. These results indicate that the chemical modification of SWNHs
with FA enabled selective delivery of SWNHSs to the cancer cells having the folate receptors.

References:
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Nanohorn (NH) aggregates can be produced by the vaporization of the carbon rod using the arc
discharge with a power density of ~5 kW/cm® [1]. NH aggregates thus prepared have rather small
diameter than those produced by the laser vaporization [2]. In the previous study, we examined to
produce the boron nano-particles deposited on the NH aggregates by the arc-vaporization of boron
containing rod [3]. As results, when the NHs were prepared from 30 % of boron containing rod,

we succeeded to observe frequently the boron particles depositing on the NHs.

However, the

NHs from the lower concentration of boron containing rod, we could not observe obvious change

in the morphological structures of NHs as compared with those from the pure carbon rod.

In the

present study, we examined the temperature dependence on the electrical conduction for the NHs
prepared from the low concentrations of boron containing rod.

Electrical resistance was measured for the
formed NH aggregates with 4-probes
method. Results of the temperature dependence
on the electrical resistance are shown in Fig. 1.
From this figure, we can find that the electrical
conduction is governed by the 3 dimensional
Mott’s range hopping (3D-VRH)
mechanism, and the characteristic temperature Ty

pellet

variable

for each sample is systematically changed in
accordance with the of boron
concentration in the carbon rod. Furthermore,

change

it was found that the heat-processes for opening
the nano-windows do not significantly modify
the valu of 7.
and scanning electron microscopy observations,

According to the transmission

we concluded that the localization lengths for
3D-VRH un-change between the
Because NH aggregates have almost the same in
size (see Fig. 2). Therefore, the change in Ty
should be resultant from the change in the
electronic DOS of NHs, suggesting the boron
doping to the nanohorn wall.

samples.
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Fig. 1. Temperature and boron concentration

dependences on the electrical resistivity.

Fig. 2. TEM images of () BONH and (b) B3NH

[1] T. Inagaki ef al., The 32™ F&NT General Symp., (2007) 3P-24. [2] T. Yamaguchi et al., Chem. Phys. Lett. 389, 181

(2004). [3]T. Inagaki e al., The 32°° F&NT General Symp., (2007) 3P-23.
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Amorphous carbon can be removed from nano-carbon materials by the mild combustion in oxygen
flux at around 400°C. However, this combustion method only works well for the nano-carbon materials
locating at the interfacial region with gas flux. In addition, during the combustion, the surfaces of the
nano-carbon materials such as nanotubes and nanchorns receive serious damage, and sometimes their
structures were completely destroyed.

In the present study, we used aqueous solution of hydrogen peroxide (30 %) for removing the
amorphous carbon from the nanohorns and for opening the nano-windows on the nanohorn wall.  First
experimental evidence for opening the nano-windows by using hydrogen peroxide was catried out in 2002
by Bekyarova et al [1]. They found the effective opening of the nano-windows on the nanohorn wall.
Although this liquid phase method for purifying the nano-carbon materials and also opening the
nano-windows has a merit of homogenous chemical reaction all around the sample, the details on the local
structural changes around the nanohorn tips have not been studied systematically. Hence we study here
the effect of liquid phase oxidation on the local structures around the nanohorn tips by using a 90°C mild
treatment in hydrogen
peroxide. Time trace
for the change in the
tip structures can be
seen in Fig. 1. From SRS Wom s o fon ol odeme b v ib ) ViRmaie s L8 el
this figure, one can
find that the tip

structures are started to

destroy for the period

Fig. 1. TEM images of tip structures for the carbon nanohorns treated by
(Fig. Ic). Details will  hydrogen peroxide at various periods. (a) is taken for as-grown NHs, (b) for 10
min treatment, (c) 30 min, (d) 60 min, (¢) 120 min, (f) 180 min, (g) 240 min, (h)
24 hours and (i) 72 hours.

-

of more than 30 min

be explained in the

poster.

Reference : [1] E. Bekyarova et al., Adv. Mater. 14, 1117 (2002).
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Abstract: Primary particles of as-grown single-wall carbon nanohorns (SWNHs) have a
variety of sizes. In case of SWNHs made by laser ablation, their particle sizes are between
70nm and 300 nm. Their mean volume diameters are around 200 nm. If technological
application is considered, especially for bio-medical field such as drug delivery system (DDS),
the narrower size distribution is required.

Normally as grown SWNH particles contain micrometer-sized and graphite-based impurities,
named GG (giant graphite) balls, and many of these particles form agglomeration with a size
of over micrometer-order in dry or even wet condition before sonication. If many SWNH and
GG ball particles are aggregated, we cannot separate out SWNHs and GG balls, and moreover
primary SWNH particles as well. Once SWNH particles, however, can be well dispersed in
cthanol, they can be separated from GG balls, so that we can classify SWNHs in terms of size
using the difference in chemical or physical character of each primary particle. On the 29"
Symposium in 2005, we had poster presentation that we achieved high dispersion of SWNHs
in ethanol by ultrasonication using bath type sonicator. And on the 30™ one in 2006, we also
had poster presentation that SWNHs in ethanol suspension can be easily purified, and
separated from GG balls by natural gravitation (1G). SWNHs were still in supernatant,
otherwise only GG balls could be sediment under 1G.

This time, we treated ultracentrifugal separation on the ethanol dispersion to classity SWNHs
using difference of sedimentation velocity. As gravitation is increased, we could sediment
even large size SWNHs. A size distribution of SWNHSs in supernatant became narrower, and
shifted toward the smaller side. SWNHSs size distributions could be controlled by rotating
speed (QG), treatment time, and the position of extraction.

SWNHs in supernatant
after ultracentrifugal separation] + 120
(100 kG 20 min) ;

For example, we got small SWNHs:

their mean volume diameters became 80
nm under 100 kG for 20 minutes. We
achieved classification of SWNHs using
ultracentrifugal separation.
Corresponding Author: Goshu TAMURA
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Enhancement of conductivities in boron-doped MWNTs
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Boron-doped multi-walled carbon nanotubes (MWNTs) were grown by chemical vapor
deposition (CVD) using methanol (CH;0H) solution of boric acid (H3BOs3). Boric acid was
used to dope the boron atoms into the MWNTs. The MWNTs were grown on the surface of
Si substrates coated with Fe;O3 nano particles as catalyst.

In this study, methanol containing 1.0 atm% of boron atoms was used as source material.
The diameters of obtained MWNTSs were about 40 nm and lengths of those were more than 10
pm. In order to evaluate the electronic transport properties of boron-doped MWNTs,
temperature dependence of conductivities were measured from room temperature to 0.6 K.
For accurate evaluation, an individual MWNT was measured by four-point method. The
nanosized electrodes were fabricated by means of electron beam lithography technique (Fig.
1).

We can see that our MWNTs showed one or two orders of magnitude higher
conductivities than reference sample. Furthermore, our MWNTs still showed high
conductivities even at very low temperatures while conductivity of reference sample
decreased and became insulator (Fig. 2). This result seems to indicate that boron atoms were
successfully doped into MWNTSs and enhanced conductivities.
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Fig. 1 SEM image of individual MWNT with Fig. 2 Temperature dependence conductivities
four point contact. of MWNTs,
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Electronic transport study of a suspended MWNT by in situ TEM
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Carbon nanotubes, with their strong interatomic bonds, are robust against electromigration
and have high current carrying capacities exceeding 10 u A/nm®. Thus, metallic nanotubes,
particularly multiwall nanotubes (MWNTs), are promising as reliable, metallic wires and
interconnects in the future molecular-scale electronic devices. For such applications of
MWNTs, understanding their electron transport under the high field, high current is required.
We carried out high bias transport experiment using a free suspended MWNT in a
transmission electron microscope (TEM), and derived the intrinsic conductivity of a MWNT
and the contribution of contact resistances.

A small bundle or a single MWNT produced by arc discharge technique was attached to
the tip of a platinum-coated tungsten (W) needle. The W needle with a MWNT and a copper
plate covered with low-melting poing metal (In or In-Ga alloy) were mounted in a special
sample holder for TEM. A free tip of MWNT was attached to the metal reservoir, and
voltage variation under constant current at various bridge lengths and conductance versus bias
voltage were measured. Figure 1 shows TEM images of a suspended MWNT (31 nm in
diam.) carrying 40 . A at various bridge lengths (x). The In-Ga droplet was in a liquid phase,
and so the nanotube slid freely on the surface of the droplet. We analysed the two terminal
resistance of the nanotube bridge by using classical expression of the total resistance Ry as

R, =Ry + P —1‘+pNT Lz
l—x r

where Ry is the contact resistance at the nanotube/Pt-covered W, p;,, and p,, are
respectively the contact resistance per unit length of the nanotube/liquid metal interface and
the resistivity of the MWNT. / and rare the total length and the radius of the MWNT,
respectively. R, ~275kQ , p,, =3.67x10°Q-cm and p,, ~3.79x107*Q.cm were
derived from Ry, values measured for various x using Newton’s method. Figure 2 shows a
conductance (G) versus bais-voltage (¥) characteristics of the suspended MWNT for x = 1072
nm. The zero-bias conductance is nearly 0.2 G, (where G, =2e¢”/h), and G increases with
the increase of ¥ in accordance with the increase of DOS of electrons contributing conduction.
At the high current and elevated temperature (~200°C) the transport in MWNTSs was
seemingly diffusive, and the resistivity of MWNTs was 2 — 4x10™Q-cm, being consistent
with the values measured previously by the four-terminal method.
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Fig. 1 TEM images of a suspended MWNT. Fig.2 G-V characteristics
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Evaluation of single wall carbon nanotubes by UV-Raman spectroscopy

OHiromichi Kataura', Yasumitsu Miyata', Yutaka Maniwa®, Kazuhiro Yanagi'

[Nanotechnology Research Institute (NRI), AIST, Tsukuba, Ibaraki 305-8562, Japan
’Department of Physics, Tokyo Metropolitan University, Tokyo 192-0397, Japan

Abstract:

Raman spectroscopy is easy and powerful tool to evaluate the single wall carbon nanotube
(SWCNT). Raman measurement can be done without any pretreatment of the sample while
photoluminescence measurement requires dispersion process. Since radial breathing mode
(RBM) frequency is proportional to the inverse diameter of SWCNT, diameter distribution of
SWCNT sample can be estimated. Further, from G-band and D-band intensities, purity of the
sample can be roughly estimated. Since the Raman process is dominated by the resonance
effect, however, Raman spectrum has limited information of specific SWCNTs on resonance.
Several different laser wavelengths have to be used to cover all chrality. This selectivity is
very useful for the scientific research of SWCNT but is disadvantage for the sample
evaluation. One possible solution of this problem is to use ultraviolet (UV) light. One can find
less selective resonance feature for UV excitation. UV-Raman spectroscopy is thought to be a
good tool for easy evaluation of SWCNT sample.

Problems of the UV-Raman measurement are mostly on the equipments, such as less
transmittance of lenses, less resolution of spectrometer, and less sensitivity of detectors. Here
we would like to demonstrate the UV-Raman results of typical SWCNT samples. Figure 1
indicates preliminary Raman spectra in RBM and G-band for HiPco and CoMoCAT SWCNTs.
The measurements were done in Tokyo sales office, HORIBA Company using LabRAM
HR-800 with 2400 g/mm grating and HeCd laser. Used laser wavelength was 324 nm.

S R SV e Although S/N is not

. cutoff | HiPco sufﬁcgnt to go deep

- edgefilter . . analysis, RBM spectra
| : have less structure than
visible Raman spectra.
G-band structure also
shows more averaged
feature reflecting less
selective resonance
condition. D-band and
G’-band also have

Intensity
Intensity

CoMoCAT
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Raman shift (cm-1) Raman shift (cm-1) about diameter

Figure 1 UV-Raman spectra of HiPco and CoMoCAT SWCNTs measured by distribution  of  the

LabRAM HR-800 UV at Tokyo sales office, HORIBA Company. Excitation ~ sample. Detailed

wavelength is 324 nm. Asterisk indicates artificial peak. analysis will be
discussed.
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Temperature dependence of the Raman spectra of single-wall carbon
nanotube and highly oriented pyrolytic graphite
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The structural properties of single-wall carbon nanotubes (SWNTs) are unique due to their
extremely small diameters and the curved C-C bonds. The curvature of the SWNTs is
responsible for some of the surprising properties. The thermal stability and
temperature-dependent properties of SWNTs are very important for the fabrication of
SWNT-based devices.

Resonant Raman spectroscopy is one of the most powerful tools for characterizing the
structural and electronic properties of SWNTs. So far the study on the temperature
dependence of Raman spectra of SWNTs has been carried out by many groups [1-3].
However, the understanding of the temperature-dependent behaviors is still insufficient. This
is due to the quality, or breakdown, of SWNTs in the higher temperature, the difficulty of the
experimental technique in the lower temperature, and so on. These make it difficult to
interpret the temperature-dependent Raman feature. In this paper, we report the temperature-
dependent Raman spectra of high quality SWNTs in the higher temperature.

G and 2D Raman bands in SWNTs are clearly observed at around 1590 and 2600 cm’. The
temperature dependence of these bands was examined in the higher temperature above 300 K.
The G and 2D can be also observed for highly oriented pyrolytic graphite (HOPG) with
planar C-C bonds. The behaviors of G and 2D bands in SWNTs are compared with those in
HOPG. In addition, D band observed at around 1300 cm™ that is related to defects was also
examined. Actually synthesized SWNTs will include some types of defects. The defects often
greatly influence the properties of SWNTs. More recently, the thermal relaxation process of
defects in SWNTs was examined by Raman spectroscopy [4]. We also discuss the behavior of
D band in the higher temperature.

[1]P. Tan et al., Phys. Rev. B §8, 5435 (1998).
[2]P.Corio et al., Chem. Phys. Lett. 360, 557(2002).
[3] Z.Zhou et al., J.Phys. Chem. B 110, 1206(2006).
[4]T. Uchida et al., J. Appl. Phys. 101, 084313 (2007).
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In this work, we performed a study of the effect of donor and acceptor doping to the G’
Raman spectra of carbon nanotubes. The G’ band is a second-order Raman feature which is
usually observed in graphitic systems.[1] The strong intensity of this second-order peak is
usually attributed to a double resonance process involving two phonons.[2] For this reason,
both the frequency and the intensity of the G’ band are strongly dependent on the electronic
structure of the nanotube. To better understand the effect of doping to the G’ band, the
electronic structure of the carbon nanotubes is calculated using the extended tight-binding
formalism (ETB), where both the ¢ and &t orbitals are taken into consideration. The structure
of each (n,m) nanotube is optimized by minimizing the total electron energy and the effect of
doping is included by changing the occupation of the electronic bands (controlling the Fermi
energy). The G’ band frequency and intensity is calculated within the framework of the
double resonance process as a function of the Fermi energy variation. The calculated results
are then compared to Raman spectroscopy experiments performed on single (SWNT) and
double wall carbon nanotube (DWNT) bucky papers treated with H>SO4. The H,SOy is
known to act as an acceptor for .the electrons of graphitic materials. The effects of H,SO,
doping on the electronic and vibrational properties of SWNTs and DWNTs were analyzed
with 7 different laser excitation energies, allowing different nanotubes, in resonance with the
different laser energies, to be probed.

[1] M. S. Dresselhaus and G. Dresselhaus, in Light Scattering in Solids 111, edited by M. Cardona Springer, Berlin (1982).
[2] C. Thomsen and S. Reich, Phys. Rev. Lett. 85, 5214 (2000).
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Study of electrical conductivity in DNA has recently attracted considerable attention. DNA
has been interpreted as semiconductor with a wide band gap, which shows insulative behavior
[1]. In contrast, recent some works have reported transport of electrons and Cooper pairs
through DNA [2]. It may be due to different chemical treatment of interface of DNA and
metal electrodes. Moreover, magnetization of DNA has been also reported [3]. On the other
hand, it is known that DNA tends to connect with Au, Ag, and carbon nanoubes (CNTs).
Indeed, single electron tunneling in Au nano-wire coated on DNA [4] and CNTs - FET[5]
have been realized.

Here, we report connection of DNA to the top ends of multi-walled CNTs (MWNTs), which
were synthesized in nano-porous alumina template and results of electrical measurements. We
used A -DNA with length of 42~8000 (nm). After dissolving this DNA into Tris EDTA
solution, we dropped this solution on the top ends of arrays of MWNTs and dried out solution.
Figure 1(a) shows a schematic cross sectional view of the sample and Fig.1(b) and (c) exhibit
SEM top views of the sample before evaporating electrodes. The top ends of MWNTSs are
covered by accumulation of DNAs in (b) and (c). Because these DNAs could not be etched
out even by wet etching using some kinds of solutions, this result stresses that the connection
between DNAs and MWNTs are very strong. This is consistent with previous reports of
DNA/CNT junction. The results of electrical measurements of DNAS will be also discussed.

DNA MWNT
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New carbon-based superconductors, such as C¢Ca with a transition temperature
(To) of 11.5 K (/) and highly boron-doped diamond with T, = 4 K (2), have been
recently found and attracted considerable attention, because a small mass of carbon
may lead to high-T, superconductivity like MgB;. Superconductivity in carbon
nanotubes (CNTs) has also attracted increasing attention (3-35). Three groups have
experimentally reported superconductivity in different kinds of CNTs as follows; 1.
with a T, as low as 0.4 K for resistance drops (Tcr) in ropes of single-walled CNTs
(SWNTs) (3), 2. with a Tcg as high as 12 K for an abrupt resistance drop in arrays of
our multi-walled CNTs (MWNTs) entirely end-bonded by gold electrode (4), and 3.
with a T, of 15 K for magnetization drops (T.y) in SWNTs with diameters as small as
0.4 nm (5). However, no groups could report the observation of both the Meissner
effect and the resistance drop down to 0 Q in their respective systems. Moreover, it is
crucial to reveal how shielding currents for Meissner effect or superconducting
vortexes occur and behave in one-dimensional space of CNTs.

Here, we report Meissner effect for type-II superconductors with a maximum T, of
19 K, which is the highest value among those in new-carbon related superconductors,
found in the honeycomb arrays of MWNTSs. Drastic reduction of ferromagnetic catalyst
and efficient growth of MWNTs by deoxidization of catalyst make the finding possible.
The weak magnetic anisotropy, superconductive coherence length (~ 7 nm), and
disappearance of the Meissner effect after dissolving array structure indicate that the
graphite structure of an MWNT and those intertube coupling in the honeycomb array
are dominant factors for the mechanism.
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Single-walled carbon nanotubes (SWNTSs) have received a great deal of interests because of
their unique structural, electrical, and mechanical properties. However, their applications have
been extremely limited due to their low solubility in solvents. Therefore, solubilization of
SWNTs has been one of hot topics for the past few years. Herein, we report novel
chemically-responsive supramolecular SWNT hydrogel by using soluble SWNTs
functionalized cyclodextrin (CD) moieties on SWNT surface. Since CD shows high solubility
in water, water-soluble SWNTs carrying CDs are obtained by using n—n interaction between
pyrene modified f~CDs and SWNTs (Py-3-CD/SWNT hybrids) [1].

(a) ™= & (c)

Supramolecular SWNT Hydrogel
Scheme 1. Supramolecular SWNT Hydrogel Prepared from Py- ff -CD/SWNT Hybrids and Guest
Modified Polymer (PAA2).

By utilizing host-guest interactions between poly(acrylic acid) carrying dodecyl groups
(PAA2) and B-CDs of Py-B-CD/SWNT hybrids, nanocomposites of polymer and SWNTs
were prepared. By mixing Py-S-CD/SWNT hybrids and PAA?2 in aqueous media (Scheme la),
a homogeneous SWNT hydrogel formed, indicating that host-guest complexes between S-CD
moieties immobilized on the SWNT surface and dodecyl groups in PAA2 act as cross-links to
form network structures which showed gel-like behavior. Furthermore, SWNT hydrogels
composed of Py-B-CD/SWNT hybrids and PAA2 changed to sol by adding competitive guests
or host compounds. When sodium adamantane carboxylate (AdCNa, 100 eq. to dodecyl
moieties of PAA2) was added to the hydrogel as a competitive guest, gel to sol transition was
observed (Scheme 1b). Upon addition of o-CD (100 eq. to dodecyl groups of PAA2) as a
competitive host, the gel also changed to sol (Scheme 1¢).

[1] T. Ogoshi et al. J. Am. Chem. Soc., 129, 4878 (2007).
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Single-walled carbon nanotubes (SWNTs) have been an area of intense research since their
discovery in 1993 because of their unique structural, electrical, and mechanical properties and
potential applications. However, their applications have been extremely limited due to their
low solubility. Therefore, solubilization of SWNTs has been one of hot topics over the past
decade. For solubilization of SWNTs in solvents, chemical modification of SWNTs and
physical adsorption of organic molecules on SWNT surfaces are useful strategies. Soluble
SWNTs in aqueous media are obtained using physical adsorption of surfactants and polymers.
Herein, we firstly report soluble SWNTs by using host-guest inclusion complex between
cyclodextrin (CD) and guest compound. Surprisingly, SWNTs are soluble in aqueous media
with host-guest complex, while SWNTs are insoluble with only CD or guest compound. To
the best of our knowledge, it is first example of solubilization of SWNTs with host-guest
inclusion complexes. It is little known that two different kinds of compounds cooperatively
act as solubilizer of SWNTs.

To suspension of SWNTs (1.0 mg) in aqueous solution (5.0 mL), S-CD (20 mg) and
sodium adamantane carboxylate (AdCNa, 2.14 mg, 1 equivalent to f-CD) were added and
then the resulting solution was sonicated for 3 h at room temperature. During the sonication,
the aqueous solution changed from colorless to black, indicating solubilization of SWNTs in
aqueous solution. After the sonication, insoluble SWNTs were removed by centrifugation.
The supernatant was homogeneous black solution and stable for more than a month (Figure
1a). On the other hand, SWNTs were insoluble with S-CD or AdCNa (Figure 1b). These
observations indicate that SWNTs are soluble using the mixture of S-CD and AdCNa.
Formation of the complex between S-CD and AdCNa is necessary to solubilize SWNTs.

(b)

Insoluble

Figure 1. Aqueous SWNTSs solution with (a) f-CD (3.52 mM) and AdCNa (3.52 mM), (b)
B-CD or AdCNa after sonication.
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We prepared a uniaxially stretched carbon nanotube/PVA film to study the property of
aligned carbon nanotubes as optical polarizer. Carbon nanotubes(HiPco single-wall
carbon nanotubes: Carbon Nanotechnologies inc.) were uniformly dispersed in water
solution of TritonX-100 under ultrasonication. The solution was then mixed with
PVA powder and exposed under additional ultrasonication for several hours. The
carbon nanotubes/PVA mixture was cast on a glass plate and dried out to form a solid
film. The film was peeled from the glass plate and mechanically stretched along
uniaxial direction so that carbon nanotubes were aligned in the PVA film in the
stretching direction. We investigated degree of polarization(DOP) of the developed
film by measuring transmission spectra with linear polarized light parallel/perpendicular
to the stretching direction. The film showed DOP of 88% with transmission of 12% at
the wavelength of 800 nm. Thanks to the broad absorption spectrum of carbon

nanotubes originated from st plasmon, the film
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Figure 1. Transmission spectra of the
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Direct electron transfer reaction of enzymes at an electrode has been extensively studied
from the viewpoints of both understanding the fundamental features of enzymes, and
applications to enzyme-biofuel cell, biodevice and biosensors. It is expected that carbon
nanotubes (CNTs) work as an excellent electrode material for direct electron transfer reaction
of enzyme because of their unique electronic properties. In this study, direct electron transfer
reaction of glucose oxidase (GOD) adsorbed on carbon nanotubes-synthesized electrode was
demonstrated.

GOD (from Aspergillus niger, EC 1.1.3.4) was obtained from Tokyo Chemical Ind. Co.,
and was used as received. Platinum substrate was polished by a SiC paper followed by ferritin
immobilization onto it (ferritin/Pt). To prepare iron nano-particles as catalysts for CNTs
synthesis, the ferritin/Pt was heated at 400 °C for 60 min to eliminate the protein shell of
ferritin. The prepared iron nano-particle size on Pt was evaluated to be approximately 5+1 nm
in diameter by transmission electron microscope (TEM) measurement. The CNTs were
synthesized by alcohol catalyst chemical vapor deposition (ACCVD) method. Diameter of the
prepared CNTs on Pt plate was evaluated to be 5-10 nm by TEM, which were multi-walled
CNTs. The electrochemical measurements were investigated by cyclic voltammetry. An Ag /
AgCl (saturated KCl) and Pt plate were used as reference
and auxiliary electrode, respectively.

GOD was immobilized CNTs/Pt  electrode
(GOD/CNTs/Pt) by the immersion of the electrode into a
phosphate buffer solution of 550 units mlI" GOD for 12
hours, followed by rising with the buffer solution. Cyclic
voltammogram of glucose oxidation of GOD/CNTs/Pt is
shown in Fig. 1. Catalytic oxidation current was observed
from around -0.4 V in a phosphate buffer (pH 7) in the
presence of 3 mmol dm~ glucose. Such catalytic current ;
was not observed in the absence of glucose. When the E/Vvs. AgiagCl
CNTs/Pt and Pt electrode were used, no catalytic oxidation ~Fig. 1 Cyelic voltammograms of
current was observed. The GOD/CNTs/Pt electrode glucose ~oxidation at —GOD
< g P . immobilized on CNT/Pt electrode
1nd1c;ated substrate specificity: the catalytic current was not . = phosphate buffer in the
obtained when mannose and galactose instead of glucoses  presence (solid line) and absence
were used as substrate. The obtained facts let us to know  (broken line) of 3 mmol dm’

that the direct electron transfer occurred between GOD and ~ glucose.  Scan rate: 5 mV s™.
CNTs. Electrode area: 0.246 cm®.
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Carbon nanotubes (CNTs) have a very high aspect ratio with high mechanical, electrical
and chemical properties. Also, the good cell adhesion on the CNTs have been reported[1]. In
this study, we prepared the multi-walled carbon nanotube (MWCNTSs) films and their tensile
strength were estimated.

The raw material of MWCNTSs (20 to 50nm in diameter ; CNT Co.Ltd., Seoul, Korea)
were purified and dispersed in distilled water or surfactant solution (1wt% of Triton X-100) to
be 50mg in 100ml and sonicated for 20 minutes. The collagen (Cellgen, Koken, Tokyo, Japan)
solution was added into MWCNTSs solution while the sonication. The MWCNT/collagen
mixture was filtered using polycarbonate membrane filter (pore diameter = 0.8mm). The
stacked MWCNT/collagen film on the membrane filter was rinsed with distilled water and
dried at 50°C. The obtained film was cut into 3mm in width and applied for the tensile test.
The micro structure of the film was observed by SEM.

The obtained MWCNTs/collagen compisite films were flexible and did not decomposed
in water. Fig.1 shows the SEM images of MWCNTs/collagen composite with 5, 10 and 15%
of collagen content. The fibrous structure of MWCNTSs are clearly observed and adherent
substances on the MWCNTs, which were assumed as the collagen, were observed. The film
prepared without collagen was brittle. Therefore, collagen would act as binder of MWCNTs.
The tensile strength of the film containing 15wt% of collagen was 14MPa. The strength was
increased with the collagen content. Also, the tensile strength of composite films prepared
using the surfactant was higher than that without surfactant.

Gollagen=10wt% , Collagen=15wt%

;

B e 2000M

* Fig.1 SEM images of MWEDTs/collagen composite films.

[1] N.Aoki, A.Yokoyama, Y.Nodasaka, T.Akasaka, M.Uo, Y.Sato, K.Tohji and F.Watari, Chemistry Letters,
2006, 35, 508-509.
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Electric double layer capacitors (EDLCs) are kind of energy storage devices that exhibit
high power density, rapid charge-discharge, and long cycle life. In this presentation, we report
the electrochemical behavior of EDLCs built from fine-crystallined single-walled carbon
nanotubes (SWCNTs). Fine-crystallined SWCNTSs possess extremely low electric resistance
through the influence of long mean free path by ballistic transport. Therefore, they can utilize
electrons effectively.

We prepared fine-crystallined SWCNTSs by the following steps. Firstly, we synthesized
as-grown SWCNTs by an arc-discharge method using Fe/Ni mixture particles as a metal
catalyst simultaneously. Secondly, The as-grown SWCNTs were air oxidized and treated with
hydrochloric acid to remove amorphous carbon and catalytic metal particles respectively
(purified-SWCNTs). Finally, the purified-SWCNTs were annealed under high vacuum
ambient atmosphere at 1473 K for 30 minutes (fine-crystallined-SWCNTs). In an effort to
modify nanotube surface, the fine-crystallined-SWCNTs were treated with nitric acid at 373 K
for a specific period of time to add carboxyl and hydroxyl groups on the surface
(surface-modified-SWCNTs). As a consequence, these hydrophilic chemical functions
improve the affinity between eclectrode and electrolyte. EDLC cells were assembled using
surface-modified-SWCNTs as both electrode and 30 wt% of sulfuric acid as electrolyte.

Figure 1 is the dependence of electric double layer capacitance of current density for the
surface-modified SWCNTs. To achieve

higher capacitance, it exhibits the most " e ‘ ‘ | A Refiuxed by no*
su%tal.)le surface-treating time of nitric 200+ ¢ b, ., A Refluxed by HNO®
acid is four hours. This means that the S * . for Zhaurs
structure of nanotube is disrupted by & @ RefiuxedbyHNO®
excess surface-treating time and the g VY o ¢ ,
excess surface-modified SWCNTs 2 a, X vv 7 for shours MO
cannot keep the excellent conductivity. £ ' ﬁgx ‘% 4 Reffuxed by HNO’
The relation of the capacitance and & jgolvw ¥ ,$ v rorehours
surface modification will be reported & ooy, v @ forSominates 0C
in detail and discussed. © Vv in high vacuum
¢ 000 00, o
: ’
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Discharging current density (mA/g)
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Fig. 1. Dependence of electric double layer capacitance

of current density for the surface-modified SWCNTs.
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The fabrication of carbon nanotubes (CNTs) at desired positions and the large-scale
production of metal-free CNTs are two key factors that will determine whether CNTs will
soon reach their huge potential for application in a wide variety of areas. Arc discharge’,
laser ablation®, and catalytic chemical vapor deposition (CCVD)™*® techniques have been
developed to produce CNTs, with CCVD having the greatest potential for using in large-scale
production of CNTs. Although much effort have been exerted into improving the CCVD
process, e.g., for controlling the size and morphology of CNTs, some fundamental problems
still remain a challenge.  One of the major weakness of CCVD is the encapsulation of the
metallic catalyst within the nanotube during its growth. The presence of encapsulated metals
may have a detrimental effect on the applicability of CNTs, especially in electronic devices.
The other major problem of the CCVD approach toward the synthesis of CNTs is migration of
the nanoscale catalytic particles during the preparation of the catalysts; this phenomenon
makes it difficult to control the positions of the CNT growth sites. Non-catalytic CVD
approaches would have the potential to solve these two problems. In this regard, we have
developed a simple metal-free CVD method that has the potential to allow the controlled
fabrication of CNTs at desired growth sites on graphite surfaces. Multi-Walled CNTs
(MWCNTs) can be produced at 800 °C in the flow of C;H4/He on graphite surfaces that have
been treated with nitric acids, oxygen or laser ablation.

[1] C. R. Wang, T. Kai, T. Tomiyama, T. Yoshida, Y. Kobayashi, E. Nishibori, M. Takata, M. Sakata and H.
Shinohara, Angew. Chem. Int. Ed., 40, 397 (2001).

[1] S.Lijima, Nature 354, 56(1991).
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The forces induced by a steady electric current on several atoms adsorbed on a
metallic (5,5) and semi-conducting (8,0) carbon nanotubes were calculated using
the non-equilibrium Green's function technique combined with density functional
theory. The calculations were performed with five different atoms, viz. B, C, N, O
and F, adsorbed onto the nanotubes. Single-zeta basis sets with a LDA functional
and considered a fairly large scattering region containing 100 carbon atoms,
leads being semi-infinite nanotubes as well. Geometries were optimized at zero
bias voltage with adatoms in bridge positions. Atoms were found to be either
repelled from the tube or attracted to it and the current-induced forces also
pulled the atoms either in the direction of the electron flow or in the opposite
direction.

We are able to explain these results in terms of
charge transfer, modification of the electron
density, and chemical bonding properties of the
scattering states, assuming that when the bias is
applied, the scattering electrons from the lead
with the higher chemical potential (source)
populates the states above the original Fermi
level and the state below the Fermi level is
depopulated by the electron flow toward the lead

with the lower chemical potential (drain). left Suon®  right
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Contrary to many successful studies on the properties of Cgo since a macroscopic
production of Cg fullerene [1], the microscopic formation process of Ceo and other fullerenes
has not been clarified yet. Therefore, the mystery, why icosahedral Cs clusters are by far
most abundant in carbon soot, still remains unsolved. We address these issues using the
molecular-dynamics combined with the transferable tight-binding model (TBMD)
parametrized by Omata et al. [2]. The reason why we use the new tight-binding model is that,
unlike the previous tight-binding model [3], it can accurately describe the long-range force
between carbon atoms, which should play an important role in the formation process of
fullerenes from C atoms.

We first study the structures of small carbon clusters. It is found that Cjy is the
smallest stable ring at 2000 K. This explains the high abundance of C, in the experimental
C,  mass spectra [4]. From the density-functional study, we find that binding energy per atom
of the Cy¢ ring is larger by 0.4 eV/atom than that of the C)y chain. This energy preference of a
ring to a chain in Cg is most prominent among all C,, clusters studied (5=n=18).

Next, we examine the formation process of fullerenes, taking C,¢ rings as fundamental
parts [4], by performing the TBMD simulation of the reactions between carbon clusters at
1000, 1500, 2000 and 2500 K. Reaction between sp-hybridized Cj, rings gives rise to the
planar sp*-network Ca cluster (Fig.1 (a)) at more than 1000 K. Surprisingly, reaction between
Cyo and Cyp clusters is found to give the closed-cage C; (Fig.1 (b)) at 2500 K. These results
are different from those by using the previous tight-binding model [3] but are consistent with
the experimental result of the ion chromatography by von Helden et al. [5]. In addition, it is
confirmed that C4, Csg and Cg clusters have the closed-cage structure at more than 1500 K,
which is close to the experimental temperature of fullerene formation.

(a) (b)

Fig. 1: (a) planar sp*-network Cs and (b) “fullerene” Cso
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We examined photoinduced electron-transfer reactions and magnetic field effects
(MFEs) on the dynamics of a radical pair that was generated from the intermolecular
electron-transfer reaction between of Cqy derivative with positive charge (C60N+) and methyl
phenothiazine (MePH) (Fig. 1) [1]. We also reported MFEs on the photoelectrochemical
reactions of photosensitive electrodes modified with nanoclusters containing of CgN" and
MePH, intended for utilization of Cg as photofunctional nanodevices [2].

Applying strong magnetic fields to materials induces huge MFEs. It is expected to
create highly functional nano-materials containing new properties, since new interfaces or
nanostructures are constructed by strong magnetic fields [3]. In this study, we examined
MFEs on morphological, electrochemical, and photoelectrochemical properties of electrodes
modified with CgN" and MePH in the presence and the absence of magnetic processing due
to strong magnetic field [4].

The AFM measurements indicated that the size of CgN'-MePH nanoclusters in the
presence of magnetic processing was smaller than that in the absence of magnetic processing.
First reduction peaks due to CgN" nanocluster in the presence of magnetic processing were
negative-shifted as comparison with that in the absence of magnetic processing. Potential
dependencies of the photocurrents of the electrodes
modified with CgN'-MePH nanoclusters in the
presence of magnetic processing were also different

from that in the absence of magnetic processing. s N-CH,
The magnetic field effects in AFM, and

electrochemical and photoelectrochemical

measurements are most likely ascribed to the MePH

difference of the reduction potentials between the

absence and the presence of magnetic processing due Fig. 1 Molecular structures of

to the morphological change of CgN" nanoclusters. CeN' and MePH
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There are quantitative differences such as structure, aromatic character, symmetry
and chemical properties between [60]fullerene and the higher fullerenes available. The
development of the chemistry of the higher fullerenes such as [70]fullerene is great
significance because they show a high performance of optical and electrochemical properties
for the creation of novel molecular devises. The synthesis of tri-adducts [70]fullerene
derivatives has been reported in our laboratory[1]. This multi-addition reaction is a powerful
method for the functionalization of [70]fullerene to develop abilities or add novel functions to
[70]fullerene.

Here, we report the tri-adducts [70]fullerene derivatives which possess biphenyl ester
groups. To a suspension of Cu complex in THF was added a solution of
EtOCOCsH4CsH4sMgBr which was prepared by iodine-magnesium exchange procedure[2]. To
the resulting yellow suspension was added a solution of [70]fullerene to obtain
C70(CsHaCsH4COzEt)sH (1). The sequential methylation or complexation of 1 afforded 2, 3
and 4. Electrochemical and photophysical properties of these compounds will be presented.

Functionalized Cu complex

C70

[Cp*Ru(NCMe)3]PFg

Mel

[Cp*Fe(NCMe);]PF¢

[1] M. Sawamura, M. Toganoh, H. Tikura, Y. Matsuo, A. Hirai, and E. Nakamura, J. Mater. Chem. (Fullerene
issue), 12, 2109-2115 (2002).
[2] Y.-W. Zhong, Y. Matsuo, and E. Nakamura, Org. Lett., 8, 1463-1466 (2006).
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Thermal degradation of radically polymerized polymethylmethacrylate (PMMA) in
nitrogen atmosphere is explained by three reaction stages [1]. Differential scanning
calorimetry (DSC) curve of the PMMA shows three endothermic peaks corresponding to each
stage. With an increase in the content of Cg addition, the first peak disappears and other peaks
shift to high temperature.

In this study, we investigate the thermal stability of ~Tablel. Reduction potential of
PMMA with or without fullerenes. The influence of Cep, fullerenes ( vs. Ag/Ag")

Ce00O, and [6,6]-phenylCq;-butylic acid methyl ester E' IV
(PCBM), which have different electron affinity (Tablel),

on the thermal degradation of PMMA are kinetically Ceo -0.85
studied. The apparent activation energies, E,, associated Ce0O -0.81
with the second and third degradation stage of PMMA are PCBM -0.94
calculated by the methods of Flynn-Wall-Ozawa [2] and

Kissinger [3].

Calculated kinetic parameters are shown in Table 2. The E, values of the PMMA
containing any kind of fullerenes are comparable to each other and higher than that of pristine
PMMA. These results indicate that fullerenes heighten the degradation point of PMMA and
are good stabilizer for PMMA. The kinetic compensation parameters for thermal degradation,
S,’, are calculated according to S," = E, / logd [4]. The Sp* of PMMA with or without
fullerenes shows almost constant value. It suggests that shift of the peak top temperature of
second and third degradation stage of PMMA does not accompany with the alteration of
degradation mechanism of PMMA.

Table 2. Kinetic parameters of thermal degradation at the second
degradationstage of PMMA calculated by the Kissinger method.

E,/kKImol’  A/min"? S,

PMMA 171.7 4.13x10" 13.6
PMMA/Cso 196.5 7.49x10™ 13.2
PMMA/Cg0 190.5 1.64x10" 13.4
PMMA/PCBM 199.3 1.54x10" 13.1

a) Preexponential factor.

[1] T. Kashiwagi, et al., Macromol. 1986, 19, 2160. [2] T. Ozawa, Bull. Chem. Soc. Jpn. 1965, 38, 1881.
[3] H. Kissinger, Anal. Chem. 1957, 29, 1702. [4] M. Maciejewski, J. Thermal Anal. 1988, 33, 1269
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Recently, we have shown that fullerene oxide can be transformed into 1,3-dioxolane
derivatives or 1,4-bisadducts efficiently[1][2]. In the present study, we report the synthesis of
indolino-[60]fullerene derivative by the nucleophilic substitution of epoxy group on CsO (1).
Reaction of 1 with excess aromatic amine in the presence of acid catalyst affords fullerene
derivative (3) bearing five-membered heterocyclic structure.

CizHzs

O HN_ OH
S—
@.Q' H2N©‘C12H25 ,catalyst

PhCI,120°C

73
- &

The structure for 3 was confirmed by using FT-IR, MS, 'H- and “C-NMR
measurements. The reactions in the presence of several catalysts under the similar conditions
were carried out, and the results are listed in Table 1. The reaction produced 3 in ca. 50 %
yield under BiCls, which catalyzes opening of epoxide ring with aromatic amines[3]. The
production of 3 was also enhanced by the presence of Montmorillonite K10 and Sepiolite,
whereas neither p-toluenesulfonic acid (TSOH) nor Amberlyst 15 was produced 3 as main
product. During the reaction, we observed the formation of 1,2-aminoalcohol (2) as an
intermediate. These results imply that the reaction proceeds in only aprotic condition via a
nucleophilic substitution of 1 with aromatic amine followed by a cyclization of 2.

Table 1. Reaction of 1 with aromatic amine in the presence of catalyst Table 2. Reduction potentials vs Ag/AgCl
catalysts time  yield(%) temperature ("C) compounds Elve B B
BiCl, 2h 50.3 120 Ceo 20.85 123 -1.68
Montmorillonite K10 6h 56.7 120
. Cy0 -0.81 -1.34 -1.69
Sepiolite 6h 63.8 120 )
TSOH sd trace 100 PCBM -0.94 -1.30 -1.81
Amberlyst 15 5d 0 120 3 092 -129 180

Electrochemical data for the first three reductions of 3 are given with those of Cgy, C50O
and PCBM in Table 2. The first reduction potential of 3 is significantly low and comparable to
that of PCBM.

[17Y. Shigemitsu, M. Kaneko, Y. Tajima, K. Takeuchi, Chem. Lett., 2004, 33(12), 1604-1605.
[2]Y. Tajima, T. Hara, T. Honma, K. Takeuchi, Org. Lett., 2006, 8(15), 3203-3205.

[3] T. Ollevier, G. Lavie-Compin, Tetrahedron Lett., 2002, 43, 7891-7893.
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Metal carbide fullerenes are an intriguing class of fullerene materials encapsulating
metal-carbide cluster inside carbon cages [1]. For example, ScoCo@Cso(1lI) encages two Sc
metal and C; cluster in a carbon cage of C3, symmetry [2,3]. Two Sc ions have been observed
to rotate in the carbon cage as revealed by solution NMR [4]. Although many NMR
measurements have been reported for metallofullerenes, almost all measurements have been
done on liquid-state NMR. Here, we report solid-state NMR of Sc-metallofullerenes and
discuss an intra-fullerene motional dynamics of Sc¢ metal atoms in the fullerene solid.

Sc,Co@Cso (1) solid was prepared bg/ drying a purified (99.9 %) metallofullerene in vacuo
at room temperature. **Sc NMR and °C NMR
spectra were recorded at 121.5 and 125.7 MHz,

respectively, on a Bruker DSX 500 spectrometer, /N 313K
incorporating a 2.5mm magic angle spinning

NMR probe. Spectra were taken on samples w
spinning at a rate of 0-25 kHz, using 90° pulses W
of 144 ps for scandium and 3.00 p s for 323K

carbon, which was followed by a relaxation

delay of 0.5 s. The temperature dependence was Tl e J00K
observed between 300 and 373 K. The chemical 1000 500 0 -500
shifts for scandium and carbon atoms were Cnemical Shift / ppm

calibrated by using aqueous solution of Figure 1. Solid State **Sc-NMR spectra of
scandium nitrate and adamantine, respectively. Se,Cr@Ce(1)

Figure 1 shows solid state **Sc-NMR spectra
of Sc,C,@Csy(II) at a temperature range from
300 to 373 K. The signals shown in Fig.1 were
the only signals obtained in the chemical shift
range -500 to 1000 ppm. This also indicates ‘,‘ P
there is no overlap of two resonances with U
almost similar chemical shifts. The activation ST :
energy estimated from the corresponding
Arrhenius plot is 6.59 kJ/mol which is lower ‘
than 8.49 kJ/mol by a solution **Sc-NMR 160 155 150 145 140 135 130 125 120

~

reported by Miyake et al. Figure 2 shows solid Chemical Shift / ppm
state *C-NMR spectrum of Sc;Co@Cso(1l) at  Figure 2. Solid State *C-NMR spectra of
room temperature. It is suggested that Sc,C@Cs(1

ScoCo@Cso( ) fullerenes are in a certain

(restricted) motion in the solid state judging from the observed sharp "C-NMR lines.
References: [1]C.-R. Wang ef al., Angew. Chemie. Int. Ed., 40. 397(2001). [2]liduka ef al., Chem. Commu.,

2057 (2006). [3]E.Nishibori et al., Chem. Phys. Lett. 433, 120(2006). [4]Y. Miyake et al., J. Phys. Chem.,

100,9579 (1996).
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From the temperature dependence of 3C NMR spectra of Ca@Cry, it
was found that the symmetry of the cage is D3, and that the Ca atom hops
between several sites inside the cage[1]. It was suggested that the Ca deviates
from the center of the cage, and the stable structure of Ca@Cy, is Cs, at low
temperature. With increasing temperature, the metal moves within the oy,
plane. Density functional calculations also predicted that the most stable
structure of Ca@Cyy is Cy,[2).

Motion of the encapsulated metal in MQC;, (M=Be, Mg, Ca, Sr, Ba)
is studied in terms of vibronic coupling using group theory approach. The
selection rule for the symmetry of metal motion is presented. This agrees well
with experimental findings for Ca@C,4. The metal motion can be regard as a
pseudo-Jahn—Teller effect. The electronic structures and adiabatic potential
surfaces of MQC,,4 are calculated using the tight-binding approximation.

[1] T. Kodama, Y. Fujii, Y. Miyake, S. Suzuki, H. Nishikawa, I. Ikemoto, K.
Kikuchi, and Y. Achiba, Chem. Phys. Lett. 399, 94(2004).

[2] S. Nagase, K. Kobayashi, and T. Akasaka, J. Mol. Struct. (Theochem) 461-
462, 97 (1999).
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Ideal Star Inc. has recently achieved the synthesis of the Li@Cgo-containing material
and its extraction with 1-chloronaphthalene to afford the Li@Cgo-enriched product. However,
several spectroscopic and elemental analyses indicate that the extracted product contains a
large amount of empty [Cgo]fullerene molecules. We suggest that Li@Ces molecule is
associated with Cep molecules to form a cluster structure formulated as (Li@Ce0)(Coo)x (1, x =
12 ~ 20). Because of low solubility of 1 in common solvents as well as unexpectedly strong
intermolecular force between Li@Cg and Cg, we have not succeeded in isolation of Li@Ceo
from 1 by extraction or chromatography.

Thus, we have focused on the chemical functionalization of 1 with a bulky
adamantylidene group to improve the solubility as well as ravel out the cluster structure. For
example, Akasaka et al. reported the chemical functionalization of La@Cs by
spiro[2-adamantane-2,3’-3 H-diazirine] (AdN,) to give La@ng(Ad)l.

Herein, we report the reaction of (Li@Ce0)(Ceo)x (1) with excess AdN, and
characterization of the reaction product (1-Ad). Treatment of 1 with excess AdN; in
1-chloronaphthalene gave 1-Ad as a brown powder. 1-Ad was characterized by LDI-TOF MS
spectroscopy, where the several peaks assignable to Li@Cgo(Ad), (n = 1 ~ 6) were observed.
1-Ad has higher solubility in o-dichlorobenzene and CS, compared to 1.

N hvor A
(Li@Cgo)(Cqp)x + ©xcess || — 1-Ad
1 N -Ne
(x=12~20) AdN,

[1]1Y. Maeda et al., J. Am. Chem. Soc., 126, 6858 (2004).
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Since the first success in the extraction of endohedral metallofullerenes in 1991, M@Cs:
(M = Sc, Y, La and other lanthanide elements) has been most widely investigated as a
prototype of mono-metallofullerenes [1]. For example, the structure and electronic property of
La@Cs, have been revealed by theoretical calculations and various experimental methods
such as >C NMR and X-ray powder diffraction studies and X-ray single-crystal structure
analysis. Meanwhile, the structure of Sc@Cs; has been reported by X-ray powder diffraction
study [2], however, its electronic property and chemical reactivity have not so far been
clarified.

Because of the paramagnetic nature, it is difficult to determine the structure of Sc@Cs; by
PC NMR measurement. We have developed a new method to determine the structures of a
series of paramagnetic mono-metallofullerenes by ?C NMR measurements in their anionic
form [3]. Herein we report the structural determination of Sc@Cs, by using this method.

Electronic property and chemical reactivity of Sc@Cs, were also investigated.

References
[1] Endofullerenes: A New Family of Carbon Clusters; Akasaka, T., Nagase, S., Eds.; Kluwer: Dordrecht, 2002,
[2] Nishibori, E. et al. Chem. Phys. Lett. 1998, 298, 79.

[3] Akasaka, T. et al. J. Am. Chem. Soc. 2000, 122, 9316.
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Endohedral metallofullerenes have attracted special interest since they could lead to
new spherical molecules with unique structure and properties that are unexpected for empty
fullerenes. In 1991, Smalley and co-workers reported that La@C,, La@C,,, and La@C,
were produced especially abundantly in the soot, but only La@Cg, was extracted with
toluene[1]. Since then, the chemistry of soluble endohedral metallofullerenes has been started
by centering on that of La@Cs,, and up to now many soluble endohedral metallofullerenes
have been separated and characterized. However, insoluble endohedral metallofullerenes such
as La@Cy,, La@C,,, and La@C,,, have not yet been isolated although they are regularly
observed in the raw soot by mass spectrometry.

We herein report the isolation of La@C,,, La@C,,, and La@C, as an endohedral
metallofullerene derivative, La@C,,(C,H,Cl,)[2], La@C,,(C{H;CL,)[3], and La@C,(C,H,Cl,),
respectively. The structural determination has been performed by spectroscopic and finally
X-ray crystallographic analysis, and these properties are discussed on the basis of the
theoretical study. ‘

Figure 1. Structure of (a) La@C,,(C,H;Cl,) and (b) La@C,,(C,H,Cl,)

References:
[1] Chai, Y.; et al. J. Phys. Chem. 1991, 95, 7564.
[2] Wakahara, T.; Nikawa, H.; et al. J. Am. Chem. Soc. 2006, 128, 14228.
[3] Nikawa, H.; Kikuchi, T.; et al. J. Am. Chem. Soc. 2008, 127, 9684.
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Temperature dependence of the Cgo and Cg fullerene films was measured by vibrating reed
method in the temperature range from 110K to 500K. The fullerene film was deposited on
Cu-alloy substrate of dimensions of 40mm X 5mm X 0.1mm at 473K by vacuum sublimation
in a residual gas pressure below 2.0 X 10 Torr. Thickness of the fullerene films obtained was
confirmed to be about 1000 nm. X-ray diffraction measurements show that no any diffraction

peak was observed. Internal friction

002 - |

of both the Cu-alloy substrate and ec60 |
the fullerene/Cu-alloy sample were 0016 o g“;c% T o070
measured, and then the temperature -5 0,012 o 9Q
dependence of internal friction of ~ © ) Oo i
e |
[Foud
the fullerene films was calculated. - 9% o'n % |
c |
The temperature dependences of 8 0004 & :
internal friction of the Cgo and Cyo = = %M
films are shown in Fig.1. We see in 0 7 N
|
the figure that the internal friction -0,004 ' ‘ |
of C film is larger than that of Cgp 100 200 300 400 500
Temperature[K]

film. This may be related to a lower
Fig.1 Temperature dependence of internal friction

of Ceo and Cro film.

symmetrization of C; molecule. A
strong internal friction peak is
observed around 280K in both fullerene films. We believe that the internal friction around
280K is due to a rotation of Cg or C79 molecule in their amorphous phase. In the figure a
weaker peak is observed around 400K in the C; film only. This internal friction may be
related to a rotation of C9 molecule along its shorter axis.

References: Z.S.1i, Q.F.Fang, S.Veprek, S.Z.Li, Mater.Sci.Eng.A 370(2004) 186-190
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We have reported that solution-processed organic thin-film transistors (TFTs) based
on long-chain alkyl-substituted Cgo derivatives exhibit high field-effect electron
mobility [1-2]. Recently, we have reported an organic TFT based on a perfluoroalkyl
substituted Cgo derivative, C60-fused N-methylpyrrolidine-para-perfluorooctyl phenyl
(C60PC8F17), shows high mobility and air-stability [3]. In this study, for evaluating the
effect of perfluoroalkyl-chain orientation, we fabricate and characterize TFTs based on
various perfluorooctyl substituted Cgo derivatives. Films of Cgo derivatives were
fabricated on highly doped silicon wafers covered with SiO, by spin coating from
chloroform solution under ambient condition. Source and drain gold electrodes were
deposited on the film. The TFT
characteristics were measured in a vacuum C600C8F17 (R,=Rs=H, Ri=CsF17)
and air at room temperature. CBOMCBF17 (Ri=Rs=H, Ro=C4F17)
CB0PC8F17 (R=R,=H, Ry=CsF7)

Table 1 shows electron mobilities of the

TFTs in a vacuum and after exposure to air Table 1. Electron mobilities of the TFTs

for 5 hours. C60MC8F17- and Mobility (cm*/Vs)
e . Vacuum Air (after Sh)
C60PC8F17-TFT exhibited high electron C800CEFT7 0.001 —
ility i ili C60MCB8F17 0.02 4x10
mobility in a vacuum, whereas the mobility CoORCEETT 007 0,008

of C60MCS8F17-TFT largely decreased in
air. C600OC8F17-TFT exhibited low mobility in a vacuum and no active performance in
air. These results indicated that perfluoroalkyl-chain orientation of Ceo derivatives

strongly affects the TFT performance.

This study was partly supported by Industrial Technology Research Grant Program in 2006 from New
Energy and Industrial Technology Development Organization (NEDO) of Japan.

[1] M. Chikamatsu et al., Appl. Phys. Lett. 87, 203504 (2005).

[2] M. Chikamatsu et al., J. Photoch. Photobio. A 182, 245 (2006).
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Fullerene derivatives are paid attention as one of the tendency to improve carbon
materials. We have been working on a quantum-chemical design of conductive materials
and career transport materials (for example, polythiophene and polysilane), and reported that
the career mobility can be predicted according to the ratio of intermolecular orbital overlap
and reorganization energy A to the injection of the career.

In the present study [1], we focus on the hydrogenation of Cg and its effect on the
hole transport property. Density functional theory calculations (B3LYP/6-311G(d)) are
applied to Cep and 11 isomers of CgH, (Figure 1) with small heat of formation AH;° [2],
focusing our attention mainly on the reorganization energy A to the hole injection. It is well
known that small reorganization energy A causes the effective hole transport.

Reorganization energy A of Ceg to the
hole injection is 94 meV, and those of CgoH, are
shown in Figure 1. A of two synthesized
isomers (0a and 2a [3]) is 65 meV, which is
smaller than that of Cgy. It should be noted
that 2b and 3a isomers have further smaller A
(50 and 62 meV, respectively) than Oa and 2a,
though they have not been synthesized. These
results indicate that some isomers of CeoHs
have potential utility as hole transport
materials.

In order to propose the design manual

of hole transport materials based on the Figure 1. A part of Schlegel diagram of Ceo and
numbering of carbon atoms.  The initial

fullerene  derivatives, —analysis  of  the hydrogen is placed at carbon atom colored black

reorganization using vibronic coupling density  and the second hydrogen at one of Oa-4a

n [4,5] or nuclear Fukui function ¢ [6] is carbons to produce 11 isomers of CeoHa.

carried out. Details of the calculation and Inserted values in the parenthesis are the

analysis will be presented in the symposium. reorganization energies A (meV) of each isomer
to the hole injection.

[1] K. Tokunaga, S. Ohmori, H. Kawabata, and K. Matsushige, Synth. Met., to be submitted.
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We have been studying the polymerization of Cgy with free electron laser (FEL)
irradiation. The FEL has the features of wavelength variability and extremely sharp pulse
width, ~ several hundreds femtosecond. The purpose of this work is to synthesize an
amorphous and polymerized fullerene bulk. In our previous works the optimization is
carried out concerning about the irradiation wavelength, that is 450 ~ 500 nm.[1-2]
However the polymerization area is limited to approximately Sum in a diameter, the reason of
which is probably the limited directions for polymerization. The directionality is expected to
be reduced inserting some molecules with double bonds between Cgo molecules and then an
amorphous Cgo polymer is also anticipated. In this presentation FEL was irradiated to Ce
precipitates on the bottom in the saturated toluene. In addition the effect of FEL irradiation
against the specimens grown by liquid-liquid interfacial precipitation (LLIP) method as well
as the pressed powder will be investigated.

The Cgo powder (99.5%) was pressed to be bulk specimen and 3™ harmonics 500 nm
FEL was irradiated (fundamental energy density was 6.8 mJ/pulse: cm® ) in vacuum after

0 o V annealing at 120°C. Another approach is as follows.
The Csp powder 0.2 g was dissolved in toluene 30 ml
subsequently sonicated for 5 min and then was
maintained for 3 days. FEL was irradiated for one
hour to the remained Cq powder at the bottom of a
§ o~ glass bottle filled with the saturated toluene.
0 ... Trradiated powder was pressed and the surface of it
0 1430 1430 1450 1460 1470 1ago WAS evaluated by optical microscope and Raman

Wavenumber (cm™) analysis. . . .
Fig.l : Raman spectra and optical In figure 1 optical microscope image and
heeiman¢ 1mage of a prffff’f{ bulk Raman spectra inside the circle, center of the image.
" Small shinny grain, ~5um¢, was observed and that
showed the photo-polymerization demonstrated by
the peak around 1460 cm™ in Raman spectrum.
Figure 2 shows the optical image of the specimen
irradiated in the saturated toluene, the spectrum of
which was similar to that of Fig.1. It is clearly seen
that a lot of polymerized grains, indicated by the
dotted circles, were obtained. It is expected that the
solution help polymerize Cgp molecules.

30

20

Intensity (a.u.)

Fig.2 : Opfical microscope image of the
solution-grown Cgg

[1] The 31st Fullerene and Nanotubes General Symposium 2P-19
f2] The 32nd Fullerene and Nanotubes General Symposium 1P-39
[3] Molecular Electronics and Bioelectronics 4 1P-05
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Electrical Properties of Mg-doped Cg Thin Films
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Toyota Technological Institute, 2-12-1 Hisakata, Tempaku, Nagoya 468-8511, Japan

Ceo solids have been known as high resistive semiconductor materials. For the practical
use of this unique semiconducting carbon molecular solid, it is necessary to control
conductivity by impurity doping. Ce intercalation has been studied extensively with regard to
the superconducting compounds. Alkali and alkali earth metals, such as Li, Na, K, Rb and Ba
have been used mostly as guest metals in the previous study. The valence electron level of
almost alkali and alkali earth metals lies at higher energy than LUMO-derived band of Cg,
and the valence electrons of guest metals transfer to the Cqo LUMO-derived band. Thus, these
compounds show the metallic behavior. For the semiconductor device application, the search
for new guest materials is necessary. Mg is one of the promising materials for guest metal
showing semiconductor property. R. P. Gupta et al. reported the energy band calculation of
Mg>Cyg solids, and indicated that Mg,Cgo was semiconductor, since Mg 3s-derived occupied
band was formed between C¢p HOMO-LOMO levels [1]. In this paper, we will report Mg
doping into Cg films by co-evaporation of C¢o and Mg, and their electrical properties.

Cso and Mg-doped Csp films were grown by using molecular beam deposition chamber.
The base pressure of the chamber was 3x107 Pa. The pure (99.98%) Ceo powder and Mg
(99.9%) was evaporated from a Knudsen cell. The beam flux of the each source was
monitored by a nude ion gauge at the substrate position. The ratio of Mg/Cg source was
changed in the range of 0.04 to 0.7. The growth rate of Cgy was 2~3 nm/min, and the total film
thickness was around 500 nm. The film composition of Mg:Cg was confirmed by X-ray
Photoelectron Spectroscopy (XPS). For the conductivity measurements, Mg-doped Cq films
were evaporated on the glass substrates coated with Al stripe electrodes at 0.5 mm spacing
and 10 mm long. The conductivity was estimated from I-V characteristics between the
adjacent bottom electrodes with
variable temperature under the vacuum
condition.

Temperature  dependence  of
conductivity of Mg-doped Cg films
with different Mg concentrations are
shown in Fig. 1. The conductivity at
room temperature increases with
increasing Mg concentration, and its
temperature dependence consists of
two or more thermally-activated et T
processes with different activation 123 4567 6 810112
energy. 10°T (K™)

Fig. 1: Temperature dependence of conductivity of
[1] R. P. Gupta, M. Gupta, Physica C, 219, Mg-doped Cg films.
(1994) 21-25.
Corresponding Author: Nobuaki Kojima
TEL: +81-52-809-1877, FAX: +81-52-809-1879, E-mail: nkojima@toyota-ti.ac.jp
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Physical Properties of H, Endohedral Cg

Katsumi Tanigakil, Takeshi Rachil, Ryotaro Kumashirol, Yasujiro Murataz, Koichi Komatsu® ,
Toru Kakiuchi®, Hiroshi Sawa®, Yoshimitsu Kohama®*, Satoru Izumisawa*, Hitoshi Kawaj it

and Tooru Atake®

'Department of Physics, Graduate of Science, Tohoku University
’Institute of Chemical Research, Kyoto University
S Material Structure Science, KEK
Materials and Structures Laboratory, Tokyo Institute of Technology
6-3 Aoba, Aramaki, Aoba, Sendai 980-8578, Japan
Uji, Kyoto 611-0011, Japan
71-1, Oho, Tsukuba 305-0801, Japan
1259 Nagatsuta-cho, Midori-ku, Yokohama 226-8503, Japan

Endohedral Fullerenes have been attracting much attentions in the past decade in
both chemistry and physics. Although very intriguing physical properties are expected in
endohedral Cqy family fullerenes, almost all the studies in physical properties have been
focused on atom endohedral Cg, fullerenes. This is because the latter can macroscopically be
produced. Recently hydrogen molecule endohedral Cg has been synthesized in macroscopic
quantity using an elegant molecular surgery method in chemical synthesis. Therefore, we have
attempted to study physical properties of this new endohedral fullerene, including the detailed
studies on superconductivity upon carrier doping.

The specific heat capacity measurements show two remarkable transition peaks: one is
at a high temperature regime for Cgy disorder-order transition and the other is at a low
temperature regime which is related to the rotation of the endohedral hydrogen molecule.
When alkaline metals of K and Rb are doped to this system, superconductivity appears.

In this presentation, we compare the both physical properties and the structure between
Ceo and Ho@Cso on a basis of specific heat capacity measurements and structural information
obtained from high resolution X ray diffraction measurements at SPring-8 and KEK.

The present work is partially supported by the 21st century COE program “Particle
Matter Hierarchy” MEXT Japan, and Center for Interdisciplinary Research Project in Tohoku
University. This work was performed by a Grant-in-Aid from the Ministry of Education,
Science, Sports and Culture of Japan, No. 15201019, 1771088, 18204030, 18651075 and
19014001.

Corresponding Author: Katsumi Tanigaki
TEL: +81-022-795-6469, FAX: +81-022-795-6470, E-mail: Tanigaki@sspns.phys.tohoku.ac.jp
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Preparation of carbon nanoparticles by biomolecules carbonization
Masato Tominaga, OKatsuya Miyahara, Shinya Nomura, and [sao Taniguchi

Graduate School of Science and Technology, Kumamoto University,
Kumamoto 860-8555, Japan

Ferritin, an iron storage protein, is a potential candidate for protein engineering of
nanomaterial synthesis. In this study, the fabrication of two-dimensional carbon nanoparticles
based on ferritin molecule was prepared via heat treatment in a hydrogen gas atmosphere.

A polished silicon substrate surface was treated by H,O, / NH4OH / water (1:1:5 (v/v)).
Then, the silicon substrate was modified with 3-aminopropyltrimethoxysilane (3-APMS).
Ferritin was immobilized onto 3-APMS-modified silicon surface (3-APMS/Si) by immersion
of substrate into a phosphate buffer solution of 0.2 umol dm™ ferritin. Tapping-mode atomic
force microscope(AFM) measurements were carried out under an atmosphere.

Preparation of carbon nanoparticles on silicon substrate were performed by heat-treatment
for ferritin on 3-APMS/Si at 400 °C for 60 min under H; gas. Fig. 1(a, b) show typical
tapping-mode AFM images before and after heat-treatment. Before the treatment, ferritin
molecules immobilized onto the silicon surface were observed as shown in Fig. 1(a). The size
of each ferritin molecule was evaluated to be approximately 9(+2) nm in diameter. After the
treatment, carbon nanoparticles derived from the carbonization of ferritin were observed as
shown in Fig. 1(b), which was evaluated to be approximately 5 nm in diameter. We will

discuss the detailed characterization of carbon nanoparticles.

fpm]

Fig. 1 Tapping-mode AFM images before (a) and after (b) heat-treatment for ferritin immobilized

onto 3-APMS-modified silicon substrate at 400 “C for 60 min under H, gas atmosphere.
Corresponding Author: Masato Tominaga

E-mail: masato@gpo.kumamoto-u.ac.jp

Tel&Fax: 096-342-3656
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Influence of Electronic Excitation on High-Speed Ion Irradiation to
Graphene Sheet

oYoshiyuki Miyamoto', Arkady Krasheninnikov?, and David Tomének’

"Nano Electronics Research Labs, NEC, Tsukuba 305-8501, Japan
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Ion-irradiation is a useful tool for inducing structural changes on graphite, nanotube,
and many carbon related materials. Despite the utility of ion-irradiation, the atomic scale
mechanism of the structural change remains unknown. There was no proper computational
method to simulate the atomic scale phenomena of ion-impact on condensed matters
especially for high-speed ion irradiations, since the conventional Born-Oppenheimer
approximation (BOA) is highly questionable in that cases.

To address validation (or invalidation) of conventional BOA in molecular dynamics
(MD) simulations, we examine the cases of H projectile targeting graphene sheet and
compared the results between tight-binding (TB) MD method based on the
density-functional-theory (DFT) and the MD method based on the time-dependent DFT
(TDDFT) [1]. Although nice agreements between these two MD simulations is obtained when
kinetic energy of projectile is less than 100 eV, significant stopping power of the projectile is
observed only by TDDFT-MD in high-speed region with corresponding kinetic energy beyond
1 KeV.

Even though the kinetic energy transportation from projectile to recoil atom 1is
negligible in both MD simulations under such a high-energy region, the lost of kinetic energy
of projectile is significant only in TDDFT-MD simulation. From the energy conservation rule,
the stopping power can be interpreted as corrective electronic shakeup by high-speed ion.
This shakeup cannot be expressed within BOA. We discuss validation of using the
TDDFT-MD method by comparing numerical results obtained by conventional theory of
high-speed impacts of ion to condensed matters.

This work was supported by the Next Generation Super Computing Project, Nano
Science Program, MEXT Japan.

[1] O Sugino and Y. Miyamoto, Phys. Rev. B. 59, 2579 (1999); ibid, Phys. Rev. B 66, 089901(E) (2002).
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Laser Induced Optical Emission of Polyynes
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During the resonance Raman study of vibrational structures of polyyne molecules [1], we
found optical emission spectra of the molecules in the visible wavelength regions. From the
analysis of the vibrational structures of the emission spectra, the transition was attributed to
the forbidden electronic transition. The weak transition was able to be detected after the effort
of purification of the sample solution by repetitive HPLC operations. In the emission spectra,
vibrational structures were clearly observed for such a relatively large molecule. With the aid
of theoretical investigations on the symmetry selection rules, the spectral features were
explained by vibronic transitions of characteristic vibrational modes.

In this work, optical emission spectra of polyyne molecules C,,H, (n=5-8) were observed
upon UV-laser irradiation for the dipole-allowed transition, 1Zu+<—X12g+, of size-separated
polyyne molecules in n-hexane. The emission spectra of CyoH, show distinct peaks at 436 and
480 nm with a separation of ~2100 cm™ for the stretching vibration of the sp-carbon chain.
Weak absorption features were also detected nearby UV regions in shorter wavelengths. The
spectral features in the emission spectra were assigned to vibronic bands of the forbidden
electronic transition, 'A,—X'Z,", within the spin-singlet manifold. The emission wavelengths

of the series of polyynes increase systematically with increasing size ».

[1] T. Wakabayashi et al. Chem. Phys. Lett. 433, 296 (2007).
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Fabrication of Cgy Fullerene — Ethylenediamine Nanoparticles and
Their Photoelectrochemical Application
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Fullerene has been one of promising nanocarbon materials for use in
high-performance (photo)electronic devices. Especially, Ceo clusters have been attracting
much attention, because assemblies of Cgo exhibit high mobility of electrons. Thus,
application of the Cgo clusters to photoelectric conversion devices is quite interesting. On
the other hand, early studies reported that the addition reaction between Cs and some
aliphatic diamines generated cluster-like precipitates. In this research, we have clarified that
the reaction of Csy with a large excess of ethylenediamine (EDA) afforded nanospheres
consisting of C¢y and EDA and have found that the resultant nanospheres substantially

enhanced the photocurrent signal from a polythiophene film."”
C60P

c60P C60P/P3DT/ITO
Figure 1. Preparation abstract of C60P and the structures of C60P/P3DT/ITO

Figure 1 shows the abstract of the preparation of fullerene — EDA particle (C60P)
and the structure of C60P modified polythiophene film. C60Ps were prepared by mixing of
C60 toluene solution and EDA. C60Ps were collected by filtration and dried in vacuo. The
result of scanning electron microscope image of C60Ps indicated that the almost C60Ps were
roughly spherical with the diameter about 300 nm.  C60 layer was superimposed on the
poly-3-dodecylthiophene (P3DT) film modified indium-tin-oxide electrode (P3DT/ITO) to
give C60P modified composite film C60P/P3DT/ITO. In the presence of sacrificial reagent,
C60P/P3DT/ITO was generated the stable photocurrent.  The photocurrent from
C60P/P3DT/ITO was roughly three-times enhanced as compared with that of reference
P3DT/ITO electrode. Experimental details and further discussion will be addressed in the
presentation.

Reference

1) K-i. Matsuoka, H. Seo, T. Akiyama and S. Yamada, Chem. Lett., accepted.
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It is known that polyhedral graphite (PG) particles having a structure composed of many
polyhedra with 100-500 nm diameters are formed by the laser vaporization of graphite in a
high-pressure Ar atmosphere [1]. These PG particles can be used as a lubricant because of
their unique structures and properties, such as chemical and mechanical stability during
high-pressure compression [2]. We have reported that PG particles can be formed efficiently
by using cellulose char as an additional carbon source in the arc discharge (high-density
carbon arc discharge) [3]. In this study, we investigated the formation condition of PG
particles in more detail and the influence of the carbon density on the PG particle formation in
arc plasma.

The PG particles were produced by conventional carbon arc discharge with a cellulose char
pellet introduced into the arc plasma in an Ar atmosphere. The cellulose pellet was charred at
350°C for 60 min before arc vaporization. A graphite anode and the cellulose char pellet were
simultaneously vaporized in DC arc plasma.

Figure 1 shows a TEM image of some typical PG particles formed by high-density carbon
arc discharge. They have facets and highly graphitized concentric structures that are the same
as those formed by laser vaporization. The interlayer spacing was approximately 0.34 nm.
Figure 2 shows the size distribution of the formed PG particles. The diameters of the particles
ranged from 100 to 560 nm and the average diameter was 290 nm. These results are similar to
those for laser vaporization. It is usually necessary to have a high-pressure of 0.8 MPa to form
PG particles by laser vaporization. However, PG particles can be formed efficiently at a
low-pressure of 0.1 MPa by using our arc technique. We assume that the additional carbon
source from the cellulose char pellet lead to the high density carbon species equivalent to that
of laser vaporization in high-pressure Ar.

o0 200 300 a00 560 500

. o ' , ' Diameter (nm)
Fig. 1 TEM image of PG particles produced by Fig. 2 Size distribution of PG particles produced
high-density carbon arc discharge in Ar. by high-density carbon arc discharge in Ar.

References: [1] F. Kokai et al., Appl. Phys. 4, 77, 69 (2003).

[2] A. Nakayama et al., Appl. Phys. Lett. 84, 5112, (2004).

[31 A. Koshio et al., The 31° Fullerene-Nanotubes General Symposium, 2P-21.
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Monolayer graphite sheets with nano-meter scale (nanographite) are fascinating as a new
comer for constituent units of the nano-scale electronic devices due to their interesting
electronic and geometric properties. For the theoretical studies, graphite ribbons with finite
width are usually considered to mimic the nanographite which intrinsically possess edges and
nanometer width. There have been a much theoretical works to study the electronic properties
of graphite ribbons. Because an interesting class of localized states called edge state has been
found in the ribbons with zigzag edges. The edge state is localized at but extended along an
edge of the graphite ribbon resulting in the partially filled flat dispersion band in a part of
Brillouin zone. Despite a lot of calculations on the electronic properties, the energetics for
formation of the nanographites is not addressed yet. Thus, in the present work, we study the
energetics of graphite ribbons by using the first-principles total-energy calculations in the
framework of the density functional theory. Figures 1(a) and (b) show the edge formation
energy of the graphite ribbons with the edges of zigzag and armchair arrangements,
respectively. The edge formation energy for the zigzag edge is 0.3 eV/atom. On the other hand,
for the armchair edge, the energy is 0.1 eV/atom. Thus the armchair edge is much preferable
to the nanographite flakes. However, since the formation energy for the zigzag edge strongly
depends on the width of the ribbon, the zigzag edge also emerges around the apex of the
flakes and the boundary of the nanographite is formed by the mixture of the armchair and
zigzag elements. For the armchair edges, the periodic oscillation of the formation energy is
ascribed to the electronic structure of the ribbons.

(a) (b)
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Carbon nanotubes are fascinating as host materials to induce various kinds of complexes by
containing atoms or molecules inside or outside. In particular, encapsulation of fullerenes into
the inner space of nanotubes results in unusual nanometer-scale carbon networks "“carbon
peapods" of which structures are characterized by an interesting combination of one- and
zero-dimensional constituent units. The peapods are thus regarded as new hierarchical solids
with mixed dimensionality. Our previous works show that energetics of carbon peapods
strongly depend on the space between walls of the fullerenes and the nanotube. However,
energetics of encapsulated Cqo and the thick nanotubes are still unclear. We here report total-
energy calculations performed for peapods consisting of Cso and thick armchair nanotubes of
which diameters are thicker than that of the (10,10) to elucidate the stable Cs positions inside
the nanotubes and a possibility of the deformation of nanotubes. Figures 1 (a) and (b) show
the encapsulation energies (AE) of Cq in the cylindrical and deformed (12,12) nanotubes for
the various radial positions. The stability is evaluated by calculating the energy difference in
the reaction: (12,12) tube + Cqp =2 Coo@(12,12)-AE. The Cq is found to be dislodged from
the center of the nanotube to retain the inter-wall distance of 3.3 A. Furthermore, the
encapsulation energy AE for the deformed nanotube is deeper than that for the nanotube with
cylindrical shape. The encapsulation energies for deformed nanotubes are about 1 eV which is
insensitive to the tube thickness [Fig. 1(c)]. The results indicate that the Cgo are more tightly
bound in the deformed nanotubes than in the cylindrical nanotubes. Further, the competition
between the lattice distortion energy and the encapsulation energy may induce the
deformation of the thick nanotubes by inserting the fullerenes. Indeed, such deformation has
been observed in a TEM experiment recently reported [1].

(a) (b) (c)
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Formation Energy AE (eV)

Cig position {A] Cyq position (A)

Fig. 1: Encapsulation energies of Cgo@(12,12) per unit cell for the various radial positions for (a) cylindrical and (b)
deformed nanotubes. (c¢) Encapsulation energies for (n,n) nanotubes with cylindrical and deformed nanotubes.
Circles and squares denote the energies for deformed and cvlindrical nanotube, respectively.

[1]J. Fan, M. Yudasaka, R. Yuge, D.N. Futaba, K. Hata, S. Iijima, CARBON, 45, 722 (2007).
Corresponding Author: Susumu Okada

E-mail: sokada@comas.frsc.tsukuba.ac.jp

Tel&Fax: 029-853-5921/029-853-5924

— 152 —



2P-25

Effective Formation of Carbon Nanotubes Filled Perfectly with Copper Nanowire

(ONaoki Mizuno, Akira Koshio, Hironobu Kito, and Fumio Kokai

Division of Chemistry for Materials, Graduate School of Engineering, Mie University,
1577 Kurimamachiya-cho, Tsu, Mie 514-8507, Japan

Copper nanowires have been extensively studied as a material for next generation electronic
nanodevices. However, some problems related to quality, such as stability, crystallinity, and long
one-dimensional growth, still remain. The hybridization of copper nanowire and carbon nanotubes has
been tried as one of the ideas for improving the quality of copper nanowires. Arc discharge is believed to
be one of the better methods for formation of copper nanowire-filled multi-wall carbon nanotubes
(Cu-MWNTS). Dai et al. reported that Cu-MWNTS were produced by arc discharge in hydrogen [1], but,
that very short copper nanowires were intermittently filled in the MWNTSs and that there was not enough
yield. Wang et al. reported on the effective production of Cu-MWNTS using coal as a carbon source [2].
Their experiments indicated that more than 40-50% of the as-prepared carbon nanotubes were filled with
copper nanowires. We recently found that perfectly filled Cu-MWNTSs can be produced at approximately
90% of the filling rate by using the hydrogen arc discharge method.

Cu-MWNTs were produced by the conventional DC arc discharge.
A hole (3 mm diameter) was drilled in the center of a graphite
anode (5 mm diameter) and filled with copper powder. A 20 mm in
diameter graphite rod was used for the cathode. The two electrodes
were set vertically in a vacuum chamber. Hydrogen gas was filled
up the chamber at a pressure of 0.1 MPa and was flowed at 500
ml/min during arc vaporization. Arc discharge was maintained at 90 Fig. 1 SEM image Ofcu MWNTs
A for 1 min.

Cu-MWNTs were included in soot that was deposited in large quantities on the inner wall of the
chamber (Fig. 1). Figure 2a shows that the obtained Cu-MWNTSs had 10-45 nm diameters and the filling
rate of the MWNTSs was extremely high. Many TEM observations clarified that approximately 90% of
the as-prepared MWNTs were filled perfectly with copper nanowires. The Cu- MWNTS con51sts of less
than 10-nanotube layers and fcc copper ; ' ~
crystals inside the MWNT in a
long-range order (Fig. 2b). The distance
between the lattice fringes of the filled
copper crystals was measured at about
0.21 nm, which is identical to the
d-spacing of the (111) atomic plane of
coppet.

Fig. 2(a) TEM image of CuMWNTs  (b) High- resolution
TEM of Cu-MWNTs

References: [1] Dai e al. , Chem. Phys. Lett, 258, 547(1996).
[2] Wang ef al. , Carbon, 44, 1845(2006).
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Following the discovery of fullerenes and carbon nanotubes, carbon peapods, i.e., single-
walled carbon nanotubes (SWNTs) encapsulating fullerenes, have recently attracted great
interesting as potential building blocks for nanoelectronics. The presence of fullerenes inside
SWNTs is expected to significantly modify the band structure of SWNTs and consequently
affect their electrical transport properties. It has been reported experimentally that fullerene
peapods can exhibit different transport characteristics, such as p-type, ambipolar and metallic
[1, 2]. More recently, it has been found that transport properties of metallic C¢o peapods are
dominated by quantum effects at temperatures below 30 K [3]. However, little is known about
detailed mechanisms of electronic interaction between SWNTs and fullerenes, and it still
remains an open question as to what extent the encapsulated fullerene molecules can affect
the transport properties of SWNTs.

In this study, synthesis of three kinds of fullerene (Cep, C70, and Cgs) and one kind of
heterofullerene (CsoN) peapods is performed, and their transport properties are investigated by
fabricating them as the channels of field-effect transistors (FETs). Our measurements indicate
that threshold voltages of p-type SWNTs are extremely enhanced due to Cg and Cyq fullerene
encapsulation, demonstrating a strong charge-transfer effect. While ambipolar
semiconducting behavior is observed only on the FET devices, in which SWNTSs encapsulate
higher fullerene Cgy4. More importantly, we find that n-type semiconducting SWNTSs can be
formed by CsoN fullerene encapsulation. At low temperatures, it is found that the transport
characteristics of all peapod devices are completely dominated with regular Coulomb
oscillation peaks, suggesting quantum dots are created in SWNTs after various fullerenes

encapsulation.

[1] T. Shimada et al. Physica E 21, 1089 (2004).

[2] T. Shimada et al. Appl. Phys. Lett. 81, 4067 (2002).
[3] P. Utko et al. Appl. Phys. Lett. 89, 233118 (2006).
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"H NMR Study of CH, confined inside Single-Wall Carbon Nanotubes
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Single-walled carbon nanotubes (SWNTs) assemble themselves into a two-dimensional
triangular lattice to form bundles of aligned nanotubes. Thus, the inside of the nanotubes and
the interstitial channels in the bundle provide well characterized nanometer-sized cavities in
which various kinds of molecules are adsorbed. We have revealed that methane molecules are
adsorbed inside SWNTSs and the adsorption properties can be described by a two-dimensional
(2D) gas model. In this model, methane molecules are confined on the potential minimum
surface inside SWNT. Hence, it is interesting to investigate structure and phase behavior of
methane adsorbed inside SWNTs. Our X-ray diffraction experiments have confirmed no phase
transition in methane inside SWNTs down to 100 K. In order to study the dynamics of
methane molecules at low temperatures (7), we have performed "H NMR measurements in a
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T-range from 4.2 to 100 K. Fig.1 shows the
T-dependence of 'H NMR spectra for methane
confined inside SWNTs with an average
diameters of 13.5 A. At high-T, a motionally-
narrowed NMR signal is observed, indicating
the large amplitude molecular motion of
methane on the NMR time scale ~10 s. Below
~50 K, the "H NMR signal decreases
significantly in intensity with decreasing T.
This suggests a liquid-to-solid-like phase
change of methane inside SWNTs.
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Synthesis of metal-filled carbon nanotubes on anodic aluminum oxide
substrate by microwave plasma-enhanced chemical vapor deposition
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A new type of cobalt-based metal-filled carbon nanotubes (MF-CNTs) was fabricated
on Co-filled anodic aluminum oxide (AAO) substrate by microwave plasma-enhanced
chemical vapor deposition (MPECVD) with the technique of bias enhanced growth
method.

In our previous study, we have successfully synthesized the MF-CNTs on
pre-deposited catalyst metal (Pd, Co, Ni, etc) on SiO,/Si substrate. HoWever, obstacles
still remain for device realization, such as controlling quality of diameter and density of
MF-CNT. Also, we have observed the aggregation of nanoparticls by plasma irradiation
during growth of MF-CNTs.

In this study, we have introduced AAO substrate to control density and
highly-uniformed diameter of MF-CNT. AAO substrates are ideal templates for the
synthesis of highly-ordered MF-CNTs since they are thermally and chemically stable
and the pore size can be fully controlled.

We synthesized the MF-CNTs on pre-deposited Co catalyst metal on AAO
substrate by MPECVD using a 2.45GHz, 600W microwave power supply. During
deposition the H, gas was adjusted to achieve various CH, concentrations at a total
pressure of 20 Torr.

Figure 1 shows the SEM image the
MEF-CNTs grown on AAO substrate. The
resultant MF-CNT arrays exhibit high density
and uniformity, with the diameter and length
determined, respectively, by the pore diameter
and depth of the AAO layer.

BH00nm
]

Fig. 1. SEM images of MF-CNTs on AAO substrate.
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Growth mechanism of vertically aligned SWNTSs by
in-situ absorption measurements

oKazuaki Ogura, Masayuki Kadowaki, Jun Okawa, Erik Einarsson, Shigeo Maruyama,
Department of Mechanical Engineering, The University of Tokyo, Tokyo 113-8656, Japan

We have studied the effect of CVD conditions on the thickness of vertically aligned
single-walled carbon nanotube (VA-SWNT) films [1]. Real-time observation of the growth
process by an in-situ absorbance measurement [2] yielded a growth curve, which was fit to a
function with the exponential decay of the growth rate: L = y,z(1—exp(~#/7)). Here, L is the
overall film thickness, and j, 7 are the initial growth rate and catalyst decay time scale,
respectively [3]. The final thickness shown in Fig. 1 strongly depends on ethanol pressure and
CVD temperature. The initial growth rate and catalyst decay time scale obtained from the
growth function are plotted in Fig. 2. The initial growth rate is proportional to pressure up to
about 2 kPa, but independent of temperature. This result indicates the mechanism by which
SWNT synthesis occurs is essentially a first-order chemical reaction between the ethanol and
the catalyst, however there is no clear influence on catalyst decay time. Additionally,
characterization by resonance Raman spectroscopy and UV-Vis-NIR absorption spectroscopy
suggests the average SWNT diameter becomes smaller when synthesized at pressures above
the optimum condition. Overall, this study shows how details of the underlying growth
mechanism can be obtained by a systematic investigation of the growth profiles of
VA-SWNTs synthesized under various conditions in a well-controlled environment.
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Fig.1 Estimated thickness of VA-SWNT after 10min initial growth rate and catalyst decay time scale.

[11 Y. Murakami, S. Chiashi, Y. Miyauchi, M. Hu, M. Ogura, T. Okubo, S. Maruyama, Chem. Phys. Lett. 385,
298 (2004).

[2] S. Maruyama, E. Einarsson, Y. Murakami, T. Edamura, Chem. Phys. Lett. 403, 320 (2005).

[3] E. Einarsson, Y. Murakami, M. Kadowaki, S. Maruyama, submitted to Carbon (2007).
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Growth of ultra long carbon nanotube and carbon nanotube coating
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Carbon nanotubes (CNTs) are nano-carbon materials with many excellent features, such as
strong mechanical strength, high electric conduction characteristics and high heat conduction
characteristics. From this point of view, not only the fundamental properties but also industrial
applications of CNTs are widely investigated. To achieve the industrial use of CNTs,
ultra-long, and high speed growth for high mass production are very important issue.

In this study, we present ultra-long and high-speed growth of multi-walled CNT. Growth
method is very simple catalyst-assisted thermal chemical deposition. CNT was grown at
700~800 °C with acetylene as a source gas on a quartz substrate. Scanning electron
microscopy (SEM) image of 2mm long CNT is shown in Fig.1. Here, it should be noted that
this sample was grown in an hour. Therefore, the 1-hour growth rate corresponds to 2 mm/h.
This value is high among the reported results [1,2]. Furthermore, CNTs are highly dense and
vertically aligned on the substrate.

On the other hand, this CNT growth method has the feature to obtain the CNTs growth also
on the back of the substrate. We obtained the idea of the coating technology with CNT. We
performed the CNT coating with quartz wool shown in Fig.2. After the CNT growth, all of the
quartz fibers several microns in diameter are completely coated with CNTs. The coating
morphology is almost uniform from surface to deep inside of the ball of quartz wool. These
results suggest that the CNT coating is capable on the rough, indented and complicated
surfaces. We believe that this technology will opens s new CNT application field.

[1] K. Hata et al., Science 306, 1362 (2004).
[2] L.X. Zheng et al., Nature Mat. 3, 673 (2004).
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1mm Fig.2. CNT coating of quartz wool.

(a)SEM image of bare quartz fibers

Fig.1. SEM image of 2 mm long vertically and (b) CNT coating result. Insets
aligned CNTs on quartz substrate. show whole pictures.
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Ultrasonication Effects on Debundling and Cutting of Single-Walled
Carbon Nanotubes Dispersed in Aqueous Solution
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Department of Applied Chemistry, Faculty of Science, Tokyo University of Science
12-1 Funagawara-machi, Shinjyuku-ku, Tokyo 162-0826, Japan

The process of debundling of single-walled carbon nanotubes (SWNTSs) is based on
powerful cavitation effect and subsequent replacement of nanotube-nanotube agglomeration
due to powerful van der Waals forces by surfactant micelles or polymer wrapping. The
colloidal aqueous dispersions of strongly hydrophobic SWNTs are usually achieved by
powerful ultrasonication. At present, two types of ultrasonicators are commercially available:
horn (or tip) and cup-horn ultrasonicators. As for horn ultrasonicator, a tip is inserted directly
to a vessel, and the ultrasonication power is transferred to samples at a converging local area.
A cup-horn ultrasonication gives rather the small input power to the samples because the input
power is transferred through a water bath with a relatively homogeneous sound intensity in
the sample volume. In this study, we investigated the effect of ultrasonication on the
physicochemical properties of SWNTs in aqueous sodium dodecyl sulfate (SDS) solutions by
using two commercial ultrasonicators, that is, cup-horn type ultrasonicator (Nanoruptor,
TOSHO DENKI Co. Ltd., 350 W, 20 kHz) working in on-off cycles (60 seconds on and 30
seconds off) and horn type ultrasonicator (US-300T, Nippon Seiki Co. Ltd., 20 W, 19.5 kHz).
The cup-horn ultrasonication was applied to sealed sample vials inserted in the temperature
controlled water bath (4 °C) whereas the horn ultrasonication was directly applied to the
vessel in ice bath (0 °C). The samples’ pH values were monitored during ultrasonication.
The characteristics of ultrasonicated samples were investigated by absorption and Raman
spectroscopies and dynamic light scattering (DLS). The pH of the nanotubes dispersed
solutions decreased strongly with the ultrasonication time following an exponential law. This
is inferred to be ascribed to be the generation of HNO; and HNO, through a couple of
reactions induced by powerful cavitation. In order to avoid pH effects, all measurements were
conducted after adjusting samples” pH to ca.7 with a mixed buffer solution of standard
potassium phosphate monobasic buffer solution and sodium phosphate dibasic buffer solution
at 4:1 ratios. DLS and Raman spectroscopic measurements revealed that the debundling and
the cutting of SWNTs occurred with the increase of the sonication time. The cup-horn
sonication did not give so large damages to SWNTs in spite of the long time sonication. The
characteristic differences between the horn type and cup-horn type ultrasonications will be
discussed.
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Gold-filled apoferritin catalyst for aligned single-walled carbon nanotube
growth on sapphire substrates
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It have been reported that single-walled carbon nanotubes (SWNTs) grow in a specific
direction on sapphire substrate. [1, 2] It has recently been found that Au nanoparticles act as
catalyst for SWNT growth by CVD. [3] Au is an ideal element for SEM observation of
nanoparticles because it has higher secondary electron yield than Fe and Co, which are
usually employed as catalysts for CVD growth of SWNTs. Hence, it is expected that SWNTSs
and Au catalyst particles can be observed simultaneously by SEM, which would give direct
evidence to determine the growth mode, such as tip- or root-growth, which is a key issue in
clarifying the alignment mechanism. In this report, we show that SWNTs can be aligned on
sapphire substrate using Au nanoparticles provided by Au-ferritin and discuss the alignment
mechanism based on the observed SEM images.

Figure 1 shows an SEM image of SWNTs grown on an R-face sapphire substrate by CVD
using Au-ferritin as the catalyst. Black dots observed in Fig.1 correspond to Au nanoparticles,
which were derived from Au-ferritin and tend to condense around protrusmns fabr1cated by
photolithography. In addition to Au
nanoparticles, grown SWNTs are also
clearly visible as relatively dark lines.
SWNTs tend to align to a specific direction
on the ordered area of the substrate, while
the growth in random directions is also
observed for some disordered areas, as has
already been reported. [4] Au catalyst
nanoparticles are regularly detected around
the end of the aligned SWNTSs, as shown in
the inset of Fig.l. Considering that the
initial points of SWNT growth locate
around the protrusions, this result directly
indicates that aligned growth of SWNTs on
the sapphire substrates proceeds by the
tip-growth  mechanism, and strongly
suggesting that the catalyst particles should Fig. 1 SEM image of aligned SWNTs growth
“feel” the atomic arrangements on sapphire  around protrusions fabricated on R-face sapphire
substrates and that the catalyst-surface  substrate. Inset: magnification of the arca
interaction plays an important role in the indicated b(y _the ‘black arrow. White arrow
aligned growth. represents 1,1,0,1) direction.
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Y-junction carbon nanotubes (Y-CNTs) are interesting for their potential use in
three-terminal nanoscale devices such as a transistor [ 1], because of their branching structures
and diameter difference between branch and stem. Thiophene (CsHsS) is known as an
effective promoter for Y-junction structures. Recently, the growth technique of single-walled
Y-CNTs without thiophene was also reported [2]. In that report, forming molybdenum carbide
(Mo,C) is a key factor to synthesize branching structure. However the reports on the growth
mechanism of Y-CNTs are only a few, and it is necessary to understand the growth
mechanism and develop new growth techniques of Y-junction CNTs.

We have studied variation of CNTs growth from binary catalysts, Co and Mo by alcohol
chemical vapor deposition. We found the changes in CNTs number density and G/D ratio of
Raman spectra by Co/Mo molar ratio. Especially, we focus on the attachment of growing
nanotubes to catalyst particles on substrate, from which we expect to induce Y-junction
structures. The CNTs grown were analyzed with scanning electron microscopy (SEM) and
Raman spectroscopy.

We prepared Co/Mo catalysts on SiO, substrates using a procedure of dip coating [3]. The
substrates were placed inside the quartz tubular reactor. The reactor was vacuumed by a rotary
pump and heated up to 750°C in a vacuum atmosphere. Subsequently, H, gas fed into the
reactor as reduction for 20 minutes. After H, supply was stopped, ethanol vapor was
introduced for 60 minutes.

SEM images of the CNTs grown from Co/Mo catalysts with a molar ratio of (a) 1.4, (b) 0.5,
(c) 0.2 are shown in Fig. 1. This shows a tendency; the number density of CNTs decreased
when Mo composition ratio increased, Moreover, the higher Mo composition ratio, the more
catalyst particles attached on CNT surface.

(a) Co/Mo=1.4 (b) Co/Mo0=0.5 (¢) Co/Mo0=0.2

Fig. 1 SEM images of CNTs depending on Mo/Co molar ratio

References: [1] AN Andoiotis, et al, Phys. Rev. Lett., 87 (2001) 66802-1-4
[2] YC Choi, et al, Carbon, 43 (2005) 2737-2741
[3] Y Murakami, et al., Chem. Phys. Lett., 377 (2003) 49-54
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Synthesis of multiwalled carbon nanocoils using catalyst of Fe-Sn
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The catalysts of Fe/ ITO [1] or Fe-In-Sn-O [2]
has been successfully used for the synthesis of
carbon nanocoils so far. However, carbon nanocoils
synthesized by these catalysts are lack of
crystallinity, which results in their relatively lower
mechanical strength and electric conductivity
compared with the normal multiwalled carbon
nanotubes (CNTs). It is reported that arc plasma
gun (APQG) can be used for the formation of good
quality catalysts, which has been applied for the
fabrication of CNTs. It is also desired that high
quality carbon nanocoils can be synthesized by MWCNCs.
using the catalysts produced by APG.

Two-element-metal Fe-Sn is used as the catalyst, which is produced by two APGs
with the evaporating sources of Fe and Sn, respectively. The Fe-Sn catalyst is formed
by layer-by-layer deposition or by co-deposition, with the composition controlled by the
number of pulse discharge. Then the samples were annealed at 150°C in air for 12 hours
in order to oxidize the catalysts to prevent the Sn from vaporization during heating
process. Carbon nanocoils were then synthesized by the thermal CVD at 700°C using
acetylene as a reaction gas and He as a carrier gas. The growth time was 15 min.

Figure 1 shows the SEM image of the grown multiwalled carbon nanocoils
(MWCNCs) using the co-deposited catalysts of Fe and Sn, each of which has a film
thickness of 4 nm. The coil diameters of grown MWCNCs are less than 100 nm, which
are thinner than those of the conventional carbon nanocoils synthesized by the Fe/ITO
catalysts. The line diameters of distributed carbon nanocoils are less than 20 nm, which
is the same as the CNTs grown under the same CVD conditions without the catalyst of
Sn. Therefore, Sn plays a crucial role for the growth of MWCNC:s. It is found that there
are a large number of particles, with diameters ranging from 20 to 100 nm, are
distributed on the surface of substrate. The MWCNCs are observed to have a possible
base growth mechanism, which is different from that of conventional carbon nanocoils.
The grown MWCNCs are promising for the applications to NEMS or composites.
Acknowledgement: This work was partially supported by a Grant-in-Aid for Scientific Research from
the Japan Society for the Promotion of Science, and by the Osaka Prefecture Collaboration of Regional

Fig.1 SEM image of the grown
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Single Wall Carbon Nanohorn (SWNH) is a new kind of nano-carbon material, which has horn-
like structure with 2~5 nm diameter. Usually about 2,000 SWNHs assemble to form an spherical
aggregate with diameter of around 80~100 nm.! The SWNH aggregate emerges as an attractive
candidate for a drug delivery system (DDS). It is specially promising to carry an anticancer drug,
many of which are not water soluble and highly toxic, to make them effectively delivered, and
released in a controlled way.

In this study, we incorporated Docetaxel (Doc), an anticancer drug used for stomach cancer,
breast cancer, non-small cell lung cancer and so on, into hydrogen peroxide treated SWNHSs by
modified nano-precipitation method. The weight percent of incorporated Doc is around 20%.
Taking advantage of those carboxylic groups on SWNHs, we firstly introduced amine-PEO3-
biotin to the conjugate to improve the hydrophilicity. Then, streptavidin, a small protein, was
attached on the complex due to the high affinity between streptavidin and biotin. The weight
percent of streptavidin is estimated roughly to be 25%. The streptavidin moiety on SWNH
makes it easy to attach some other biotinylated peptides/proteins, to introduce more functions to
the complex.

Control

Furthermore, we investigated the anticancer
effectiveness of Doc@SWNH-Streptavidin using a
stomach cancer cell line (ATCC NO.: CRL5973).
The cytotoxicity experiment was conducted using
WST-1 reagent (Figure 1). The cells were incubated
with Doc, SWNH-Streptavidin and Doc@SWNH-
Streptavidin (~3 ug/ml) respectively for two days.
We found that the wviability of the cells with oo
Doc@SWNH-Streptavidin  decreased dramatically: A B ¢ b
only 1/3 of that of the cells with SWNH-Streptavidin. ~ Figure L. Cytotoxicity experiments using cancer cells

It is noteworthy that Doc@SWNH-Streptavidin has a Eiigéﬁﬁhs?r‘;;fﬂfﬁ H-Streptavidin (Qyand
higher cytotoxicity to the cancer cells than Doc itself.

These indicate that Doc can be delivered by SWNH-Streptavidin into the cells and the released
Doc causes cell death. Thus, we think SWNH-Streptavidin could be an effective DDS.
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Near-Infrared Laser-Triggered Carbon Nanohorns
for Selective Elimination of Various Microorganisms
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Technology (AIST), 2217-14, Hayashi-cho, Takamatsu 761-0395, Japan

Infections of various harmful
microorganisms, such as
methicillin-resistant  Staphylococcus
aureus (MRSA), severe acute
respiratory syndrome (SARS) virus,
and human immunodeficiency virus
(HIV), have been a worldwide
serious problem. Hence, there is a
high demand for anti-microbial drugs
and materials in a medical field. Here
we show that the first application of
carbon nanohorn (CNH) as potent
laser therapeutic agents for highly
selective elimination of various
model  microorganisms (yeast;
Saccharomyces cerevisiae, bacteria;
Escherichia coli, and virus; T7
bacteriophage) (Figure 1).[1]

We  successfully prepared
molecular  recognition  element
(MRE)-CNH complexes, which when
enables to NIR laser irradiation, are
able to kill various microorganisms in
a highly selective manner. The
real-time anti-microbial activities of
NIR  laser-triggered  molecular
recognition element (MRE)-CNH
complexes were investigated by
using a fluorescence microscopy and
propidium iodide to stain dead
microorganisms (Figure 2).

MRE-polyethyiene glycol
(PEG)-phospholipid (PL)
2. 9 conjugate

e
jooptnp

CNH agglomerate

Carboxyl-functionalized ' Escherichia coli ‘ ,!
Saccharomyces cerevisiae  T7 bacteriophage

Figure 1. Method for elimination of various microorganisms using

MRE-CNH complexes and NIR laser irradiation (1064 nm). The MRE

selectively targets the microbe, the PEG chains affect the water

dispersibility of the CNH-COOH molecules, and the hydrophobic

carbon chains of the PL non-covalently bind to the surfaces of the

CNH-COOH molecules via hydrophobic interactions.
| - | - C)-
Saccharomyces cerevisiae  Escherichia coli T7 bacteriophage

Figure 2. Direct observations of eliminated microorganisms. a) S.
cerevisiae. b) E. coli. ¢) T7 bacteriophage. Scale bars: 25 um.

Magnification: x20. Laser power: 1 W. Wavelength: 1064 nm.
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Double-walled carbon nanotubes (DWNTs) have been expected for nanocomposites, field
emission sources, nanotube bi-cables and electronic devices because of their superior
mechanical properties, thermal conductivity and structural stability [1]. Optical application of
DWNTs is also attractive because the inner core tube is protected from environment and its
optical properties are preserved.

We have previously reported that photoluminescence (PL) of nanopeapod-derived
DWNTs strongly depend on the interlayer spacing between the outer and the inner tubes [2, 3].
For example, while significant PL quenching occurs in DWNTs having smaller interlayer
distance, the PL signals of the inner tubes are observable from DWNTSs having lager interlayer
distance. However, details of the PL behaviors such as chiral indexes of the emissive inner
tubes are yet unclear.

We here report the resonance Raman study of the nanopeapod-derived DWNTs having
larger interlayer distance for clarifying the structural changes of DWNTs. Using a contour plot
of the Raman intensities of the radial breathing modes (RBMs) over the laser excitation
wavelengths of 880-1070 nm, we found that smaller diameter tubes such as (6, 5) and (6, 4)
tubes are abundant as the inner tubes. Possible PL. mechanism and structural changes will be

discussed based on the results.

[1]1 M. Endo, H. Muramatsu, T. Hayashi, Y. A. Kim, M. Terrones, M. S. Dresselhaus., Nature 433, 476 (2005).

[2] T. Okazaki, S. Bandow, G. Tamura, Y. Fyjita, K. Iakoubovskii, S. Kazaoui, N. Minami, T. Saito, K. Suenaga,
S. Lijima, Phys. Rev. B, 74, 153404 (2006).

[3] T. Okazaki, Z. Shi, T. Saito, H. Wakabayashi, K. Suenaga, S. Iijima, The 32" Fullerene-Nanotube General

Symposium, 2P-2 (2007).
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Many studies have focused on nanocomposites of exfoliated single-walled carbon
nanotubes (SWNTSs) and conjugated polymers, since they are appealing candidates exhibiting
unique photophysical properties in molecular devices. Nevertheless, the photophysical
properties including energy transfer (EN) or electron transfer (ET) process between
conjugated polymers and SWNTs have not been fully elucidated. Although the emission
quenching of the m-conjugated polymers in the composites has been reported, the emission
from the SWNTs due to the EN has never been observed. Here we report the first
unambiguous demonstration of EN from conjugated polymers to SWNTs in the composites
by the near infrared (NIR) emission from the SWNTs. A novel conjugated polymer,
poly[(p-phenylene-1,2-vinylene)-co-(p-phenylene-1,1-vinylidene)] (coPPV, Figure 1), has
been prepared by Heck coupling reaction to examine specific interactions with SWNTs.

The coPPV-SWNT nanocomposites were prepared by
tip-sonication of a mixture of SWNTSs and coPPV (1/10,

O-n-CqpHog

0-n-CyoHps
w/w) in THF, centrifugation of the mixture, and O \ O
filtration of the supernatant. The resultant solid on the ¢ 0 m CH, /n
filter, coPPV-SWNTs, was washed thoroughly and HCesC o703

redispersed in THF with the aid of bath sonication.
The dark brown solution without discernable
particulates remained stable at least for 2 weeks.

UV-vis-NIR absorption spectrum of coPPV-SWNT in THF shows characteristic sharp
peaks of SWNTs, demonstrating the high dispersing ability of coPPV. When fluorescence
spectra of coPPV and coPPV-SWNTs in visible region are compared, the fluorescence
intensity in coPPV-SWNTs relative to that in coPPV is reduced significantly, suggesting the
occurrence of interaction between the excited state of

Figure 1. Structure of coPPV.

coPPV and SWNTs.  Furthermore, the NIR T
fluorescence contour plot of coPPV-SWNTs (Figure 2) ¢ 8001.45.)
exhibits emission in the excitation wavelength range of < 00,
400-500 nm, where SWNTs show no absorption. g 500

This emission can be accounted by initial excitation £ 1
arising from the m-m* transition of coPPV, followed = 5004

by EN from the excited coPPV to the SWNTSs in the 10(‘)0 T T80

composites. Although there have been many reports Emission / nm

on the NIR fluorescence of exfoliated SWNTg, thlS' IS Figure 2. Contour plot of photo-
the first example of enhancement of emission intensity  luminescence spectrum for coPPV-
by interaction with dispersing agents. SWNTs in THF.
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It is known that single-wall carbon nanotubes (SWCNTSs) can adsorb various kinds of
gases. Especially, water molecules inside SWCNTs form ice nanotubes (ice NTs) at low
temperature.

Recently, gas adsorption in water-SWCNTs is discussed actively. So, we carried out the
study of water-SWCNTSs in gas atmospheres, by means of X-ray diffraction (XRD) and
electrical residence. In these experiments, we used SWCNTs samples with an average
diameter of 13.5 A. From the experimental results, we considered that the water
filling-ejecting type transition occurred inside SWCNTSs in the presence of atmospheric gases.
[1] To confirm this consideration, we carried out molecular dynamics (MD) simulations. As
shown in Fig.1, the water cluster was completely forced out from the SWCNT by the entering
CH4 molecules. This result clearly shows the presence of the water filling-ejecting transition.

Furthermore, to examine whether the transition’s appearance depends on SWCNTs
diameters, we also carried out XRD using SWCNTs samples with an average diameter of 20

yatt Fig.1

o b % The result of MD simulation
: “ At first, the water molecules

are located inside the SWCNT.

sest £ 89 After 300ps, CH, molecules

C R ? enter the SWCNT at 200K.

CH,4

[1]1Y. Maniwa et al.: Nature Materials 6 (2007) 135-141.
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Although double-walled carbon nanotubes (DWCNTs) have attracted great attention
from both academic and industrial points of view, it had been difficult to produce high
purity DWCNT sample. However, recently, Endo et al. [1] developed a selective synthesis
method of DWCNTSs and it becomes possible to perform structural investigations. In this
paper, we report on the structural change of DWCNT samples by HPHT treatments.

DWCNT samples used in the present study were prepared by the CVD method [1]. In
situ XRD measurements of DWCNTs under high pressure and at high temperature were
performed at AR-NE5C of KEK in Tsukuba. Pressure-Temperature conditions for the
HPHT treatments are summarized in Fig. 1.

As shown in Fig. 2, since the DWCNT sample treated at relatively low temperature
and low pressure (#1) shows almost the same Raman pattern as that of pristine sample, the
#1 sample might keep the original structure. On the other hand, structural change occurred
in the other samples (#2 - #5). We will discuss the structural change of the DWCNT

sample by HPHT treatment in more detail in the symposium.

BRI S T
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HPHT treatments of DWCNT samples.
Experimental run numbers are indicated in the
figure.

Fig. 2 Raman spectra of the HPHT treated DWCNT samples.
The indicated numbers correspond to the numbers in Fig. 1.

[1]1 M. Endo et al., Nature, 433, 476 (2005)
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Since the finding in 1991[1], carbon nanotubes (CNTs) are nanomaterials of forefront in
nanoscience and nanotechnology. Applications of CNTs toward bio and related areas are
interesting. CNTs are not dispersed in water, so we have difficulties in using CNTs for
applications. We[2] and Zheng[3] described the findings that double-stranded DNA and
single-stranded DNA dissolve single-walled carbon nanotubes (SWNTs) in water, respectively.
We also described the fabrication of the layer-by-layer assembly of RNA-wrapped
single-walled carbon nanotubes on a solid substrate[4]. Here we report the near-IR absorption
and photoluminescence (PL) spectral properties of SWNTSs dissolved in Poly(U) (or Poly (C))
aqueous solutions. Fig. 1 shows a 2-D mapping of SWNTs dissolved in RNA aqueous
solutions. As can be seen in the figure, the PL mapping showed strong pH dependence. The

detail mechanism of this behavior will be discussed at the meeting.
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Fig.1. 2-D mapping of Photoluminescence spectra of SWNTs
dissolved in RNA aqueous solutions (a)SWNTs/Poly(U) at
pH5.8 (b)SWNTs/Poly(U) at pHS8.0 (c)SWNTs/Poly(C) at

[1] S. Iijima, Nature, 354, 147 (1991).
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DNA wrapped single-wall carbon nanotubes (SWNT-DNA hybrid) have been known to
exhibit unique characteristics in their structures as well as the high solubility in water [1]. A partial
separation of the chirality was achieved by ion exchange chromatography, which is assumed to be
due to chirality dependent electric characters of SWNT-DNA hybrids. We have recently reported [2]
a preliminary study on the electronic properties of the hybrids by electric force microscopy (EFM)
which can visualize and manipulate the hybrid materials. Here, we report a detailed study on the
electric properties of SWNT-DNA hybrids by EFM measurement and the effects of DNA wrapping
on the electronic structure of SWNTs.

SWNT-DNA hybrid materials were synthesized from SWNTs (HiPco) and single strand DNA
(ssDNA) by ultrasonication and centrifugation. The hybrid solution was deposited on a SiO,
substrate and dried by nitrogen gas. EFM measurements were performed in air at room temperature
with a Nanoscopelll (Digital Instruments). EFM images were observed under a non-contact mode
while keeping the tip-sample height distance exactly at 30 nm, which was realized by simultancous
measurements of the height information on the hybrids with tapping mode AFM. Furthermore, we
are able to image a salient process where DNAs are removed completely from the SWNT-DNA
hybrids by thermal oxidation (combustion) on a SiO, substrate at 400 °C.

Figure 1 shows EFM images of SWNT-DNA hybrids with a reference topography image (a).
Some of the hybrids exhibit no EFM signal (b), which is recovered by the DNA elimination by the
combustion(c). These results show that the presence of DNAs wrapped on the SWNTs affects and
controls the electronic properties of prestine SWNTSs significantly. The EFM/AFM observation also
suggests that the wrapping structures and electronic properties of the hybrids are expected to have
strong dependence on the length of the hybrids. We are, therefore, currently performing

size-exclusion

chromatography on
the hybrids to further
investigate the DNA
wrapping effects on
the electronic structure
of the materials.

Figure 1. AFM and EFM images of SWNT-DNA hybrids on SiO,.
(a) AFM topography image, (b) EFM image, (¢) EFM image after combustion.

References: [1] Zheng, M. et al., Nat. Mater. 2, 338, (2003).
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Carbon Nanotube (CNT) field-effect transistors (FETs) have been intensively studied
because of their high-speed potential with a large transconductance.[1,2] However, there is a
concern about the defects in the CNTs which would deteriorate the performance of the
CNT-FETs. The potential profile along the CNTs will be affected if the defects exist in the
CNTs. In this study we have measured the potential profile along the CNTs by electrostatic
force microscopy (EFM) and obtained the non-uniform potential image affected by the
defects in the CNTs.

The CNTs used for the fabrication of CNT-FETs with back gate was grown by
grid-inserted plasma-enhanced chemical vapor deposition.[3] The device has no passivation
film. The potential profile was measured using EFM in vacuum. The EFM is similar to the
KFM [4] which has a feedback loop to attain the null electrostatic force. The image obtained
by the EFM was better than the KFM even though the absolute value of the potential was not
obtained in the case of EFM. Then the EFM is suitable for discussing the effects of the defects
on the potential profile along the CNTs. Figure 1(a) shows the atomic force microscopy
(AFM) image, and Fig. 1(b) and (c) show EFM images at gate bias voltages of Vgs=2 V and
-1V, respectively. Even though the AFM image seems smooth with little feature, the EFM
image at Vs =2 V shown in Fig. 1(b) shows non-uniform image with dark area (indicated by
arrows) which is probably due to the effects of the defects. The CNT is divided into multiple
conducting segments separated by potential barriers at defects. It is notable that the EFM
image became smooth when the back gate voltage became negative (Vgs= -1 V). This is
probably due to that the separation of the conducting channel became weak by inducing holes
in the channel of p-type CNT-FET.

It has been shown that the EFM is effective in detecting the defects in the CNTs.

[1] S. Rosenblatt, H. Lin, V. Sazonova, S. Tiwari, and P. L. McEuen, 4dppl. Phys. Lett., 87 153111 (2005).

[2] A. Javey, J. Guo, D. B. Farmaer, Q. Wang, E. Yenilmez, R. G. Gordon, M. Lundstrom, and H. Dai, Nano Lett.,
7 1319 (2004).

[3]1Y. Kojima, S. Kishimoto, Y. Ohno, A. Sakai, T. Mizutani, Jpn. J. Appl. Phys., 44 2600 (2005).

[4] T. Umesaka, H. Ohnaka, Y. Ohno, S. Kishimoto, K. Maezawa, and T. Mizutani, Jpn. J. Appl. Phys., 46 2496
(2007).
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Fig. 1. (a) Topographic AFM image of the device. (b), (¢) EFM images at gate bias voltages
of Vgs=2 Vand -1 V, respectively.
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Single-walled carbon nanotube field effect transistors (SWNT FETs) will play
an important role for the construction of integrated circuits, because semiconducting
SWNTs exhibit a high mobility and a large On/Off ratio. Logic circuits using an
individual SWNT-FETs have been reported by several groups [1,2], however their
fabrication processes contained high temperature treatment [1], or complicated
lithography steps [2]. Our group has reported fabrication and various characteristics of
thermal-free solution-processed network-SWNT-FETs, in which network SWNTs were
used as a channel layer, for flexible device applications [3-6]. Here in this work, we
fabricated logic circuits by using the network-SWNT-FETs.

Complementary logic circuits are composed of p-type and n-type FETs.
Although a conventional un-doped SWNT-FET
shows an-ambipolar FET property, it shows a
p-type FET property in air because of adsorption
of oxygen molecules onto the SWNTs. In order
to fabricate logic circuits, we utilized such p-type
network-SWNT-FETs, and in addition, we
fabricated n-type network-SWNT-FETs by a
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Vinput: Vg‘

: : ) W
chemical doping method using . 77 bb-
. . Fig. 1 Aninverter circuit
polyethyleneimine (PEI) [7].A  schematic Vv ()@ V=2V
diagram of an example of the circuit, inverter, is (P {I ————
shown in Fig. 1. An operating voltage was set to i 10 s
be -2 V and the measurement was carried out at g5 5 '-f

an ambient condition. It can be seen that an

output voltage was changed as a function of the S
applied input (gate) voltage (Fig. 2). This result 3
indicates that an inverter characteristic was
observed. The detail of the other logic circuits by
the network-SWNT-FETs will be discussed in
the presentation. 20 -5 5 10

0
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Recently application of carbon nanoscale substances for biomaterials have attracted. It is
necessary to evaluate tissue response in addition to cytotoxicity to develop biomaterials.
However, reports on the biocompatibility about them were a few'? | especially for long term
study. The purpose of this study was to investigate tissue response to carbon nanosubstances
implanted in subcutaneous tissue for long term. In the present study, two kinds of carbon
nanosubstances were used. Hat-stacked carbon nanofibers (H-CNFs) were produced by
thermal CVD using a powdered Ni catalyst in a conventional flow reactor system according to
the report of Rodriguez’’. The multi-wall carbon nanotubes (MWCNTSs) synthesized by CVD
method from NanoLab, Inc. The average 590 nm- and 1160 nm-lengths of H-CNFs (600
H-CNFs and 1200 H-CNFs), and the average 220 nm- and 825 nm-lengths of MWCNTs (220
CNTs and 825 CNTs) were implanted in the subcutaneous tissue of rats. Segments of the
subcutaneous tissue including specimens were excised and fixed at 1, 4, 16, 52 and 104 weeks
after surgery. The fixed specimens were divided into two parts. One part was embedded in
paraffin. Hematoxylin and eosin-stained specimens were observed by optical microscopy. The
other was observed by transmission electron microscopy. After 1 week, granulation tissue
with capillaries and phagocytes was observed around carbon nanosubstances. Some of them
were englobed in macrophages. The degree of inflammation on H-CNFs was slighter than that
on MWCNTSs. Also, inflammatory responses around smaller sizes of them were slighter than
those around larger sizes. Some of 600 H-CNFs were observed in lysosomes, while most of
1200 H-CNFs were diffused in cytoplasm randomly. Most of 220 MWCNTs were in
lysosomes, whereas 825 MWCNTs were aggregated in cytoplasm in phagocytes. At 52 weeks
after surgery, both sizes of H-CNFs were covered by thin fibrous tissue. On the other, slight
granulomatous inflammatory response was observed around MWCNTs. Shortening and -
decomposition of H-CNFs were suggested, although changes of structures of MWCNTSs were
not recognized in phagocytes. These results showed that severe inflammatory response such
as necrosis and degeneration was not observed around H-CNFs and MWCNTs, and structures
of carbon nanosubstances influenced their biocompatibility in the subcutaneous tissue.
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Recently, we reported the growth of single-walled carbon nanotubes (SWNTs) aligned to
the specific crystallographic directions of sapphire (a-Al,03) surfaces [1-3].  This aligned
growth is promising for the fabrication of nanoelectronic devices, such as flexible field-effect
transistors (FETs), high on-current FETs, and high frequency devices. Here, we have
studied the electronic structure of aligned nanotubes by measuring the electron transport
properties for further control over the nanotube growth.

The FETs were fabricated with aligned SWNTSs grown on an R-plane sapphire substrate,
by depositing source/drain Au electrodes using photolithography.  Two types of electrode
configurations were studied; the channel directions were parallel (device A) and perpendicular
(device B) to the SWNT orientation.  The devices were characterized with a back-gate

structure in air.
020 Vg (V)

We obtained four types of electron transport .40
properties in terms of the V, dependence;

. . . . -0.15}
semiconducting channel (S), mixture of metallic
and semiconducting channel (M+S), é 010t -30
metallic-dominant channel (M), and no current -2 20
(N). The S and S+M type devices showed 005} 10
p-type behavior as indicated in Fig. 1, and the 0
former showed good FET characteristics with 0.00 |
on/off ratio of 10°-10°.  The M type devices 00 03 {}(;O(V) 1320

are dominated by high current metallic SWNTSs
without showing the V, dependence.

Table 1 compares the electron transport properties aple 1 Distribution of transport
measured for devices A and B.  The device with a  characteristics (%)
parallel configuration gave the 81 % operation, while device S StM_ M N
the perpendicular configuration gave only 6 % operation, P n 3 9
indicating that the alignment is crucial for the device 3 3 0 94
productivity.  The effective device mobility (u4) of
device A was found to be ~260 cm” /Vs, suggesting high potential of SWNT-FETs.

Fig. 1 [,—V; characteristic of S type device
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Recently, double-walled carbon nanotubes (DWNTs) have attracted a great deal of
attention in their specific optical properties and possible technological applications in various
fields of science. In the view of the DWNTS’ structural characteristics, they are expected to be
more stabler for the chemical modification and thermal treatments, compared to single-walled
carbon nanotubes (SWNTs).

In order to develop a novel functionalized material using DWNTs, we have probed the
effects of the chemical oxidation on the physicochemical properties of DWNTSs, including
dispersion behavior in aqueous solutions. DWNTs from Nanolab were used without further
purification. The chemical oxidation was made for the DWNTs with 3:1 concentrated
H,SO4/HNO; mixtures (96 % and 60~61 % , respectively) under the sonication in a bath-type
ultrasonicator at 40°C for appropriate time; giving rise to the carboxylation for the DWNTs.
The oxidated DWNTSs were facilitated to be dissolved in water without a dispersant. Then, the
resulting characteristics were scrutinized by means of various spectroscopies, such as FT-IR,
near-infrared (NIR) absorption/photoluminescence (PL) and Raman spectra, Dynamic Light
Scattering (DLS), and Transmission Electron Microscopy (TEM). FT-IR measurements
revealed that the number of the derived carboxyl groups, which were anticipated to be located
at the open end of the tube from TEM observations, tended to increase with the increasing
treatment time. However, the effects of the chemical oxidation on the characteristic Raman
bands for the DWNTs, namely G- (1590 cm-1), D- (1350 c¢cm-1), and RBM(Radial breathing
mode) region bands, were hard to be recognized. At present, further studies of the
physicochemical properties of the oxidated DWNTSs with NIR-spectroscopies and DLS are
under the progress.
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Graphene nanoribbons (GNRs) are one-dimensional carbon materials, which is formed
by cutting a single-walled carbon nanotube along the tube axis [1]. There are two basic shapes
for graphene edges, namely, armchair (cis-polyacetylene-type) and zigzag (trans-
polyacetylene-type) edges. The zigzag GNRs (ZNGRs) are also expected to be potential
candidates for spintronics devices [2]. The thermal property of ZGNRs is a key to realize
GNR-based nano-devices.

In this talk, we discuss the thermal transport properties of ZGNR junctions as a simple
prototype of GNR-based nano-devices. In Fig.1(a), a wide ZNGR with a width # is joined to
a thin ZNGR with a width N through the junction region. Thermal current in ZGNRs is
dominantly carried by phonons, not by electrons, because they are insulating [3]. In our work,
the phonon transmission function is calculated using the phonon wavepacket scattering
method [4].

Figure 1(b) shows the transmission function of phonon wavepacket consisting of a
longitudinal acoustic (TA) mode for ZGNRs with 1/5, 2/5, 3/5, and N/W=4/5. The
transmission decreases as the ratio N/W decreases. In other words, the contact thermal
resistance increases with decreasing the ratio N/W.
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Fig.1: (a) Schematic of a graphene-nanoribbon junction. (b) The transmission function of
phonon wavepacket consisting of a TA mode of ZGNRs with /5, 2/5, 3/5, and N/W=4/5.
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Dispersant for single-walled carbon nanotubes (SWNT)
and SWNT composite gels are potentially important for various 0
applications. We have developed a novel oligomeric electrolyte %C\},?OCHZ
1'Cl as a new structural motif for hydrogelator. Herein we =/ H
report that 1-Cl has bifunctional property as a “hydrogelator” “cl ra "
and an efficient “dispersant” for SWNT. A mixture of 37.5 mg
of 1:Cl and 0.5 mg of SWNT (HiPco, CNI) in 5 mL of water was sonicated for 1 hour using a
low-power bath sonication (130 W, 35 kHz). A stable dispersion (at least for 6 months) was
obtained under those mild conditions. A well-resolved optical absorption spectrum (400-1600
nm) clearly demonstrates that SWNT can be un-bundled and dispersed in an aqueous solution
of 1:Cl (Figure 1a). Dispersion of SWNT using a slightly concentrated solution of 1-CI was
enough to form a SWNT-containing gel without any other additives (Figure 2). The shape of
UV-vis-NIR spectrum of the gel was found to be essentially the same as that of the solution
(Figure 1b). We also found that 1-Cl acted as an amphiphilic dispersant for SWNT in an
organic solvent after an exchange of the chloride anions of 1+Cl by perfluorinated ones.
Acknowledgement. This work was supported by Industrial Technology Research Grant Program in '05 from
New Energy and Industrial Technology Development Organization (NEDO) of Japan.
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Figure 1. UV-vis-NIR spectra of SWNT in a) the D,0 solution based on
Figure 2. SWNT composite hydrogel prepared by 1+CL.
1-C1 (7.5 g/L) (solid) and b) D,0 gel based on 1-C1 (20 g/L} (dashed).
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Mammography screening is one of the test methods to find out the breast cancer.
Although the iodinated contrast material is used, the blood capillaries around cancer are not
caught well with the present screening techniques. During the radiography, clearer contrasting
images can be obtained by characteristic X-rays with an X-ray absorption edge that is shorter
than that of the target materials. Lanthanum (La) containing materials are suitable for X-ray
target materials as the characteristic X-rays of La are just shorter than the X-ray absorption
edge of iodine. X-ray target material requires high melting point, heat conductivity, and
electric conductivity. Lanthanum carbide-encapsulating carbon nanocapsules (LaC,@CNCs),
consisting of several graphene sheet capsules, are expected to have higher melting point, heat
conductivity and electric conductivity than La or Lanthanum oxide (La;Os). Here, we report
solidification and evaluation of LaC,@CNCs.

LaC,@CNCs were synthesized by a direct current arc-discharge between pure graphite
rod and metal-loaded graphite rod. The anode rod was drilled and filled with composite of
La;O; and graphite to make rod to contain 1.0 at.% of La. Arc discharge was run with He
pressure of 100 Torr and arc-discharge current of 70 A. After arc discharging, the cathode
deposit, containing LaC,@CNCs, was collected and treated with 1M HCI acid to remove
La,O;. The sample was mixed by satellite mill in dry condition with Lanthanum boride
(LaBg), which is used as a sintering binder. Each composite contained 20, 30, 40, and 50
wt. % of cathode deposit. Spark plasma sintering (SPS) process with the condition of 80 MPa
pressure and 1,123 k temperature, was run in an effort to make a sintered solid of 10 mm in
diameter. The sintered solid was cut into 1 mm width section, and its electric resistance was
measured. The cut surface of sintered solid was observed by scanning electron microscope
(SEM). The each result of the sintering solid will be reported in detail and discussed.
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Due to their extraordinary high modulus and strength, single-walled carbon nanotube
(SWNT) is considered as the most promising reinforcement material to realize high
performance composites. (ref.[1]-[2]). For, an individual SWNT, the estimated tensile strength
is in the range of 13~53 GPa, and the maximum elastic modulus is close to ~1.5 TPa (ref.[2]),
superior than any know existing material. Among polymer composites, high-strength epoxy
systems are very important materials for aircraft, automobiles, electronics products, and many
other industrial applications. Therefore, many efforts have been carried out to reinforce epoxy
composites with SWNTs, which so far has resulted in rather disappointing results.

Here we present a new and rational approach that enables to fabricate well dispersed,
highly loaded, and aligned SWNT/epoxy composite sheets made from very pure and long
SWNTs. Such SWNT/epoxy composite have shown 2.5 and 3.3 times improvement in tensile
strength and elastic modulus when the stress is applied parallel to the alignment direction.
The key point to realize such composites was the use of SWNT forests directly grown on
flexible metal foils [3]. A forest [4] can be considered as ideally dispersed SWNT material,
and SWNTs in these forests are known to be catalyst free, highly aligned, and very long.
These features make the SWNT forest a very fascinating starting material to fabricate
composites. The challenge is to develop a method to convert the SWNT forests into a
composite, with the ability to control the shape of the composite and direction of the
alignment of tubes while retaining the fascinating features of forests.
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For the practical application of mass-produced carbon nanotubes(CNTs) for electrical or
optical devices, simple methods to isolate and disperse CNTs, and then organize them
into desired patterns are desired. DNA is known as one of good candidate agents to
isolate and disperse CNTs in water. In this presentation, we present a method to fix
DNA-dispersed CNTs onto a substrate in arbitrary two-dimensional micro-pattern
through silane-coupling agent, which is widely used for fixation of biological molecules
such as proteinsa and DNA on glass substrate. A MAS-coated glass plate (Matsunami
glass Ind., Ltd.) was used as a substrate, and carbon nanotubes were fixed on the
substrate via strong adhesion between MAS and DNA entangled on CNT. First,
two-dimensional mask pattern was fabricated with SU-8 photoresist (MicroChem
Corp.) on the MAS-coated glass plate by means of photolithography. The solution of
DNA-dispersed CNTs was dropped onto the mask pattern and was left for 1 minute.
The substrate was then washed with pure water
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and dried. Figure 1 is a Raman microscope
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Temperature Effects on the Optical Properties of SWNTs
Dispersed in Aqueous Solutions
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Single-walled carbon nanotubes (SWNTs) are one-dimensional tubular carbon
structures with various diameters and chiralities. Owing to their outstanding mechanical,
electrical and thermal properties, many potential applications have been proposed. However,
as a result of strong cohesive van der Waals force between them, SWNTs are easily forming
bundles. We have developed the novel dispersion and purification procedures for SWNTs
using biopolymers as dispersants [1]. Heller, et al. studied that sonication temperature effects
on the dispersion of SWNTs with SDS aqueous solution showed that the relative intensity of
chiral structures changed in the intensities of photoluminescence with temperature [2]. It has
been known that optical properties of SWNTs are sensitive to the change in the surrounding
environments such as temperature and pH [3,4].

In this study, we have investigated with respect to temperature effects on optical
characteristic and dispersion behavior of SWNTs. Several dispersed SWNTs aqueous
solutions were prepared with biopolymers and surfactants, which have different charges. We
used carboxy methyl cellulose (CMC), chitosan, sodium dodecyl sulfate (SDS), and
n-tetradecyl trimethyl ammonium bromide as dispersing agents. Then the temperature
dependences of the optical properties of the dispersed SWNTs were probed by means of the
spectroscopic techniques such as UV-vis-NIR absorption and photoluminescence. The
resulting absorption spectra indicated that the peak intensities for S;; bands for the dispersed
SWNTs were largely changed compared to those of Sy, bands, regardless of the dispersant
species. Using biopolymer as a dispersion agent, absorbance was decreased with increasing
temperature. Whereas using SDS, the absorbance was increased with temperature. Likewise,
the discrepancy between the biopolymers and surfactants appeared in the pH effects. Those
phenomena are suggested to be attributed to the difference in the structural features of the
complexation of SWNTs with the dispersants involved in the dispersion behavior of SWNTs.
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Recently, the field of tissue engineering has rapidly developed with much efforts being
concentrated on the attachment control of cells to the scaffolds such as collagen and PLLA.
Additionally, it has been known that the proliferation and differentiation of cells on their
scaffolds can be controlled by the surface roughness of materials, and the electric, optical, or
mechanical stimulation. We have proposed that cellular behavior would be controlled by
utilizing electric, mechanical properties and luminescence characteristics of single carbon
nanotubes (SWNTs). In our previous study, it has been found that chitosan was a useful
dispersant for SWNTs [1]. The objective of this study is to fabricate a novel
stimulus-responsible cell culture material by using SWNTs/chitosan composite film (SCF),
combined with ion beam modification. Ion beam irradiation technique is well known as a
powerful way to change physicochemical properties of the surfaces without affecting the bulk
properties. Suzuki et al. reported that ion beam irradiation to polymer surfaces brings about
the improvement of their biocompatibility [2].

The purified HiPco SWNTs from Carbon Nanotechnologies Inc. were used without further
purification. SWNTs were mixed with chitosan/2 % acetic acid solution and then treated using
an ultrasonic disruptor for 1 hour. The obtained SWNTs dispersions were ultracentrifuged at
163,000g to remove large SWNTSs’ bundles. SCF was prepared by casting supernatant solution
on glass substrates. SCF were irradiated at an energy of 150 kV-Kr' ion with fluences of
1x10", 1x10™* and 1x10"* ions/cm? using RIKEN 200 kV ion implanter. Raman spectroscopic
analysis showed that the intensity ratio of G band to that of D band with the increase in the
fluences, accompanied by the formation of amorphous carbon. This finding was supported by
the results of XPS analysis. Amorphous carbon phase is suggested to be constructed as a
result of destruction of chitosan and SWNTs structures by ion beam irradiation. Cell
attachment test was performed using bovine aortic endothelial cells. Results of 24 hour
cultivation indicated that cell attachment was improved on the only sample irradiated with a
fluence of 1x10" ions/cm® compared with non-irradiated SFC. Consequently, it is inferred
that amorphous carbon phase induced by ion beam irradiation is significantly involved in cell
attachment, which would be controlled by Kr' ion beam irradiation.

[1] T. Takahashi et al Chemical Letters.11 (2005) 1516
[21Y. Suzuki Nuclear Instruments and Methods in Physics Research B 206 (2003) 501
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Vertically aligned single-walled carbon nanotubes (VA-SWNTs) possess unique
properties, including superhydrophobicity [1, 2] and high thermal conductivity. With the aim
of using these properties to study convective heat transfer and phase change phenomena at a
VA-SWNT surface, we have attempted to firmly bond VA-SWNT films to a metal surface by
first depositing a thin metal layer onto VA-SWNT surface, and then welding the thin metal
layer to a bulk metal surface by high-temperature annealing. Firm bonding between the metal
block and the VA-SWNT film was confirmed.

VA-SWNTs were synthesized on quartz [3, 4] by the alcohol CVD method [5]. After
synthesis, a 100 nm gold film was deposited onto the VA-SWNTs by vacuum vapor
deposition. A cross-sectional SEM image is shown in Fig. 1. From this image, we can see that
gold particles have penetrated between the bundles, reaching approximately 1 um into the
VA-SWNT film. A substantial crust of gold has accumulated on the top of the film. After
deposition, the sample (Au-coated VA-SWNT film + quartz substrate) was set inside the
experimental apparatus (Fig. 2a). A diagram of the inside of the sample chamber is shown in
Fig. 2b. With a piece of bonding material between the base heating block and Au-deposited
VA-SWNTs, the sample was adhered to the base by annealing between 600 and 850 °C under
flowing argon gas. The quartz substrate was then removed using the simple and easy
hot-water assisted film transfer technique developed by our group [1, 2], leaving behind the
securely attached VA-SWNT film.

(b)
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Fig.1: SEM image showing Au deposited onto Fig.2: (a) photo of experimental apparatus and
a VA-SWNT film by vacuum vapor deposition. (b) diagram of sample chamber interior.
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The production of DNA-wrapped single-wall carbon nanotubes (DNA-SWNT hybrids)
has triggered to a big advance in the techniques of isolation or separation of SWNTs
required for many applications. The characterization of DNA-SWNT hybrids by Raman,
photoluminescence (PL), and optical absorption spectroscopies, and atomic force
microscopy (AFM) has been carried out by many groups. Some of recent researches are
shown in Ref. 1-4. For their applications, the mechanism of the interaction between
DNA and SWNT, and the isolation of SWNTs by DNA wrapping need to be understood.
In this paper, we report the dependence of the isolation of SWNTs by DNA wrapping

on their average diameter.

HiPco and arc-discharge produced SWNTs with average diameter of 0.9 nm and 1.4 nm,
respectively, were used as starting materials. 1 mg of SWNTs was mixed in 1 ml
aqueous double-stranded DNA solution where the DNA was extracted from salmon’s
testis. After the mixture was sonicated on ice, the samples were centrifuged to remove
insoluble materials, leaving DNA-SWNT hybrid solution. The isolation of SWNTs was
examined by photoluminescence and optical absorption measurements, and AFM
observation.

HiPco SWNTs by DNA wrapping in solution exhibited strong photoluminescence. Note
that the observation of photoluminescence of SWNTs is an indicator of their isolation. It
should be noted that no photoluminescence was observed for arc SWNTSs with larger
diameter by DNA wrapping in solution. This indicates that the isolation of arc SWNTs
with larger diameter can not occur by DNA wrapping. These results will provide an
important insight for the understanding of the mechanism of the isolation of SWNTs by
DNA wrapping. The mechanism will be discussed with the AFM observation.

[1] H. Kawamoto et al. Chem. Phys. Lett. 431, 118 (2006).
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Besides applications of carbon nanotube (CNT) to electronic devices, medical
applications attract a great deal of attention. When CNT is used as drag or drag carrier, it is
very useful that CNTs are modified by proteins which specifically bind the target molecules.
As far as we know, only two kinds of protein have been reported to disperse CNTs [1, 2].
Here we report the novel protein which can disperse CNTs. The protein is prefoldin. In the
living organisms, the function of prefoldin is to be bound to surface-exposed hydrophobic
regions of proteins of which structures are incorrect and to stabilize the proteins to prevent
from degradation. So it was expected that prefoldin could bind the hydrophobic surface of
CNTs and disperse CNTs well (Fig. 1).

We prepared the prefoldin from hyperthermophilic microorganism by conventional
genetic engineering methods. Recombinant proteins were produced in Escherichia coli cells
and purified. The purified prefoldin and HiPco-CNT were used for CNT dispersion
experiment. We found the ability of prefoldin to disperse CNTs at concentrations higher than
0.05% protein. The amount of CNTs dispersed by prefoldin was higher than that of bovine
serum albumin but lower than that of lysozyme. Detail comparison between prefoldin and
lysozyme was performed at the various pHs and salt concentrations. At pH around pl of
prefoldin, the protein could not disperse CNTs as reported on lysozyme. Addition of salt
above 10 mM NaCl, in the case of lysozyme, caused the disappearance of dispersibility. On
the other hand, prefoldin could disperse CNTs to a similar extent up to 10 mM NaCl, and
even at 100 to 1000 mM NaCl retained about 40% dispersibility compared to no addition of
the salt. Since the concentration of physiological
saline or blood is 150 mM NaCl, prefoldin should
be applied to stably disperse and functionalize
CNTs in the human body for medical uses.

[1] D. Nepal and K. E. Geckeler, Small, 2, 406 (2006).
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We already have reported that zinc protoporphyrin IX (ZnPP) dissolve single-walled carbon
nanotubes (SWNTs) in organic solutions as long as excess porphyrin is present in solution [1].
However, upon removal of excess ZnPP, it was found that the ZnPP-nanotube complex
precipitates within a few days.

Polymerized solubilizer is proved to give more stable dispersion than monomeric one [2].
From the result, polymeric porphyrin is expected to lead the more stable dispersion.

Herein, we designed and synthesized meso-meso linked porphyrin (1) as described in the
literatures [3]. And we carried out solubilization in organic solvents and characterize the
meso-meso linked porphyrin-SWNTs composites. By means of UV-vis-NIR absorption
spectra measurements, it was revealed that compound 1 could disperse SWNTs in DMF
solution (Figure 2).
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Figure 1. Chemical structure of 1 ) .
Figure 2. Absorption spectra of

SWNTs solubilized with compound 1.
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Field Effect Chromatography that Separates Metallic and Semiconducting
Carbon Nanotubes

(OMasahito Sano and Keisuke Wada
Department of Polymer Science and Engineering, Yamagata University 992-8510, Japan

A separation of metallic and semiconducting carbon nanotubes (CNTs) is of primary
importance for fundamental researches as well as applications, particularly, in electrical and
optical fields. The separation methods reported so far are based on kinetic differences in
chemical reactivity or adsorption, electrophoresis, and centrifugation in solution phase. Here,
we report a novel chromatographic technique that can concentrate metallic CNTs by simply
letting the mixture flow through a specifically designed column.

Chromatography is a separation technique widely used in chemistry and biology. A
mixture to be separated is poured from one end of a column which is filled with a specially
designed packing material. The packing material should have a property that the time takes to
flow through the column depends on each component of the mixture. Then, solutions coming
out of another end at different times contain different amounts of each component. For
instance, the packing material may be beads with many nanopores through which only small
molecules can enter. Because large molecules cannot enter the pores, the small molecules
spent more time in beads. Consequently the large molecules flow through the column faster.
Thus, the solution that comes out of the column earlier contains more large molecules. -

In this study, we use DC electric field and non-uniform flow to discriminate CNT
electronic types. Previously, we have shown that only semiconducting CNTs are
electrodeposited on anode surface by DC electric field in anhydrous conditions [1, 2]. In
contrast, multi-walled CNTs, which are mostly metallic, are seen to oscillate between the
anode and cathode surfaces under certain conditions. These observations indicate that metallic
and semiconducting CNTs have different motions across the electrodes under DC electric
field. If non-uniform flow is applied between the electrodes perpendicular to the electric field,
one component can be carried down faster than another by the flowing liquid.

As a primary study, single-walled CNTs dispersed in an anhydrous organic solvent
was placed at the top of the parallel plate electrodes. With a constant supply of the solvent
from the top, the dispersion was flown down between the electrodes with DC electric field.
The geometry and the flow speed were adjusted so that the liquid near the middle of
electrodes flown faster than one near the electrode surfaces. The solution coming out of the
bottom of the electrodes was collected by small portions in a consecutive order. Raman
spectroscopy showed that a ratio of the metallic to semiconducting peaks is larger for portions
that have came out earlier. Thus, we are able to demonstrate that the proposed mechanism can
be used to construct a chromatography system for separations of CNTs by electronic types.

[1] Abe, Y., Tomuro, R., Sano, M.; Adv. Mater. 17,2192-2194 (2005).
[2] Tomuro, R., Matsumoto, T., Sano, M.; Jpn. J. Appl. Phys., 45, L578-L581 (2006).
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Separation of Metallic Single-walled Carbon Nanotubes and Preparation of
Transparent and Conductive Thin Films form the Nanotubes
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“Center for Tsukuba Advanced Research Alliance, University of Tsukuba, Ibaraki 305-8577,
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Many potential applications of single-walled carbon nanotubes (SWNTs) have been
extensively expected because of their excellent mechanical and electrical properties.
However, SWNTs are typically grown as the bundles of metallic and semiconducting SWNTs
(m- and s-SWNTs), which is a hindrance to their widespread applications. Since there is no
method for selective preparation of SWNTs having specific electrical properties, it is
technologically important to separate m-SWNTs and s-SWNTs.! The chemical vapor
deposition (CVD) method attracts broad attention for one of possible low-cost and large-scale
production of SWNTs. We herein report separation of SWNTs produced by several CVD
methods and preparation of transparent and conductive thin films made of SWNTs and
m-SWNTs, respectively.

A typical procedure for separation of m-SWNTs is as ;%::- e atant
follows: 1mg of SWNTs was added to 10 mL of a £
tetrahydrofuran (THF) solution containing amine, and then 212:
sonicated for 2 hours followed by centrifugation (45 kG).>* The £ o4-
absorption, photoluminescence, and Raman spectroscopies g-%gz:
showed that separation of m-SWNTs from SWNTs was w0 w0 1200 1600
achieved effectively by our method. L om Wavelength (nm)
. ; . Ex: 633 nm  SWNTs
Transparent and conductive thin films were prepared by 3, supernatant
spraying SWNTs dispersion onto substrate with an airbrush. f%_
The thin films were characterized by UV-vis spectroscopy and 5;0'4_
a 4-point probe conductivity measurement. Compare to the 2
films made of SWNTs as received, m-SWNTs films are 10 £ 00
times more conductive at same transmittance. 160200 240 280 1400 1600

Wavenumber (cm™")
Figure. Vis-NIR and Raman spectra of
References: SWNTs dispersion and supernatant.

[11 An, K. H. et al., Nano 2006, 1, 115.
[2] Maeda, Y. etal., J. Phys. Chem. B. 2004, 108, 18395.
[3] Maeda, Y. et al., J. Am. Chem. Soc. 2005, 127, 10287. Maeda, Y. et al., J. Am. Chem. Soc. 2006, 128, 12239,
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Characterization of SWNT Thin Films Deposited by Dry-Process
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Single-walled carbon nanotubes (SWNTs) conduct electricity well, which could make
them promising for many electronic applications, such as transistor, chemical sensor, solar
cell, and so on. However, manufacturing devices using single SWNT is expensive and suffers
from reliability problems. Recently, it was found that the thin film constructed by networks of
SWNTs could perform a variety of basic electronic functions [1]. The thin film of SWNTs has
prepared by wet process using dispersion of SWNTs so far, but that is not generally as easy as
it sounds. Once SWNTs are mixed in solvents, they tend to bundle together, requiring
surfactants to keep them isolated. It should be expected that surfactants would give an
impediment to the electronic conductivity. Therefore development of the dry process for
preparing homogeneous thin films of isolated SWNTSs is eagerly anticipated.

Here we have tried to develop a dry-process of depositing the thin film of SWNTs
synthesized by the enhanced direct injection pyrolytic synthesis (e-DIPS) method. The
morphology and optical properties of the SWNT film will be discussed in detailed.

[1] G. Gruner, Scientific American, pp. 76-83, May 2007.
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Damage-free Surface Modification of Carbon Nanotubes
using Advanced Neutral Beam

oAkira Wada', Yoshinori Sato?, Masahiko Ishida®,
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In an effort to realize carbon nanotube (CNT) FET, it is necessary to modify electric
characteristic of grown CNTs by using plasma process. However, the conventional plasma
process damages CNTs because charged particles and ultraviolet photons are irradiated to the
CNTs. As a result, the CNT FET could not be practically fabricated using conventional
plasma processes. Here, we have proposed damage free surface modification by using our
developed neural beam to resolve the problems and to practically fabricate the CNT FET
without any damages. Neutral beam can almost eliminate irradiation of charged particles and
ultraviolet photons to CNTs. In this study, we irradiated Ar plasma and Ar neutral beam to
single-walled carbon nanotubes (SWCNTSs). Raman spectra confirmed that the intensity ratio
of D-band/G-band in SWCNTs irradiated by neutral beam was still kept at the same as that
with no beam irradiation. Conversely, the intensity ratio of D-band/G-band was drastically
increased by conventional plasma irradiation. Transmission electron microscopy could also
confirm that SWCNTSs did not have any damages after the neutral beam irradiation, whereas
SWCNTs was destroyed by conventional plasma irradiation. Neutral beam process is very
promising candidate for future CNT FET fabrication processes.
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The New Feature Development of
Carbon Nanotubes-Polybenzimidazole Composite

oMinoru Okamoto, Tsuyohiko Fujigaya and Naotoshi Nakashima

Department of Applied Chemistry, Graduate School of Engineering
Kyushu University, Fukuoka, Japan

Carbon nanotubes (CNTs) have expected in most areas of science and engineering due to
their mechanical properties, electrical properties and so on[1]. But, the application of CNTs is
limited because they form bundles each other and possess poor solubility in any solvents. Many
researches of dispersing CNTs in solvent and preparing CNTs-polymer composites has been
reported[2]. In this time, we focus on Polybenzimidazole (PBI) as polymer materials. PBI is used as
super engineering plastic because of the heat stability. In addition, PBI is expected to apply for solid
polymer electrolyte membrane of fuel cells.

First, we examined if PBI can solubilize CNTs in
solvent. CNTs were added to the solution which PBI
was dissolved in dimethyl sulfoxide (DMAc). This
solution was sonicated to dissolve CNTs, followed by
centrifugation. Fig.1 (A) shows the absorption spectra
of the suspention after centrifugation. For comparison,
the same operation without PBI was carried out and
absorption spectra is shown in Fig.1 (B).

Absorbance

In the case of the solution including PBI (Fig.1 0L ‘ . ‘
(A)), the characteristic spectral features due to 600 800 1000 1200 1400 1600
dissolved CNTs were clearly observed in the near-IR Wavelength / nm
region. On the other hand, the characteristic absorption Fig.1 Vis-NIR spectra of CNTs solution
due to CNTs was not observed in the absence of PBI (A) with PBI (B) without PBI
(Fig.1 (B)). This means PBI can act as solubilizer for CNTs. It is attributed that the n-n
interaction between PBI and CNTs plays an important role for debandling of CNTs.

Next, the CNTs-PBI composite films and PBI
films were prepared by spreading each solution on a
glass plate and the solvent was evaporated, (Fig.2).
The tensile strength and Young’s modulus of each
film was measured, and found that those of

CNTs-PBI composite film is about 1.6 times higher T
than PBI film without CNTs. Fig.2 CNTs-PBI composite film and PBI film.

[1] D.Tasis, N. Tagmatarchis, A. Bianco, M. Prato, Chem. Rev., 106, 1105 (2006).
[2]J. N. Coleman, U. Khan, Y. K. Gun’ko, Adv. Mater., 18, 689 (2006).
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Teas Solution Individually Solubilizes Single-walled Carbon Nanotubes
oGenki Nakamura, Kaori Narimatsu, Naotoshi Nakashima

Department of Applied Chemistry, Graduate School of Engineering, Kyushu University,
744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan

Carbon nanotubes (CNTSs) are insoluble in solvents due to their strong intertube van der
Waals interactions. Therefore, strategic approaches toward the solubilization of CNTs are
highly important in wide fields including chemistry, physics, biochemistry, biology, and
pharmaceutical and medical science. Our interest focused on the fundamental and applications
of soluble carbon nanotubes in aqueous and organic systems.” We® and others® have already
described that compounds (including polymers) bearing a condensed polycyclic aromatic
moiety such as pyrene, anthracene, porphyrin, or polyimide group dissolve CNTs in water or in
organic compounds. Double-> and single® stranded-DNAs that are biological compounds
carrying polycyclic aromatic moieties are also good CNTs solubilizers in water.

We present here new CNTs solubilizers, that is, teas, which contains numerous
components with antioxidant activity including polyphenols, minerals, and vitamins.
Catechins’ are typical polyphenols that are contained in tea, so we tested catechins to dissolve
CNTs. We used single-walled carbon nanotubes (SWNTs) as CNTs since individually
dissolved SWNTs show characteristic structural spectral features in the near-IR region.

[17 S. Lijima, Nature 1991, 354, 56.

[2] N. Nakashima, N. International J. Nanoscience 2005, 4, 119.

[3] N. Nakashima, Y. Tomonari, H. Murakami, Chem. Lett. 2002, 31, 638.

[4] H. Paloniemi, T. Adriralo, T. Laiho, H. Like, N. Kocharova, K. Haapakka, F. Terzi, R. Seeber, J. Lukkari, .J.
Phys. Chem. B 2005, 109, 8634.

[5] N. Nakashima, S. Okuzono, H. Murakami, T. Nakai, K. Yoshikawa, Chem. Lett. 2003, 32, 456.

[6] M. Zheng, A. Jagota, E. D. Swmke, B. A. Diner, R. S. Mclean, S. R. Lustig, R. E. Richardson, N. G. Tassi,
Nat. Mater. 2003, 2, 338.

[7TN. Ihara, Y. Tachibana, J. E. Chung, M. Kunrisawa, H. Uyama, S. Kobayashi, Chem. Lett. 2003, 32, 816.
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Side-wall attachment of porphyrins to the ''shortened and esterified"
carbon nanotubes

O Toru Arai, Shingo Nobukuni, Kohsuke Takahashi, Yoshikazu Shimote

Department of Applied Chemistry, Faculty of Engineering,
Kyushu Institute of Technology, Kitakyushu 804-8550, Japan

The conjugates of fullerene and
porphyrin have been widely studied as scheme 1 ~

3 3 M CsH,,0,C = CO,CaMsy
potential  photoactive  devices  [1]. CsHﬂocho S o

¥ P2P2Y P COLCeHyy
However, carbon nanotubes (CNTs) SooBIHEHA

Gy 0,6 LT L5 GO,Co My R

S sserasately
R 2

covalently linked to porphyrins have been limitedly investigated [2,3]. Here we report the
synthesis and photochemistry of porphyrin-linked, "shortened and esterified" CNTs .

The SWNT sample (Aldrich) was sonicated in HNO, / H,SO,. Then -COOH at the tip
of the shortened CNT was converted to pentyl ester (Scheme 1) [4]. Aminoethyl group was
grafted via the pyrrolidine ring [3]. Then porphyrin with -COCI was coupled to yield the
porphyrin-linked CNT, which was isolated by silica-gel column chromatography (CHCl,;-
DMF). These modifications of CNTs were characterized by IR and TGA/DSC. The
shortening of CNTs could be monitored by MALDI-TOF-MS; the signals at ~ m/z = 50 000

increased with the progress of the reaction.
6

05 Ll L} J L] L
ut 13 a (b) 653 nm
UV-vis spectra of the porphyrin-linked <04 @ | st N
CNT (Figure la) shows the absorption of g Sat e \

. .. 2 03t © 3 porphyrin |
porphyrins (419 nm). The emission spectrum 8 1 \ovrommm > (rterenca)
of this sample (Figure 1b solid line, Aex = 419 %01 | \orem :’;’2 L 720 ]

N ! T
nm) seemed to be a sum of the CNT emission Lo = 0 o
(broad signal at 500~600 nm) and the porphyrin 4°°w5;32.e?,%2h7f“;m8°° 50 Wsa?/Oelengﬂ? Yo

Figure 1 (a) UV-vis and (b) emission spectra (A, = 419

emissions (653 and 720 nm). Interestingly, the o of borphyrin-inked CNT in DMF.

porphyrin emission from the porphyrin-linked
CNT little differs from the emission of the reference porphyrin (Figure 1b broken line), which
indicate a weak interaction between porphyrin and CNT in our porphyrin-linked CNT.

[1] H. Imahori, Bull. Chem. Soc. Jpn., 80, 621 (2007).

{2] D. Baskaran et al., J. Am. Chem. Soc., 127, 6916 (2006).

[3] H. Imahori et al., Abstracts of the 31st Fullerene-Nanotubes General Symposium, 3-14.

[4]1 R. E. Smalley et al., Science, 280, 1253 (1998); H. Garcia et al., Chem. Phys. Lett., 386, 342 (2004).
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Simultaneous Spectroscopy of Photoluminescence and Photocurrent of
Individual Carbon Nanotubes in Field-Effect Transistor

oAtsushi Kobayashi', Yutaka Ohno'*, Shigeru Kishimoto', and Takashi Mizutani'

'Department of Quantum Engineering, Nagoya University, Nagoya 464-8603, Japan
’PRESTO, Japan Science and Technology Agency, Saitama 332-0012, Japan

Semiconducting single-walled carbon nanotubes (SWNTs) are promising for optical
functional materials because they have a near-ideal 1D electronic state and direct bandgap.
Photoluminescence (PL) and photocurrent (PC) spectroscopy are useful techniques to study
not only 1D exciton physics but also carrier transport phenomenon in SWNTs. [1] In this
study, we have simultaneously investigated PL and PC of individual SWNTs in field-effect
transistor (FET).

The device has SWNTs bridging over a trench formed on SiO,/Si substrate, as shown in
Figure 1. The both width and depth were ~2 um. The metal catalyst pattern, Co/Pt (2/10 nm),
were formed on both sides of the trench. The metal catalysts were also used as the source and
drain electrodes. SWNTs were synthesized by alcohol chemical vapor deposition technique. A
Ti/Sapphire laser was used for an excitation source. The diameter of incident laser spot on the
device surface was ~2 um, which enable the measurements of a single SWNT.

Biasing the device at off-state, we could obtain PL and PC of a SWNT simultaneously, as
shown in Figure 2. These excitation spectra showed good correlation. With increasing the
drain bias, PL intensity collapsed and PC increased. We have estimated the optical absorption
cross-section of a single free-standing SWNT from the PC.

[11Y. Ohno, S. Kishimoto and T. Mizutani, Nanotechnol. 17, 549 (2006)
Corresponding Author: Yutaka Ohno
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Bundle Reconstruction of Isolated Single Wall Carbon Nanotubes
OYasumitsu Miyatal’ ? Kazuhiro Yanagiz, Yutaka Maniwa' and Hiromichi Kataura®

'Department of Physics, Tokyo Metropolitan University, 1-1 Minami-Osawa, Hachioji, Tokyo
192-0397, Japan
’Nanotechnology Research Institute (NRI), National Institute of Advanced Industrial Science
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One of the important issues for understanding of the physical properties of single wall
carbon nanotubes (SWCNTs) is the correct characterization of the distribution in both tube
diameter and chiral angle. Since the first report on the chirality-assigned optical spectra of
individual SWCNTs by Bachilo et al.,[1] photoluminescence (PL) and resonance Raman
spectroscopy have been widely used for the characterization of the detailed composition of
SWCNTs. For example, the PL analysis suggests that the CoMoCAT method mainly produces
the specific chiralities, such as (6,5) and (7,5) SWCNTs.[2] However, it is still unclear
whether the optical signal really reflects the true chirality distribution of the sample. The
problem is mainly due to less information about the chirality dependence of the PL (Raman)
cross section and about the possible chirality selection in the dispersion process with
surfactant followed by the centrifugation. To solve this problem, it is essential to combine the
PL results with non-spectroscopic diameter estimation for the identical sample without any
additional dispersion process.

In this work, we investigated the diameter distribution of the CoMoCAT SWCNT by
the PL and the x-ray diffraction (XRD). First, well isolated SWCNT dispersion was prepared
through the sonication and ultra centrifugation processes. After the PL measurement, a piece
of bucky paper was produced from the dispersion. Then, the XRD pattern of the bucky paper
was measured (Fig. la). Thus the PL and XRD measurements were recorded on the
completely identical samples. The XRD analysis shows that the average diameter is 0.78 +
0.01 nm and its dispersion is 0.12 nm by assuming a Gaussian distribution. As shown in Fig.
1b, the PL intensity of each chirality agrees with the diameter distribution estimated from the
XRD result. This result first revealed that the relative PL intensity of the CoMoCAT SWCNTSs
actually represents their diameter distribution.

References: [1] S.M. Bachilo et
al., Science, 298, 2361 (2002)
[2] S.M. Bachilo et al. JACS,
125, 11185 (2003)
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Fig. 1. (a) The observed XRD pattern of the CoMoCAT SWCNTs
(open circle), and the simulated pattern (solid line). (b) The PL
intensity of each chirality plotted as a function on diameter (open
circle), and the diameter distribution estimated from the XRD result
(solid line).
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Length Dependence of Raman Intensity of the Single Wall Carbon
Nanotube

* Jin Sung Park?, Riichiro Saito", Kentaro Sato", Jie Jiangz), Gene Dressselhaus®,
Mildred S. Dresselhaus® ®

Y Department of Physics, Tohoku University and CREST JST, Sendai 980-8578, Japan
? Department of Physics, North Carolina State University, USA
3 Francis Bitter Magnet Laboratory, ¥ Department of Electrical Engineering and
® Computer Science, Department of Physics, Massachusetts Institute of Technology,

Cambridge, MA 02139-4307, USA

Since excitonic effects are important in the optical properties of the single wall
carbon nanotubes (SWNTs), we should consider an exciton picture to study Raman
scattering. We have developed an exciton model by solving the Bethe-Salpeter equation
in the SWNTs within tight binding model [1]. Unlike single particle picture, the exciton-
photon matrix elements [2], as important factor to calculate the Raman intensity,
strongly depend on the diameter but no tube type and no chiral angle dependence.
Especially, the exciton-photon matrix element has a larger value for a longer SWNT,
because the exciton wave function coefficient depends on tube length related to number
of k points. For the first resonance Raman scattering such like RBM and G-band, the
Raman intensity in the range of tube length more than 100 nm does not depend on tube
length. However, for very short SWNT, i.e. 20 nm, the Raman intensity considerably
becomes weaker relative to tube length more than 100 nm. The reason is that the exciton
wave function coefficient to be included in exciton-phonon matrix term quickly
decreases with reducing tube length rather than tube length normalization in the Raman
intensity formula. We will also compare our calculated results with experiment [3] for
double resonance Raman scattering.

Reference:
1) J. Jiang, R. Saito, Ge. G. Samsonidze, A. Jorio, S. G. Chou, G. Dresselhaus, and
M. S. Dresselhaus, Phys. Rev. B. 75, 035407, (2007)
2) J. Jiang, R. Saito, K. Sato, J. S. Park, Ge. G. Samsonidze, A. Jorio, G.
Dresselhaus, and M. S. Dresselhaus, Phys. Rev. B, 75, 035405, (2007)
3) S. G Chou, H. Son, A. Jorio, R. Saito, M. Zheng, G. Dresselhaus, and M. S.
Dresselhaus, Appl. Phys. Lett., 90, 131109, (2007)
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Double-Wall Carbon Nanotubes by UHV-STM
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Double-wall carbon nanotubes (DWNTs) are known to exhibit unique electronic and
mechanical properties of various kinds [1]. These novel properties stem from very thin
graphite layer structures with an excellent graphitization compared to those of single-wall
carbon nanotubes (SWNTs) and multi-wall carbon nanotubes (MWNTs).

The characterization of inter-layer interaction of DWNTs has been performed by
spectroscopic techniques such as Raman spectroscopy and photoluminescence which can
provide information on the chirality and band structures of DWNTs [1]. However, the
information obtained by such techniques show generally on the bulk sample.

To investigate the inter-layer (i.e., inner and outer tube) interaction of an isolated DWNT in
detail, one of the best ways is to observe interference of the electronic states between the
inner and outer tubes with scanning tunneling microscopy (STM) which was succeeded to
clarify inter-layer interactions in graphite [2]. Here, we investigate inter-layer interactions
exerted in DWNTs by using ultra-high vacuum STM (UHV-STM).

DWNTs were prepared by the pulsed-arc discharge method [3] and were dispersed in
chloroform by ultra-sonication. Solutions of DWNTs were deposited onto clean Au(111)
using the pulse-jet injection method under high-vacuum[4]. The sample was transferred to an
UHV chamber and was annealed at 700K to remove the residue solvents. All STM
measurements were performed in UHV conditions at room temperature.

STM images obtained show that some DWNTSs exhibit a periodic super-structure along the
tube axis caused by the interference between the inner and outer tubes [4] (Fig.1). The most of
DWNTs, however, do not show such a super-structure on the surface of DWNTSs.

The super-structure due to inter-layer interactions should have close relationships with
inter-layer distance and their diameters. We will discuss the super-structures in terms of the
interference of the electronic states of the inner and outer tubes based on the STM images of
the DWNTs.

[11 N. Kishi etal, J. Phys. Chem. B,
110,24816(2006)

[2] W. T. Pong etal, Surf. Sci, 601, 498 Fig.1. STM image of inner and outer tube of DWNT
(2007)

[3] T. Sugai et.al., Nano. Lett., 3, 769 (2003).

[4] N. Fukui et.al., Abstracts of The 30™ Fullerene-Nanotubes General Symposium, Jan 7, 2006,Nagoya, Japan
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In Situ Manipulation and Engineering of Carbon Nanotubes
Inside a Transmission Electron Microscope

oChuanhong Jin, Kazu Suenaga, and Sumio Iijima

Research center for Advanced Carbon Materials, National Institute of Advanced Industrial
Science and Technology (AIST), Tsukuba 305-8565, Japan

Since their discovery in 1991 [1], carbon nanotubes (CNTs) have been recognized as
particularly important materials because of their extraordinary mechanical and electronic
properties. Among them, realization of interconnection of CNTs as the building blocks of
future nanoelectronics is of particular interest for the bottom-up process to generate all-CNTs
based devices. Although previous in situ transmission electron microscope (TEM) studies
have made CNTs junctions available (‘wall to wall’ and Y type), these junctions were
produced under irradiations of ultra-high energy electrons [2, 3]. Near-atomic precision to
realize the site-assigned joining (such as ‘cap to cap’) has not yet been achieved. In this report
we will present a simple in situ Joule heating can realize the serial connection of two CNTs
with the precise control when their chiral induces are identical or even ‘close’ to each other [4,
5]. Both single-walled carbon nantoubes (SWNTs) and multi-walled carbon nanotubes
(MWNTs) have been successfully joined. Moreover, for those CNTs with a large mismatch in
their diameters (chirality also), with the introduction of metal catalyst, they could also be well

joined. Using simple technique, in principle, we could make any length of tubes.

[1] S. Lijima, Nature, 354, 56 (1991)

[2] M. Terrones et al, Science, 288, 1226 (2000).

[3] M. Terrones et al, Phys. Rev. Lett., 89, 075505 (2002)

[4] C. H. Jin, K. Suenaga and S. Tijima, submitted
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Predominance of small bundles within vertically aligned SWNT arrays

oErik Einarsson', Takahisa Yamamoto®, Zhengyi Zhang',
Yuichi Ikuhara®, Shigeo Maruyama'

'Dept. of Mechanical Engineering, The University of Tokyo, Tokyo 113-8656, Japan
ZDept. of Advanced Materials Science, The University of Tokyo, Kashiwa 277-8561, Japan
*Institute of Engineering Innovation, The University of Tokyo, Tokyo 113-8656, Japan

Here we report recent TEM observations of the internal structure of vertically aligned
single-walled carbon nanotube (VA-SWNT) arrays synthesized from alcohol. It was found
that the SWNTs within the aligned array form into thin bundles, typically containing fewer
than ten nanotubes. This small bundle size is significant in that it results in reduced tube-tube
interactions, allowing the SWNTs to retain more of their one-dimensional nature[1].

The VA-SWNTs investigated in this study were synthesized by the alcohol catalytic
chemical vapor deposition (ACCVD) method [2]. Figure la shows a VA-SWNT array
approximately 4 um thick. TEM observations were performed by transferring the array onto a
TEM grid using a hot-water transfer method [3]. The VA-SWNTs were then observed along
the alignment direction. Inside the TEM, we obtained cross-sectional images at different
depths into the array, shown by dashed lines in Fig. 1a, by shifting the focal plane. An image
corresponding to 600 nm into the array is shown in Fig. 1b. We also studied these VA-SWNTs
by high-resolution Raman spectroscopy (Fig. 2). Using a 488 nm excitation laser, the broad
peak at 180 cm' was found to consist of four separate, sharp peaks. The origin of these peaks
is still unclear, but since they do not appear in random SWNTs bundles [2], they are thought
to be related to the small bundles or isolated SWNTSs within the vertically aligned arrays.
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Fig. 1: (a) SEM image of a 4 pm thick VA-SWNT array. Dashed Fig. 2: Raman spectra from VA-SWNTs,
lines show depth of cross-sectional TEM images. (b) TEM image at Inset shows splitting of the 180 cm’!

600 nm down into the array. peak (thin, upper line is high-resolution).

[1] E. Einarsson, H. Shiozawa, C. Kramberger, M.H. Riimmeli, A. Grilneis, T. Pichler, S. Maruyama, submitted
to J. Phys. Chem. B (2007).

[2] S. Maruyama, E. Einarsson, Y. Murakami, T. Edamura, Chem. Phys. Lett. 403, 320 (2005).

[31 Y. Murakami and S. Maruyama, Chem. Phys. Lett. 422, 575 (2006).
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Effect of Chemical Modification for SWNTs-FET Properties

(ORyotaro Kumashiro', Yuki Abe', Takeshi Akasaka®, Yutaka Maeda®,
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Abstract: Single wall carbon nanotubes (SWNTs) having semiconducting properties are
promising as electronic materials for nano-scale devices in the future, and the electrical
properties of SWNTs are of significantly fundamental and practical interests. It is well known
that the field effect transistors (FETS) fabricated using semiconducting SWNTs show high
performance in terms of the mobility. However, carriers in pristine SWNTs are mostly holes,
therefore, SWNTs -FETs usually show p-type properties. For applying CNTs to electronic
devices, it is necessary to control the both carriers of electrons as well as holes, that is, the
electron carrier doping should be established. We reported the FET properties of SWNTs
exohedrally modified by Si-containing organic molecules of in the previous meeting, and
demonstrated that p-type nanotubes can be converted to n-type ones. However, because of
ununiformity of the surface silylation of SWNTs, the confirmation of charge transfer from the
exohedral functional groups to SWNTSs is extremely o/ A

difficult. In this meeting, we will discuss the effect 1510

of surface chemical modification on the
SWNTs-FETs properties in more detail by FET and 110 3
spectroscopic methods. In this study, we used the
organic molecule adsorbed SWNTs to make clear 510 7
the effect of modification, and it was demonstrated

that -t 0
at an n-type property can be enhanced by 40 20 0 20 40

(Si(ph),'Bu), adsorption also in a similar manner to Vo !V

the surface silylated ones (Fig.1). We will also

Figure 1. Isp-Vg curve of
(Si(ph),Bu), adsorbed SWNTs
-FET.

discuss the possibility of charge transfer by using
spectroscopic methods.
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Threshold Energy of Low-Energy Irradiation Damage in Single-Walled
Carbon Nantoubes

(OSatoru Suzuki and Yoshihiro Kobayashi

NTT Basic Research Laboratories, NTT Corporation, Atsugi, Kanagawa 243-0198, Japan
and CREST, Japan Science and Technology Corporation

We have shown that low-energy electron and photon irradiation to single-walled
carbon nanotubes (SWNTs) creates defects, which have unique characteristics [1]. The
activation energy of the defect healing has been estimated to be about 1 eV [1]. On the other
hand, the exact threshold energy of the damage has not been determined yet, although our
previous study [2] has shown that it is less than 20 eV. Determining the threshold energy
would be very important for clarifying the mechanism of the low-energy irradiation damage.
Here, we study irradiation effects of photons whose energy is less than 20 V.

SWNTs were grown by using the thermal chemical vapor deposition (CVD) method.
Ethanol was the carbon source. Photon irradiation was performed at beamline BL-1B of the
Ultraviolet Synchrotron Orbital Radiation Facility (UVSOR), Institute for Molecular Science,
Okazaki. All the irradiations were carried out at room temperature and in an ultra-high
vacuum of ~5x107 Pa. The irradiation dose was ~5x10'7 cm™. After the irradiations, Raman
spectra were measured in air with an excitation wavelength of 785 nm.

Figure 1 shows the Raman spectrum of SWNTs irradiated by 3- to 7-eV photons and
that of unirradiated SWNTs. A G-band intensity decrease and D-band intensity increase were
observed for SWNTs irradiated at 6 and 7 eV, although they were not observed at 5 eV or

below. The result strongly suggests
AN 0 e e o o e that the threshold energy of
low-energy irradiation damage is
within an energy range of 5 to 6 V.

D pristine
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Regulated near-IR optical properties of individually dissolved
semiconducting SWNTs via redox reaction

oKohei Hirayama, Yasurou Niidome, Naotoshi Nakashima

Department of Applied Chemistry, Graduate School of Engineering, Kyushu University,
744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan

Carbon nanotubes (CNTs) have been in the forefront of nanoscience and nanotechnology
because of their many unique properties. However, their insolubility in solvents has hindered
chemical approaches using CNTs. We have reported the fundamental properties and
applications of soluble carbon nanotubes in aqueous and organic systems [1-3]. Individually
dissolved CNTs show the inherent properties of the CNTs that are not seen in bundled ones.

Semiconducting single walled carbon nanotubes (SWNTs) exhibit interesting optical
properties via redox reactions [4-6]. Here, we report the finding that near IR absorption and
photoluminescence spectra of individually dissolved SWNTs in aqueous micellar solution are
regulated by the addition of a chemical reducing agent. The details will be reported at the
presentation.

References:

[1] N. Nakashima, T. Fujigaya, H. Murakami, “Soluble Carbon Nanotubes”, in Chemistry of Carbon Nanotubes,
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[6] M. J. O’connell, E.E.Eibergen, S. K. Doorn, nature materials, 4, 412 (2005).

Corresponding Author: Naotoshi Nakashima

E-mail: nakashima-tem@mbox.n¢ kyushu-u.ac.jp

Tel & Fax: +81-92-802-2840

— 202 —



3P-25

Optical Properties of High-Purity Single Wall Carbon Nanotubes
Sorted by Electronic Structure
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Single wall carbon nanotubes (SWCNTSs) exhibit remarkable electronic and optical
responses originating from the one-dimensionality of the system. However, these responses
have not yet been fully understood because most of previous studies have been conducted on
a mixture of metallic and semiconducting SWCNTs. Thus, high-purity SWCNTs with a single
electronic type is strongly required for more precise understanding of these physical
properties.

In this work, we investigated the optical properties of high-purity metallic and
semiconducting SWCNTs mainly by optical absorption and Raman spectroscopy. The
separation of metallic and semiconducting SWCNTs was achieved through density-gradient
centrifugation processes [1]. Figure 1 shows the optical absorption spectra of metal-enriched
(M-) and semiconductor-enriched (S-) SWCNT thin films. The spectra were normalized at the
peak of 4.4 eV caused by n plasmon resonance. Since the numbers of 7 electron are identical
for both semiconducting and metallic SWCNTs, the optical absorption due to the © plasmon
excitation should be the same. Although S1 absorption band is still observed in M-SWCNTs,
the purity of each type of SWCNT is very high compared with the previous works.
Unexpectedly large M1 and M2 absorption bands were observed. Importantly, it can be seen
that the infrared absorption intensity of the M-SWCNTs is about two times higher than that of

3 the S-SWCNTs at the long wavelength

T o limit. This indicates, as a matter of course,
higher conductivity of M-SWCNTs than
S-SWCNTs. Raman spectra and the other
optical properties will be discussed.

N
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Environmental effects on photoluminescence of carbon nanotubes
QY. Ohno, S. Iwasaki, Y. Murakami, S. Kishimoto, S. Maruyama, and T. Mizutani

Department of Quantum Engineering, Nagoya University
PRESTO/Japan Science and Technology Agency
Department of Mechanical Engineering, The University of Tokyo

In order to understand the optical properties of single-walled carbon nanotubes
(SWNT), it is important to understand the environmental effects. In this study, we have
studied the dielectric screening effect by the surrounding material around the nanotube. The
dependence of exciton transition energy on dielectric constant of surrounding material has
been investigated in the range of dielectric constant from 1.0 to 37, by means of
photoluminescence spectroscopy [1].

The sample with fee-standing SWNTs (Fig. 1) was immersed in various organic
solvent with different dielectric constant. With increasing dielectric constant, both £;; and E,
exhibited a redshift by several tens meV and a tendency to saturate at a dielectric constant
about 5 with an indication of small (n,m) dependence (Fig. 2). The redshifts can be explained
by the decrease in the electron-electron repulsive interaction which exceeds that of
electron-hole attractive interaction [2]. The energy shift was larger for the nanotube with a
smaller diameter.

References:
[1]Y. Ohno et al., arXiv:0704.1018v1 [cond-mat.mtrl-sci] (2007).
[2] Y. Ohno et al., Phys. Rev. B 73, 235427 (2006).
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Fig. 1 Free-standing SWNTs. Fig. 2 E5;-E plots in various environmental
conditions.
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Ethanol Gas Pressure Dependence of Photoluminescence from SWNTSs
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Department of Physics, Tokyo University of Science
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Understanding of the environmental effects of photoluminescence (PL) from SWNTs
[1, 2] is important for elucidating their electric structures and optical properties. To investigate
the environmental effects, we measured PL from the suspended SWNTs between quartz
pillars in an environmental vacuum chamber, which controlled sample temperature and
ambient gas conditions (gas species, its pressure and velocity). Figures 1(a, b) show the PL
maps of a suspended (9,7) SWNT measured at room temperature (a) in ethanol gas (5.3x10
Torr) and (b) in vacuum (2.5x107 Torr). The Ey; and Ey, energies of SWNTSs in the ethanol
gas were almost the same as those of suspended SWNTs in air [3, 4]. However the PL peak
was blue-shifted in vacuum as shown in Fig. 1(b). Figure 1(c) shows the ethanol gas pressure
dependence of emission peak wavelength (E;; energy) of the suspended (9,7) SWNT. The E;
energy exhibited a slight and continuous blue-shift with decreasing ethanol gas pressure in a
high pressure range, while it drastically blue-shifted [2] at transition pressure (approximately
3 Torr). Below the transition pressure, the energy was independent of the gas pressure. All
suspended SWNTs had the similar ethanol gas pressure dependence in PL and the transition
pressure was dependent on SWNT tube diameter and temperature. Independent of chirality
indices, the thinner SWNTs had higher transition pressure and the transition pressure
increased with increase of temperature.

We assumed that SWNT surface was covered with ethanol molecules above the
transition pressure while it was perfectly clean below the transition pressure, and that the
dielectric constant of the SWNT environment, which changed both E;; and E,, energies,
depended on the absorbed amount of ethanol molecules.

[1] J. Lefebvre, et al., Phys. Rev. B, 70 (2004) 045419.
[2] P. Finnie, et al., Phys. Rev. Lett., 94 (2005) 247401.
[3]Y. Ohno, et al., Phys. Rev. B, 73 (2006) 235427.

[4] J. Lefebvre, et al., Appl. Phys. A, 78 (2004) 1107.
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Fig. 1 PL maps from suspended (9,7) SWNT measured at RT (a) in ethanol gas and (b) in
vacuum. (c) Ethanol gas pressure dependence of emission peak wavelength (E; energy).
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Synthesis of Fullerene C,y from Cg by Gaseous Carbon Insertions into
CC bonds
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We report the synthesis of c c c c o c c
fullerene C7y from Cg by gaseous €0 - G0 — C,0 — C,0 — C;0 — G,0 — G;0 — C,0
carbon insertion into CC bonds.
Gaseous carbon atoms :C “jump”
into CC bonds without cleavage of
the overall molecular structure and
without significant side reactions
[1]. The carbon insertion reactions,
known for linear carbon chains [2],
are simple, clean, efticient, and require only :C and a CC bond. As an extension of the carbon
mnsertion reactions into CC bonds, we have formed fullerene C7y from Cg by insertion of
carbon atoms created in the photolysis of C30,. The reactions were made at 800~1000°C. A
significant amount of fullerene C;y was formed with negligible side products and was
confirmed by HPLC and TOF-MS spectrometries. The fact that in this reaction system,
carbon carbenes :C were the only chemically active species which were known to jump into
CC bonds spontaneously and fullerene C, has been formed without occurrence of side
reactions, implies the carbon insertion reactions should have occurred without cleavage of the
Ceo structure. That is, insertions of ten carbon atoms :C into the CC bonds in the Cgp cage
followed by annealing and arrangements have formed fullerene Cyo (Figure).

There are many experimental evidences supporting the formation mechanism of
fullerene C7 from Cgy mentioned above. In the reaction of fullerene Cgy with carbon,
abundance mass spectra of CgCq™ clusters show that there is no preference for clusters
containing an even number of carbon atoms in such experimental conditions that carbon
atoms are softly attached to a Cgy, however, the photofragmentation of CeoCq™ clusters
displays fragmentation sequences similar to what is observed in experiments on “ordinary”
Coo+¢ fullerenes such as much more intense fragments for Cgo" Cs2”, and C7™ [3]. Reaction of
C" with Cgp shows that ?C” projectile with no activation energy undergoes exchange with C
atoms in the target of the Ceo cage [4]. Photolysis of diazomethane adduct of Cg afforded the
Ce1H2 cyclopropanes and annulenes indicating the :CH, insertion into the C=C and C—C
bond, respectively [5].

{1] K.D. Bayes, J. Am. Chem. Soc., 84, 4077-4080 (1962); T. Ogata et al., Chem. Lett. 1985, 1797-1798; T. Ogata
etal., J. Am. Chem. Soc., 109, 7639-7641 (1987); T. Ogata et al., J. Phys. Chem., 96, 2089-2091 (1992).

[2] T. Ogata, Y. Ohshima, Y. Endo. J. Am. Chem. Sos., 117, 3593-3598 (1995); Y. Ohshima, Y. Endo, T. Ogata.
J. Chem. Phys., 102, 1493-1500 (1995).

[3] M. Pellarin et al., J. Chem. Phys., 117, 3088-3097 (2002).

{4] J.F. Christian, Z Wan, and S.L. Anderson, J. Phys. Chem., 96, 3574-3576 (1992).

[5] A.B. Smith Il et al., J. Am. Chem. Soc., 117, 5492-5502 (1995).
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Endohedral metallofullerenes have attracted special attention as new spherical molecules
with unique properties unexpected from empty fullerenes. Among them, scandium
metallofullerenes are of special interest because of their high variety in fullerene size.
ScoCsy isomers(], IT and III) have been known as one of most abundant scandium fullerenes.
Their structures have been ever widely believed to have the form of Sc,@Css on the results of
BC NMR spectral determination and powder X-ray diffraction analysis.[1,2] Interestingly,
recent investigations by BC NMR spectral determination[3], single crystal[4] and powder X-
ray diffraction analyses[5] reveal that one of three isomers, Sc,Cs(III), is a scandium carbide-
encapsulated metallofullerene, Sc,Co@Cso.

Herein, we present that the structure of Sc,Cs4(I1) is also not Scy@Css but ScoCr@Cso,
which has a Csx(Cs,) cage, by means of the *C NMR spectral analysis. We successfully
synthesized adamantylidene derivative of ScoCo@Cso(I) for single crystal X-ray analysis,
which was characterized by MALDI-TOF mass, UV-vis-NIR absorbtion, CV and >C NMR

spectroscopic analyses.

[1] Inakuma, M. et. al., J. Phys. Chem. B 2000, 104, 5072-5077.
[2] Takata, M. et al., Phys. Rev. Lert 1997, 78, 3330-3333.
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Reversible Reaction of La@Csg, with Cyclopentadiene Derivatives
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Endohedral fullerene is a new type of carbon cluster that contains one or more atoms inside
the hollow fullerene cage. Especially, endohedral metallofullerenes have attracted broad
attention because of their novel properties due to the intramolecular interaction between the
metal atom and the fullerene cage.' New electronic properties, such as the low oxidation and
reduction potentials, induced by the interaction would allow new application of fullerenes.
Reversible addition reaction® is one of the useful methods for separation of empty fullerenes’
and protection of their reactive sites." Recently, we have reported the reversible and
regioselective addition reaction of La@Cs, with cyclopentadiene (Cp), in which the kinetic
parameters for the retro-reaction of La@Cs.Cp were determined.” This retro-reaction
proceeds much faster than that of CeCp. In this context, it is important to retard the retro-
reaction of La@CgCp. It has been reported that an adduct of Cg with
pentamethylcyclopentadiene (Cp*) is less prone to undergo the retro-reaction than CeoCp.°
Herein, we report the reversible addition reaction of La@Cs, with Cp* and the stability of its
adduct.

J

La@Cg, + > La@Cg,

Cp*
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Optical Emission of Nitrogen Plasmas
Yielding the Synthesis of Nitrogen Atom Encapsulated Fullerenes

(OS. Nishigaki, T. Kaneko and R. Hatakeyama
Department of Electronic Engineering, Tohoku University, Sendai 980-8579, Japan

Many works related to the properties of a nitrogen atom encapsulated fullerene Ceo
(N@Csgo) are reported [1, 2], but the synthesis with high yield and high purity of N@Cso has
not yet been realized. Although N@Cgo has been produced by several plasma methods, the
yield of N@Ceo is extremely low (N@Cgo/Coo = 10™ - 107 %). The purpose of this research is
to elucidate a formation mechanism of N@Cso in order to improve the yield using a radio
frequency (RF) discharge plasma. In this study, the high purity of 0.02 - 0.05 % is achieved
for N@Cgo, which is the highest value compared to that has ever been reported.

The nitrogen plasma is generated by applying an RF power with a frequency of 13.56
MHz to a spiral-shaped RF antenna and is controlled by the applied power, a nitrogen gas
pressure, a substrate potential Vg and a potential 7, of a mesh grid (20 meshes/cm) with a
supporting rod, which is set up in the area between the RF antenna and the substrate [3]. Cso is
sublimated from an oven and deposited on the water-cooled cylindrical substrate. The
nitrogen plasma is continuously irradiated to Cg on the substrate. The Cgq compound
including N@Cgo deposited on the substrate is
analyzed by electron spin resonance (ESR) and 10~
UV-vis absorption spectroscopy to calculate the
purity (N@Ceo/Ceo).

Figure 1 shows a dependence of the purity of
N@Csy on the optical emission intensity of
nitrogen molecule radicals N," normalized by that
of nitrogen molecule ions N," (N, /N,"), which is
estimated according to the strongest peaks at
337.13 nm (N;') and 391.44 nm (N,") observed in .
the nitrogen plasma. It is found that the plasma 10~ .
with low N,/N," can synthesize the high purity , K ,
N@Ceo. It is expected that the decrease in Ny /N, 0 5 10 15
means the increase in nitrogen atom radicals N" or N, /N,'
nitrogen atom ions N', which could enhance the
synthesis of I*\I@Cé(). I}owever, the optical erpissiqn on the optical emission intensity of
peaks of N and N are not observed in this N, normalized by that of Ny
experiment. Another possible reason is that thg (N,"/NL ).
reduction of an emitted ultraviolet from N
suppresses the destruction of N@Ceo.
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Fig. 1: Dependence of the purity of N@Cs

[1] M. Waiblinger et al., Phys. Rev. B, 64, 159901 (2001).

[2] S.C.Benjamin et al., J. Phys.: Condens. Matter, 18, S867 (2006).

[3] S.Nishigaki et al., Abstract of the 32nd Fullerene-Nanotubes General Synposium, 155 (2007).
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Ultrasonication Induced Structural Change of SWNTs Dispersed
in the CMC Aqueous Solution.
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Recently, it would come easy to get high quality SWNTs because of the research
progress in the synthesis method, such as direct injection pyrolytic synthesis (DIPS)[1] and
super-growth[2] methods. The high purity of these SWNTSs can applied them to various uses
without further purification. As the next step, SWNT should be capable to perform a liquid
process on a large scale from the viewpoint of the industrial application. Many researchers try
to disperse SWNT into solution and some polymers such as sodium carboxymethylcellulose
(CMC) have excellent performance as the surfactant in dispersing SWNTs in water by
ultrasonication. Although ultrasonication is very useful method for the preparation of the
SWNT dispersion, it is reported that the ultrasonication induces damages to the molecular
structure of SWNTJ[3]. In addition, Koshio et. al. reported that SWNT degeneration is
enhanced by using polymer solution[4]. This problem will become important when the liquid
process for the application of SWNTs is evolved.

Here we examined ultrasonication effect of the CMC solution dispersed SWNTs with
cross flow filtration. Structural changes of the retentated and permeated SWNTs observed by

the atomic force microscopy (AFM) will be discussed in detail.
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Growth Window and Possible Mechanism
of Millimeter-Thick Single-Walled Carbon Nanotube Forests

Kei HasegawaJ, Suguru Noda', Hisashi Sugimel, Kazunori Kakehi',
Zhengyi Zhang”, Shigeo Maruyama® and Yukio Yamaguchi'

! Dept. of Chemical System Engineering, The University of Tokyo, Tokyo 113-8656, Japan
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The water-assisted growth method, so-called "supergrowth", has an outstanding growth
rate of single-walled carbon nanotubes (SWNTs) [1]. However, few research groups have
succeeded in reproducing it and underlying mechanism of the growth rate enhancement is
unclear. We recently reproduced the "supergrowth” by a parametric study on both reaction and
catalyst conditions [2]. In this work, we report in detail the effect of the conditions determined,
and discuss the novel mechanism essential for rapid growth of SWNTs.

Our standard condition is 8.0 kPa C,Hy, 27 kPa H,, 0.010 kPa H;O, 67 kPa Ar at 1093
K for 10 min. Figure 1a shows the nanotube sample grown by the combinatorial catalyst
library [3] of 0.2-3-nm Fe on Al,05/Si0,. 0.5-nm-thick Fe grew SWNTs with diameter around
4 nm as shown in Fig. 1(b), and thicker Fe grew thicker nanotubes. Nanotube forests grew up
to millimeter and sub-millimeter thicknesses for Fe and Co catalyst, respectively, only when
supported on Al,O; layer. When catalysts were supported on SiO, the thickness of nanotube
films was as small as sub-micrometers. The window for the rapid SWNT growth was narrow.
Optimum addition of H>O (0.010 kPa equals 100 ppmv) increased the SWNT growth rate but
further addition of H,O degraded both the SWNT growth rate and quality. Addition of H, was
also essential for rapid SWNT growth, but again, further addition decreased the SWNT
growth rate. Because Al,O; catalyzes hydrocarbon reforming, Al,O; possibly enhances the
SWNT growth rate by dissociating and supplying the carbon species to the catalyst particles.
The origin of the narrow window for rapid SWNT growth will also be discussed.

0.8 1.0
Fe thickness / nm

Fig. 1 (a) Photograph of Fe/Al,0; combinatorial catalyst library after CVD under the standard
condition. (b) TEM image of as-grown SWNTs at 0.5-nm-thick Fe under the same condition.

[1] K. Hata, et al., Science, 306, 1362 (2004). [2] S. Noda, et al., Jpn. J. Appl. Phys., 46, L399 (2007). {3] S.
Noda et al., Carbon, 44, 1414 (2006).
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Growth Mechanism of Horizontally-Aligned SWNTs on Sapphire Surface
Studied with Patterned Catalyst
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Electronic applications of single-walled carbon nanotubes (SWNTs) require a large-scale
integration of nanotubes with a controlled electronic structure on a flat substrate. ~ We have
studied this position- and direction-controlled growth of SWNTs on a sapphire substrate,
because sapphire surfaces offer the horizontally-aligned growth of SWNTs in a
self-assembled manner [1].  In this study, we show the patterned growth of SWNTs and
their Raman mapping analyses.

The patterns of Fe-based catalyst were prepared on the surface of R-plane sapphire with
an aid of electron-beam lithography.  The sapphire substrate with the patterned Fe catalyst
was subjected to chemical vapor deposition (CVD) in a mixed flow of CH4/H, at 900 °C.

Fig. 1 shows a SEM image of aligned SWNTs grown from the patterned catalyst. ~ The
catalyst patterning was found to give better alignment than those grown on the uniformly
deposited catalyst.  This is because the un-patterned area of the sapphire was kept clean
without contamination with the catalyst.  In addition, a number of SWNTs with length over
100 pm were found on the patterned substrate. ~ We performed the Raman mapping analysis
by selectively positioning the focus to the patterned area (Fig. 2). Long SWNTs were
clearly observed by the Raman mapping, which should be useful for the study of the nanotube
growth mechanism as well as their characterization. At the symposium, we will also show
our recent study of the growth mechanism using this Raman mapping technique.

catalyst

Fig. 1 (left) SEM image of
highly-aligned SWNTs grown from the
patterned Fe-based catalyst.

Fig. 2 (right) Mapping of the Raman
G-band intensity (1592 cm') measured
for the patterned array of SWNTs (514.5
nm excitation).
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First-principle Molecular dynamics study on initial stage of CNT formation
from 3C-SiC (111) surface
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SiC surface decomposition method is one of the successful method for carbon
nano-tube (CNT) production[1]. In this method, C-cap structure formation was thought to be
critically important process. However its detail mechanism is far from fully understanding. In
this study, the initial stage of CNT formation form 3C-SiC (111) surface (It is equivalent to
6H-SiC (0001) surface.) was studied by First-principle molecular dynamics(FP-MD).
Theoretical calculations were performed with projector augmented wave (PAW) methods
based on the density functional theory (DFT). FP-MD simulations were performed using 9
layers SiC C-surface slab model (containing 81 C atoms)with 10A vacuum layer. To exclude
the influence of complicated Si removable process form SiC surface by oxidization of Si, in
the FP-MD simulation all Si atoms were deleted from our slab models. In stead of Si atoms,
the position of bonded C atoms which located at surface and inside of bulk were fixed. Only
the top layer (unbonded) C atoms were moved freely by FP-MD simulations. =~ MD
simulations were performed layer by layer manner (i.e. At First, only first layer atoms were
moved, after that, as well as first layer atoms, second layer atoms were moved. Finally, all
atoms except bottom layer were moved) for modeling layer by layer reaction at SiC surface at
temperature of 2000K and 5000K.  The simulation duration for one layer of 0.2psec
(200MD step) were chosen by energy and structure convergence. In the MD simulation, C-C
bondings are easily formed. They are sp (lenier)
and sp’(plain) bondings. No sp(tetrahedoron)
bondings are formed. After 8 consecutive layer
by layer MD simulations (1.6psec 1600MD step)
at 2000K, C-cap like structure is formed. Its
formation process is described as follows. Firstly,
at early stage of layer by layer reaction, arch like
structure (both end of the C-C chain were
bonded at surface C atoms) is formed.
Secondly, additional C atoms are captured by
this arch structure and form additional blanches.
Finally, C-cap like structure are formed. Our
FP-MD simulation may use a simplified model.  Fig, 1 Obtained C-cap like structure by 1.6ps layer
However, our theoretical result can provide us
with important insight of the microscopic
mechanism of the initial stage of CNT formation ~ SiC(111) surface at 2000 K.
from SiC surface.

by layer First-principle Molecular dynamics of

{11 M. Kusunoki, T. Suzuki, T. Hirayama and N. Shibata: Appl. Phys.Lett., 77, 531-533(2000).
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Design of Carbon-MgB, Hetero-Double-Walled Nanotube
(OSusumu Saito

Department of Physics, Tokyo Institute of Technology
2-12-1 Oh-okayama, Meguro-ku, Tokyo 152-8551

Since the discovery of so-called peapod, ie., the carbon nanotube
encapsulating Cgo fullerenes, many kinds of fullerenes, metallofullerenes, molecules,
and atoms have been successfully incorporated in the one-dimensional inner space of
carbon nanotubes. In the case of water molecules, it has been confirmed that they form
one-dimensional crystalline phases which are different from any known “ice phase” in
the three-dimensional space. These new materials clearly indicate that there must be
many interesting new crystalline phases to be realized inside the carbon nanotubes in
the future. Previously, we studied the energetics and the electronic structure of the
MgB; nanotube, and found that it possesses not only @ but also ¢ states at the Fermi
level as in the case of bulk superconducting phase [1]. In this work I design the
hetero-double-walled nanotube, MgB, nanotube incorporated inside the carbon
nanotube.

In the case of the MgB,-carbon hetero-multi-walled nanotube with the infinite
radius, i.e., the alternating stacking flat layers of MgB, and graphene, it has been
confirmed that a sizable amount of valence electrons moves from MgB, layer to
graphene layer [2]. This result is of high interest because the hole doping into bulk
MgB; is expected to raise its already high superconducting transition temperature while
the substitutional doping to realize hole doping has been very difficult. In the talk I will
discuss the energetics and the electronic structure of rather small-diameter
hetero-nanotube in the framework of the density functional theory.
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Optical Bandgap Modulation of Single-Walled Carbon Nanotubes by
Encapsulated Fullerenes
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Single-walled carbon nanotubes (SWNTs) have been expected as building blocks for future
molecular electronics because of their unique electronic and mechanical properties [1].
Advantageously, the local electronic band gap of SWNTs can be tuned by incorporating
fullerene molecules, which results in nanometer-scale structured materials containing multiple
quantum dots with length of ~10 nm [2, 3]. Although it provides possible design rules for
proposing hybrid structures having a specific type of electronic functionality, it is yet unclear
from either the experimental or theoretical point of view what is the effect of encapsulated
fullerene molecules on the band gap modulations of SWNTs.

We here report systematic studies on the optical band gap modulation of Ceg
encapsulating  SWNTs, so-called nanopeapods, by using two-dimensional (2D) PL
excitation/emission mapping method [4]. Figure 1 shows 2D PL contour plots of the unfilled
SWNTs (left) and Ce nanopeapods (right) as a function of emission and excitation
wavelengths. It is clearly seen that overall features of PL behavior of SWNTs drastically
change upon fullerene encapsulations. Detailed mechanism of band gap modulation will be
discussed based on the tube diameter and the chirality dependences of the spectral shifts.

excitation wavelength (nm)
excitation wavelength (nm)

1300 1400 1500 1600 1700 1800 1300 1400 1500 1600 1700 1800
emisston wavelength (nm) emission wavelength (nm)

Figure 1. 2D PL contour maps of unfilled SWNTs (left) and Cg nanopeapods (right) of SDBS solutions.

[1] P. Avouris, J. Chen, Materials Today, 9, 46 (2006). [2] J. Lee et al., Nature, 415, 1005 (2002). [3] D. J.
Hornbaker et al., Science, 295, 828 (2002). [4] S. M. Bachilo et al., Science 298, 2361 (2002).
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Magnetically and Fluorescently Visualized Nanodiamond
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Although quantum dots and carbon nanotubes have been developed as promising
fluorescent probes in modern biotechnology, they always have considerable concerns about
cytotoxicity and photobleaching. Quite recently, however, proton-implanted nanodiamond
(ND) powder has been reported to be successfully employed as a fluorescent probe with no
photobleaching and low cytotoxicity [1]. This clearly shows the potential of ND powder as a
molecular imaging agent. In continuation of our effort to develop a multi-modal imaging
probe, we found that powdered ND exhibits NMR signals in a solution phase [2], a clear
contrast on MR imaging [3] and fluorescence emitted from the tag on the surface [3].

The solution phase *C NMR spectrum of ND is shown in Fig. 1. Such a decent spectrum
was obtained after overnight accumulation, because
ND has very short relaxation time (7} = 0.3 s) in the
aqueous solution. A sharp contrast on MR imaging is ‘
shown in the presence or absence of ND in Fig. 2. 7 .

These results are attributed to the presence of T

Py s0 40 30 20 1o ppm
Fig. 1 C NMR of ND in water.

paramagnetic metals and/or defects in ND. In
addition, fluorescent tag was covalently bonded on

the surface of ND, making the ND to be fluorescently visualized o
1% agarose

in a cell. without ND
This work was supported by Industrial Technology Research

Grant Program in 2005 from New Energy and Industrial 1%_agarose
with ND

Technology Development Organization (NEDO) of Japan.
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Fig. 2 MR image with or
without ND.
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Preparation and microstructural Observation of SiC nanotubes and SiC
Composite Nanotubes; C-SiC, SiC-SiO, and C-SiC-SiO, Coaxial Nanotubes
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Since the discovery of carbon nanotubes (CNTs) in 1991, significant number of researches
has reported about the synthesis of many nanomaterials from carbon nanotubes as the
template materials. Silicon carbide (SiC) is one of the most important semiconductor
materials and offers exciting opportunities in electronic devices for high temperature, high
power and high frequency applications in an aggressive environment. On the other hand, SiO;
is expected to be excellent insulator in the application of electronic devices. Furthermore, the
syntheses of 1-D heterostructures with some compositions and interfaces have been of
particular interest with respect to potential applications. The objective in this study is,
therefore, to synthesize the SiC nanotubes and SiC composite nantoubes with
heterostructures.

Carbon nanotubes as the template materials and Si powder were used. Both carbon
nanotubes on the graphitic foil and Si powder were put in BN crucible. The Si powder did not
contact directly with CNTs. The crucible was heated at 1100 to 1450 °C in a vacuum of
around 5 x 10™ Pa for 1 to 100 h. These reacted nanotubes were heated at 1300 °C in a
vacuum of around 10 Pa for 5 to 10 h in order to sheathe with SiO, on the surface of SiC
nanotubes.

The reacted CNTs at 1450 °C for 1h altered to the SiC nanowires, which were made of the
catenated SiC grains of 50-200 nm in diameter. A few single-phase SiC nantoubes and many
C-SiC coaxial nanotubes were synthesized at 1200 °C for 100 h. More than half number of
nanotubes reacted at 1200 °C for 100 h were altered to single-phase SiC nantoubes by heat
treatment of 600 °C for 1h in air since the remained carbon was removed [1]. The C-SiC-Si0,
and SiC-Si0O; coaxial nanotubes were synthesized by heating the C-SiC and SiC nanotubes at
1300 °C for 5 h in a low vacuum (Fig.1). On the other hand, almost all of the C-SiC and SiC
nanotubes were altered to SiO, nanotubes by heating at 1300°C for 10 h in a low vacuum.

(@) (b)

50_nmf 50 nm? . o

Fig.1 TEM microphotographs of (a) C-SiC-SiO; and (b) SiC-SiO; coaxial nanotubes.

[1] T. Taguchi, N. Igawa, H. Yamamoto, S. Shamoto, S. Jitsukawa, Physica E, 28 (2005) 431.
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We previously reported that CNFs containing a conical cavity array were formed by alcohol CVD
using indium tin oxide (ITO) and Fe as the metal catalysts. We named these CNFs with this unique
structure “conical-cavity CNFs (CC-CNFs)”. In this study we succeeded in growing the vertically
aligned CC-CNFs on a substrate by using precisely temperature-controlled CVD. We discuss what
influence the growth temperature had upon the degree of vertical alignment and their inner structures.

A substrate was prepared by using the electrically controlled spray method. Ethanol solutions of
InCl;, SnCl,, and FeCl; were used as catalysts and were sprayed on a Si plate maintained at 400°C
followed by heating at 640°C for 30 min. in an Ar atmosphere. The CVD growth of the CNFs was
carried out at 860-1000°C for 30 min. at a vapor pressure of ethanol containing a small amount of CS,
in a vacuum.

A typical CC-CNF formed after the CVD growth had a diameter of about 300 nm and an array of
periodic conical cavities on the inside (Fig. 1). Figure 2 shows typical SEM images of CC-CNFs
grown at 860-1000°C.

The CC-CNFs cannot grow at 860°C or less. We confirmed that
vertically quasi-aligned CC-CNFs were formed at more than
870°C, and that vertically well-aligned CC-CNFs grew on the
substrate at 920°C. Tangled CNFs (not vertically aligned) were
formed at 1000°C. The SEM observation and precisely
temperature-controlled CVD revealed the existence of two
important critical temperatures and the narrow temperature range -
for the vertically well-aligned growth of the CC-CNFs. In .
addition, we investigated the relationship between the growth
temperature and the inner structure by using TEM observations.

S TR ; e FES W i ¥ ) %
Y K * : Y

500 nm

Fig. 2 Typical SEM images of CC-CNFs formed on substrate after CVD growth at 870-1000°C.
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Preparation and properties of rubber filled with radial single-walled
carbon nanotubes
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The nanotube-filler used in the rubber applications is required to be easy to disperse
in polymer [1,2]. The radial single-walled carbon nanotubes (radial SWCNTSs) [3] with
1.5-2.0 nm in diameter and 50-100 nm in length are grown radially around the core metal
particles, which are more easily dispersed in polymer than the semi-finite long SWCNTs.
Here, we report the preparation of radial SWCNTs reinforced styrene—butadiene rubber
(SBR) and investigate their properties.

Ten weight percent of radial SWCNTSs was blended with SBR to examine their effect
on mechanical properties of the resulting composite, through the comparison with carbon
black N339 (ASTM) as references. Radial SWCNTS resulted in an extraordinary hardness and
low coefficient of repulsion, compared with N339. From microscopic surface analysis, the
low dispersion of radial SWCNTs in the rubber matrix brought about lower fracture

elongation and fracture strength as well as high hardness and low coefficient of repulsion.

[1] L. Valentini, J. Biagiotti, J. M. Kenny and M. A. Lopez Manchado, J. Appl. Polym. Sci., 89, 2657 (2003).
[2] M. A. Loépez Manchado, J. Biagiotti, L. Valentini and J. M. Kenny, J. Appl. Polym. Sci., 92, 3394 (2004).
[3]1Y. Sato, B. Jeyadevan, R. Hatakeyama, A. Kasuya, K. Tohji, Phys. Chem. Lett., 385, 323 (2004).
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Chromatography

oYuichi Noguchi, Tsuyohiko Fujigaya, Yasuro Niidome, Naotoshi Nakashima

Department of Applied Chemistry, Graduate School of Engineering, Kyushu University,
744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan

We have already reported that double-stranded DNAs (ds-DNA) and RNAs are able
to dissolve SWNTs in water'™”. Water solutions of ds-DNA/SWNTs were prepared by
sonication with a bath type ultrasonifier at a temperature below 10 °C, and subsequent
centrifugation at 60000 X g. Here, we examined high-resolution length sorting and stability of
ds-DNA-wrapped carbon nanotubes by size-exclusion chromatography, which was recently
developed. This system was found to separate ds-DNA/SWNTs and free ds-DNA. The result
is shown in Figurel. Furthermore, ds-DNA/SWNTs were separated into several fractions with
very narrow length distribution, as confirmed directly by atomic force microscopy. The
stability of ds-DNA/SWNTs was evaluated by re-injection of fractionated ds-DNA/SWNTs

into size-exclusion chromatography. Details will be reported at the meeting.

DNA/SWNTs |

\ Free DNA |
N

0 10 20 30 40 50 60
Retention time / min

Absorbance(260 nm)

Fig. 1. Chromatogram of size-exclusion
column separation of ds-DNA / SWNTs.

References:
1) N. Nakashima et al., Chem. Lett., 32, 456 (2003).
2) N. Nakashima et al., Chem Phys. Lett. 419, 574 (2006).

Corresponding Author: Naotoshi Nakashima

E-mail: nakashima-tcm@mbox.nc.kyushu-u.ac.jp

Tel&Fax: +81-92-802-2840

— 220 —



3P-43

Preparation of Carbon Nanotwist Paste
for Printing-Type Field Emitter
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4 Fundamental Research Department, Toho Gas Co., Ltd.

Carbon nanotwist (CNTw) is one of fibrilliform carbon nanomaterials with helical shape [1]. We have
been reported the technique to synthesize CNTw in powder form with special blend catalyst [2] and this has
promised to realize the mass production. However, the previous powdery CNTw included approximately
30% of catalyst. The contents of catalyst should be decreased. In the present study, first, amount of
powdery CNTw production increased about 6 times compared with the case in the last report and ratio of
catalyst content reduced less than 8% by improvement of catalyst application technique onto the substrate.
Furthermore, by adding the third kind catalyst, amount of CNTw production increased by about 10 times,
and ratio of catalyst content reduced less than 3%. As a result, larger amount of powdery CNTw production
with lower cost was achieved. On the other hand, methods of pasting and printing CNTw on the substrate
for field emitter have been developing. In this time, squeegee-printing method was employed. In the initial
try, it was found that there were many aggregate site on the printed CNTw, due to the as-grown powdery
CNTw. Thus the as-grown CNTw was milled by homogenizer. As a result of, the aggregate size became
small and emission characteristics became better.

This work was partly supported by the Excellent Research Project of the Research Center for Future Technology, the
Research Project of the Venture Business Laboratory, and the Research Project of Research Center for Future Vehicle,
Toyohashi University of Technology; and JSPS Core University Program (JSPS-KOSEF in the field of “R&D of Advanced
Semiconductor” and JSPS-CAS program in the field of “Plasma and Nuclear Fusion™.

naw. Bk 1. bgsm ’ o iae e
Fig. 1. SEM micrograph of CNTw synthesized in Fig. 2. Surface morphology of printed 'C_NTW
powder form. emitter; (a) as-grown CNTw and (b) after milling.
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Nanostructure Analysis of Carbon Nanowalls
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A new type of carbon materials, so called carbon
nanowalls (CNWs), has been found by Wu er al 1
Figure 1 displays two secondary electron images of the
CNWs grown on the quartz substrate, which were
obtained by scanning electron microscopy. CNWs are
shaped as very thin films, the average width of which is
distributed in the range of 10 to 50 nm. It is reported that
this two-dimensional character of CNWs originates quarty
from the stacking of several graphite sheets along the [FETjNEIeNTS
[0001] direction of the graphite structure. That is,
CNWs belong to the group of graphite-based carbon
materials. According to our previous report, CNWs are
characterized by a high degree of graphitization in spite
of the very small average size of the graphite regions . §
This characteristic of CNWs greatly differs from that of
ordinary graphite-based carbon materials.

In this work, in order to understand this difference,
the nanostructure features of CNWs were examined by
transmission electron microscopy. Our detailed analysis
revealed that numerous graphite regions with an average
size of about 20 nm, namely “nano-graphite domains”, Fig.l Secondary electron images
were formed in the CNWs. The formation of these of the CNWs grown on a quartz
regions originates from the introduction of lattice substrate as seen in (a) a
defects such as dislocations and the slight rotation of the  cross-sectional view and (b) a
graphite sheets. On this basis, it is concluded that the top view.
nano-graphite domains are the constitutional units, the
features of which would have an influence on the physical properties of the CNWs. The
details of the experimental results and a nanostructure model of the CNWs will be presented.
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We manipulated tips of two carbon nanotube bundles inside a transmission electron
microscope and prepared carbon atomic wires supported by the two tips at the edges. The
lattice imaging of structural dynamics was performed simultaneously with the electrlc
conductance measurement. The transmission electron
microscope was operated at an acceleration voltage of 120
kV. The lattice images were recorded at a time resolution of
40 ms. The wvariations in electric conductance were
measured by the two-terminal method at room temperature.

Figures (a)-(c) show time-sequential high-resolution
images of formation of a carbon atomic wire during tip
manipulation. The left-hand and right-hand side regions (A)
and (B) in Fig. (a) are tips of carbon nanotubes. The bright
regions are the vacuum. The tip A is brought into contact
with the tip B. The diameter of the nanotube of the tip B is
4.3 nm, and the nanotube is composed of walls with three
atomic layers. The spacing of the atomic layers is 0.3 nm,
equivalent to the interlayer spacing of graphite. When the
tip A is retracted along the direction indicated by the arrow
in Fig. (a) at an applied bias voltage of 0.8 V, the tip A is
separated from the tip B and a carbon wire with a thickness
of approximately 0.1 nm is formed between the two tips, as
indicated by the arrow in Fig. (b). The thickness
corresponds to a monatomic scale. The differential
conductance decreased from 0.2 G (Fig. (a)) to 0.02 Gy (Fig.
(b)), where Gy = 2¢* / h is the conductance quantum (e is the W A o
electron charge, / is Planck’s constant). We assumed that FIG. (a)-(c) Time-sequential
the thickness of the wire is an atomic diameter of carbon, series of high-resolution

0.15 nm, and estimated the current density of the wire to be images of fqrmatipn of a
carbon atomic wire. The
differential conductance was
) 0.2 and 0.02 Gy at the state
and remains on the surface of the tip B as shown by the  ghserved in (a) and (b),

arrow in Fig. (¢). respectively.

2 x 10" A/m’. Finally, during the subsequent retraction, the
monatomic carbon wire completely separates from the tip A
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Polymer composite materials are studied extensively and used widely in our industry
due to their higher performance compared to original polymers. Carbon nanotubes (CNT) are
considered as ideal filler materials because they possess extremely high mechanical strength,
electric conductivity, thermal conductivity, and aspect ratio. Polyimide is one of the
compounds which are most widely used in industry by taking advantage of the high thermal
and chemical stability.

We have reported that total aromatic polyimide act as an excellent solubilizer for
SWNT.! Of interest, in high concentration, solution form stable gel. Furthermore, SWNT are
dispersed even in the solid state. Thus, we have successfully developed novel composite film
for optical application.” Here we investigate the fabrication method and the basic properties of
Kapton/CNT polymer composite. Among polyimide family, Kapton is most typically utilized
especially for electronics. Single-walled carbon nanotube (SWNT) is dispersed in the
N-methylpyrroridinone (NMP) and polycondensation reaction of 4,4’-diaminodiphenyl ether
(ODA) and 1,2,4,5-benzentetracarboxylic acid dianhydride (PMDA) are carried out with the
mixture of NMP containing dispersed SWNT. Obtained poly(amic acid) solution, precursor of
the polyimide, are cast on the glass plate and dried in stepwise in vacuum with heating. It is
found that SWNT are well dispersed in the resulting Kapton/SWNT composite film without
any sign of aggregation even under optical microscopy observation. Mechanical properties of
the composite film were examined and found that the Young modulus of the composite film
(1.35 GPa) are increased compared to the film without SWNT (1.07 GPa). This is the first
report describing Kapton/SWNT composite. For more effective reinforcement, anisotropic
alignment of the SWNT in the film is expected to play an important role.

G om0 e 2 2O O o

ODA PMDA Poly(amic acid)

— foto-a/-

Polyimide {Kapton)

Fig.1. Synthetic scheme of Kapton/SWNT composite.
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Graphene', an atomically flat layer of carbon atoms packed into a two-dimensional (2D)
honeycomb lattice, is currently one of the hottest topic in materials science and condensed-
matter physics. A graphite thin film (GTF) formed from a small number of stacked layers of
graphene behaves as a 2D conductor.! A GTF is thought to be well-suited to spin devices
because of a large electron mean free path1 and a small spin-orbit interaction. In this study, we
fabricated a spin-valve device with a GTF (Fig.1) and achieved spin injection from
ferromagnetic metal (FM, cobalt) into the GTF at room temperature (RT).” This is the first
reliable observation of spin injection into molecular material at RT.

We employed a so-called non-local measurement scheme,’ which is able to separate a spin
current path from a charge current path. Using
this scheme, we can distinguish a spin-injection
signal from any spurious signals such as HI

anisotropic magnetoresistance. Figure 2 shows | GTF

external magnetic field (H) versus non-local

resistance (detected voltage V7/applied current /) Ferro-magnetic metal (Co)

plots at RT. Depending on the magnetization Non-magnetic metal (Aw/Cr)

directions of FM electrodes, the non-local  Fig 1. A schematic diagram of a typical
] i device structure
resistance was changed and clear hysteresis can

be seen, for instance from 150 to 280 Oe in 0.721
upward sweeping of the magnetic field. The 0.720
observed variation of detected signals clearly g 0.719
shows spin injection into the GTF at RT. Z i
’§ 0.718
[17 K. S. Novoselov et al., SCIENCE 306, 666 (2004). [2] 0.717
M. Ohishi et al., submitted to Jpn. J. Appl. Phys. [3]1 F. J.
Jedema et al., Nature 416, 713 (2002). -400 -200 H(ge) 200 400
Corresponding Author: M. Shiraishi, Fig. 2. Non-local signal measured at
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1P-43

35

2P-49

2P-12



Matsuo, Jiro
Matsuo, Yutaka
Matsuoka, Ken-Ichi
Matsuoka, Yohei
Matsushige, Kazumi
Matsuura, Takanori
Mieno, Tetsu
Mikami, Masafumi
Mimura, Hidenori
Minakata, Satoshi
Minami, Nobutsugu
Misawa, Yoshihiro
Miura, K.

Miura, Noriko
Miyahara, Katsuya
Miyako, Eijiro
Miyamoto, Yoshiyuki

Miyata, Yasumitsu

Miyauchi, Yuhei
Miyawaki, Jin
Miyazaki, Takafumi
Miyazaki, Takamichi

Mizorogi, Naomi

Mizubayashi, Jun
Mizukoshi, Tomoyuki
Mizuno, Naoki
Mizutani, Takashi
Moribe, Hiroe
Moribe, Shinya
Moriguchi, Isamu
Morita, Masahito
Moriwake, Hiroki
Moriyama, Hiroshi
Morokuma, Shingo
Motomiya, Kenichi

Mrzel, Ale?

1-11

2-13,2P-4

2P-21

2P-28

2P-14

1P-3, 2P-5, 2P-6
2-3,3P-28

1P-24

1-16, 2P-30

1P-6

1-2, 2P-49, 3-7, 3P-10
2P-49

3P-43

3-9

2P-18

2P-36

1-3, 2P-19

1P-39, 2-6, 2P-39, 3P-17,
3P-25

1-1

1P-31, 1P-33, 2-8
1P-11

1P-13

2-12, 2P-10, 2P-11, 3P-29,
3P-30

3-2

1-11

2P-25

1-1, 2-2, 2P-43, 3P-16, 3P-26
2-1

1P-1

38-1

3P-38

3P-35

2-14

1P-19

1P-49, 2P-50, 3P-41
2-11

Murakami, Tatsuya
Murakami, Toshiya
Murakami, Yoichi
Murakoshi, Kei
Muramatsu, Hiroyuki
Murata, Michihisa
Murata, Naoyoshi

Murata, Yasujiro

~ N ~
Nagano, Takayuki
Nagasawa, Hirosi

Nagase, Shigeru

Nagata, Hideya
Nagayama, Hiroyuki
Naito, Ryoji

Naitoh, Yasuhisa
Naitou, Tsunahiko
Nakahara, Hitoshi
Nakahodo, Tsukasa
Nakai, Hiroshi
Nakajima, Koji
Nakamoto, Yoshiaki
Nakamura, Eiichi
Nakamura, Eiichi
Nakamura, Genki
Nakamura, Hidetsugu
Nakamura, Jin
Nakamura, Tetsuya
Nakanishi, Takeshi

Nakashima, Naotoshi

Nakayama, Ken-Ichi
Nakayama, Takashi
Nakayama, Yoshikazu
Namura, Masaru

Narimatsu, Kaori
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1P-32, 1P-33

1-18, 1P-22, 1P-29
3P-26

1-4

2P-40

1P-8

1P-42, 1P-43
1P-8, 2P-17

2-15
1p-21

2-12, 2P-10, 2P-11, 3P-10,
3P-29, 3P-30

2P-36

2P-20

1P-22

3-4

2P-28

3-5, 3P-45

3P-29

3p-44

2P-11

1P-44, 1P-45

2-7,2-13

2P-4

3p-14

1P-4

1P-43

22

3p-37

2P-41, 3P-13, 3P-14, 3P-8,
3P-24, 3P-42, 3P-46

2P-36

1P-25

1P-27, 2P-34

1P-49, 2P-50

3P-14



Natori, Masato
Neo, Yoichiro
Nihey, Fumiyuki
Niidome, Yasuro
Nikawa, Hidefumi
Nishibori, Eiji
Nishide, Daisuke
Nishigaki, Shohei
Nishimura, Toshifumi
Nishino, Hidekazu
Nishio, Koji
Nobukuni, Shingo
Noda, Suguru

Nodasaka, Yoshinobu
Noguchi, Yuichi
Nokariya, Ryou
Nomura, Shinya
Nouchi, Ryou
Nozaki, Takayuki
Nozawa, Kyouko
Numao, Shigenori

Numata, Youhei

~ O~
Ochi, Yuta
Ogasawara, Syunsuke
Ogata, Teruhiko
Ogawara, Showgo
Ogino, Shin-Ichi
Ogoshi, Tomoki
Ogura, Akio

Ogura, Kazuaki
Ohara, Kenji

Ohdo, Ryota

Ohishi, Megumi
Ohmori, Shigekazu
Ohno, Yutaka

3P-12, 3S-2
3P-24, 3P-42
3P-29

1P-14, 2-1

3-1

2P-26, 3P-31
1P-47

3P-1

1-18, 1P-22, 1P-29
3P-15

1-14, 1P-19, 1P-26, 1P-30,

3p-33
2P-45
2P-41, 3P-42
2P-15

1P-47, 2P-18
2P-44, 3P-47
3P-47

1P-43

1-6

1P-3, 2P-6

1P-8

2P-39

3P-28

1P-37

1P-49

1P-44, 1P-45
2P-44
2P-29, 3P-5
1-16

3P-34

3p-47
2P-14, 3P-11, 3P-32

1-1,2-2, 2P-43, 3P-16, 3P-26

Ohno, Masatomi

Ohno Yutaka

Ohshima, Satoshi
Ohshima, Satoshi

Ohta, Yohei

Oizumi, Wataru
Okada, Hiroshi
Okada, Susumu

Okamoto, Minoru

Okawa, Jun

Okazaki, T.

Okazaki, Toshiya

Okigawa, Yuki

Okimoto, Haruya

Okubo, Akira

Okubo, Shingo
Okumura, Kensuke
Okutsu, Takashi

Omote, Kenji
Ono, Shoichi
Osedo, Hiroki

Oshima, Hisayoshi
Oshima, Takumi

Osuka, Atsuhiro

Otani, Minoru

Otsuka, Yasuyuki

~ P ~

Pan, Lujun
Park, Jin Sung
Peng, Xiaobin

~R ~
Rachi, Takeshi

Rahaman, G. M. Aminur

~ 8§~
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Saito, Masatoshi

1P-10

1-1, 2-2, 2P-43, 3P-16, 3P-26

2P-39, 3P-11

3P-32

2-15

1P-49

1P-13, 2P-9

1-5, 3P-37, 2P-24, 2P-23
3P-13, 3P-46

2P-29, 3P-5

3-2

2-2,2P-37,3p-37

2P-43

1P-11, 1P-14, 2-2, 2P-7
2P-50

2-2,3P-37

3P-45

1P-37

1P-13, 28-2, 2P-9, 2P-26
1P-13, 2P-9
1P-3

1P-18

1P-2

2-5

3p-37
2P-32

1P-27, 2P-34
1P-41, 3P-18
2-5

2P-17
3P-29

1P-42



Saito, Morihiro
Saito, Riichiro
Saito, Susumu
Saito, Takeshi
Saito, Yahachi
Sakai, Yosuke
Sakata, Makoto
Sakurai, Yoshiaki

Samsonidze, Georgii G.

Samukawa, Seiji
Sandanayaka, Atula
Sano, Masahito
Sasaki, Takeo
Sasamori, Ken-Ichiro
Sato, Kentaro

Sato, Satoru

Sato, Shintaro

Sato, Testuya

Sato, Tohru

Sato, Yoshinori

Sawa, Hiroshi
Sawada, Hirohide
Seki, Toshio
Sekido, Masaru
Senna, Mamoru
Seo, Hidetaka
Shamoto, Shinichi
Shi, Zujin
Shimazu, Tomohiro
Shimizu, Taisei
Shimizu, Tetsuo
Shimote, Yoshikazu
Shinjo, Teruya
Shinkai, Seiji

Shinohara, Hisanori

1P-24
1-1, 1-8, 1P-41, 3P-18

1-7, 2P-2, 3P-36

2P-39, 3P-11, 3P-32, 3P-37
1P-38, 3-5, 3P-45

2P-33

1P-14, 2-1

1-11

1P-41

3P-12

2-4

3P-9

2P-5

1P-48

1-1, 1-8, 3P-18

3P-30

1-17

19

2P-8

1P-48, 1P-49, 2P-45, 2P-50,
3P-12, 3P-41

2P-17

1P-33

3-4
3P-15

3P-47

2-16

1P-11, 1P-14, 1P-20, 1P-43,
2-1, 2-2, 2-10, 2P-7, 2P-42,
3-1,3-2, 3P-19

Shiraishi, Masashi
Shizume, Rumi
Shoji, Satoru
Slanina, Zdenek
Soga, Tetsuo
Solin, Niclas
Someya, Chika
Suda, Yoshiyuki
Suenaga, Kazutomo
Suga, Hiroshi
Sugai, Toshiki

Sugawara, Hirotake
Sugime, Hisashi
Sugiura, Takahito
Sumii, Ryohet
Sun, Yong

Suwa, Yuji
Suzuki, Tomoko
Suzuki, Hidemasa
Suzuki, Hidetoshi
Suzuki, Hidetoshi
Suzuki, Kentaro
Suzuki, Satoru
Suzuki, Shinzo
Suzuki, Tomoko
Suzuki, Yasunobu
Suzuki, Yoshiaki
Suzuki, Yoshie
Suzuki, Yoshinobu

Suzuki, Yoshishige

~ T~

Tachibana, Masaru
Taguchi, Tomitsugu
Tajima, Isamu
Tajima, Yusuke
Takagi, Daisuke
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2P-44, 3-9, 3P-47
3P-4

1P-46, 3P-2
3P-29

2P-28

2-7

2-12

2P-33

2-7,2-11, 3P-20
3-4

1P-11, 1P-43, 2-2, 2-10,
2P-42, 3P-19
2P-33

1-14, 1P-26, 3P-33
2-14

1P-11

1P-4, 2P-12
3P-19

1P-23

1P-46

1P-17

2P-16

3-11, 3P-40
1P-28, 2-9, 2P-32, 3P-23
1P-21, 1P-25, 2P-39
2P-46

1P-38

3P-4

2P-31

1P-18

3p-47

1-12, 1P-40, 3P-6, 3P-44
3P-39

2P-31

1P-3, 2P-5, 2P-6

2-9, 2P-32



Takahashi, Katsumune  3P-4 Togaya, Kyoko 1P-2

Takahashi, Kohsuke 3P-15 Tohji, Kazuyuki 1P-48, 1P-49, 2P-45, 2P-50,
Takahashi, Koji 2P-46, 3P-34 3P-12,3P-41
Takahashi, Toru 2P-48 Toita, Sho 3P-6

Takakura, Tsuyosi 1P-4 Tokunaga, Ken 2P-8, 2P-14
Takano, Yoshihiko 1P-37 Tomanek, David 2P-19

Takase, Tsuyosi 1P-4 Tominaga, Masato 1P-47, 2P-18
Takata, Masaki 2-1 Tomioka, Fumiaki 1P-37

Takeda, Norihiko 1-4 Tomita, Haruo 2P-44

Takematsu, Yuji 1P-12 Tomokiyo, Ryousuke 3P-46

Takenobu, Taishi 39 Tsuchida, Kunihiro 1P-33

Takesue, 1. 3-2 Tsuchiya, Takahiro 1P-12, 2-12, 2P-10, 2P-11,
Takeuchi, Tsuneharu 1P-24 3P-10, 3P-29, 3P-30
Takikawa, H. 3P-43 Tsuda, Shunsuke 1P-37

Takimoto, Tatsuya 3P-38 Tsuji, Masaharu 1-2, 2P-46, 3P-34
Tamaoki, Nobuyuki 2P-49 Tsuruoka, Ryoji 1P-6

Tamura, Goshu 1P-36 Tsuruoka, Yasuhiro 1P-25

Tanabe, Fumiyuki 1P-8

Tanaike, Osamu 3-8 ~U~

Tanaka, Katsutomo 1P-9 Uchida, Katsumi 2P-31, 2P-47, 3P-3
Tanaka, Kazuyoshi 2P-8 Uchida, Katsumi 3P4

Tanaka, Takatsugu 2-7 Uchida, Kazuyuki 1-5

Tanaka, Takeshi 3p-7 Uchida, Takashi 1-12, 1-15
Tanamura, Masaki 2P-28 Ueda, Nobuteru 1P-43

Tanemura, Akina 3P-3 Ueda, Shinya 1P-37

Tango, Yuta 3-11, 3P-40 Ueno, Yusuke 2P-2

Tanigaki, Katsumi 2P-17, 3P-22 Umemoto, Hisashi 1P-11, 2-1
Taniguchi, Isao 1P-47, 2P-18 Umesaka, Takeo 2P-43

Tanimoto, Yoshifumi 1P-1,2P-3 Umeyama, Tomokazu 2P-38, 3-6
Tanimura, Makoto 3P-44 Uo, Motohiro 1P-48, 2P-45
Tashiro, Kentaro 1P-5,2S8-1 Urata, Keisuke 1P-21

Tatamitani, Yoshio 3P-28

Tazawa, Masaya 1-15 ~ W~

Terada, Tomohito 2P-5 Wada, Akira 3P-12

Terauchi, Ikuya 2-1 Wada, Keisuke 3P-9

Terayama, Takashi 2P-16 Wakabayashi, Tomonari  2P-20, 3-1

Tezuka, Noriyasu 2P-38, 3-6 Wakahara, Takatsugu 1P-12, 2-12, 2P-10, 2P-11,
Tobita, Hiromi 1P-13, 2P-9 3P-10, 3P-29
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Wakamatsu, Nobuo
Waki, Ippei

Wakita, Shinya
Wakita, Yuya
Watanabe, Hiroto
Watanabe, Kazuyuki
Watanabe, Kenchi
Watanabe, Makoto
Watanabe, Satoshi
‘Watanabe, Tohru

Watari, Fumio

~ X~

Xu Jianxun

~Y ~

Yagi, Yuko

Yajima, Hirofumi
Yajima, Hirofumi
Yamada, Michio
Yamada, Sunao
Yamada, Takeo
Yamada, Tomoya
Yamagishi, Tada-Aki
Yamagiwa, Kiyofumi
Yamaguchi, Takashi
Yamaguchi, Masafumi
Yamaguchi, Masao
Yamaguchi, Takahide
Yamaguchi, Yoshihiro
Yamaguchi, Yoshitaka

Yamaguchi, Yukio

Yamamoto, Hiroshi

Yamamoto, Hiroyuki
Yamamoto, Takahiro
Yamamoto, Takahisa

Yamamoto, Kazunori

2p-41
2P-50
2P-12

1P-1, 2P-3
1P-7

2P-1, 2P-48
3P-8

3P-5

3P-27
1P-37
1P-48, 2P-45

2P-35

1P-43
2P-31, 2P-47, 3P-3
3P-4

2-12, 3P-30

1P-1, 2P-3, 2P-21
3-8, 3P-1

3P-29

1P-44, 1P-45
1P-24

1P-35

1P-17, 2P-16
1P-27

1P-37

1P-24

1-17

1-14, 1P-19, 1P-26, 1P-30,
3P-33

2P-15

3P-39

2P-1, 2P-48

3P-21

3P-29

Yamasaki, Takayuki
Yamashita, Tetsuya
Yamashita, Yusuke
Yamaura, T.
Yamazaki, Akira
Yamazaki, Daisuke
Yanagi, Kazuhiro
Yanagisawa, Makoto
Yano, Tomomi

Yase, Kiyoshi
Yasuda, Satoshi
Yokoo, Kuniyoshi
Yokota, M.
Yokoyama, Atsuro
Yonemura; Hiroaki
Yoshida, Hiromichi
Yoshida, Masaru
Yoshida, Yuji

Yoshii , Takamori
Yoshikawa, K.
Yoshimura, Akihiko
Yoshimura, Hideyuki
Yoshimura, Hirofumi
Yoshitake, Tsutomu
Yoza, Kenji

Yudasaka, Masako

Yuge, Ryota

Yumura, Motoo
Yutaka Kitamura,

~ 7 ~
Zhang, Minfang
Zhang, Zhengyi
Zhang, Guanxin
Zhang Minfang
Zhao, Xinluo
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3-11, 3P-40

3-5

1P-17

3p-43

1-15, 2P-32

1P-3

1P-39, 2-6, 3-4, 3P-17, 3P-25
1P-5

1P-9

2P-13

3-8,1-13

1P-13, 2P-9

3P-43

2P-45

1P-1, 2P-3

3P-19

2P-49

2P-13

2P-12

3P-43

3P-44

2P-32

3P-44

3-3

2-12, 3P-29

1P-31, 1P-32, 1P-33, 1P-35,
1P-36, 2-8, 2P-35, 3-3
1P-31, 3-3

1-13, 2P-39, 3-8, 3P-11,
3pP-32

1P-14

2P-35

3P-21, 3P-33

3-10

1P-32, 1P-33,2-8, 3-3
1P-23
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Produced by Carbon Nanotechnologies Inc. (CNI)
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BRARET, SEARCHELLAROTIRBEICNL, AFRAROKEE CBRILXETD
CIOMDEELGE . =R F /F 1T DO RRRREERANICKELTVET,

@ HiPco®HEH—RVF/Fa—T
EFNInmOBERBH—RF/Fa—JTT, EERAROSEERRRITIZ, MEEE R
DELHTESHRKZIIRELTEYET,

R LR A
HiPco® As Produced (R¥E& M) < 35 wt%
HiPco® Purified (FBEm) <15 wt%
HiPco® Super Pure (BBSfiER) < 5wt%

Bucky Plus™(2 it A—RUF/Fa—D) L BMG LIS ATEETY . BEEHA—R S/ Fa—T R

CNI XI1)—X

CNItEORE TR ESIN-. AR EZICHARITA—R S/ Fa—T T, 2E N
[ZEh ., EEM 5 (EMI, ESD, Anti-Static) , J4— LR II VL a v H&GEIC. BELE:
B RERAAERETT, FMICOFTFELTIL., TREREZTTHRAGELESI0,

—Bh—RoF/Fa—7
CNItti B A TaESIN - EEH2nmD ZBH—HRY
+/F1—TTF.

B —EA—tF/Fa—T B

LRERGBEPOIC. HEAILEERIGH. F-RRARREICLDINRITA ARISRE . RIS
WLIzh— R F /Fa—TORFEEZEDTOET . BHFTHERBICBBEE TS,

Iz
FREEH%RAEH SFHELH (BY AR/BFX)

E-mail : nano@em.sumitomocorp.co.jp Sumitomo
TEL :03-5166-4546 FAX :03-5166-6234 Corporation

£t : T104-8610 EE#FLI RXEEE1-8-11
URL : www.sumitomocorp.co.jp/section/joho/nanotube.shtml
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@ EBHE/N\DT Y. XUV IATFIVRY T R-OTBDMS (TES) Benzy! alcohol
N-CbzEICR U TREEZERUFE Ao -~

.J:;.E'E'ﬁ'é T_-F 7_1‘[_/74“/\7‘29:[/) R-OB ArCOR roo:En aromatic-N-Cbz
RO 7 JI\’@E BRI (BT AT BE, En v
. “Pd/Fib
® LD PRI ESND & ST epoxide - olefine

HERUEFAS alkyl-N-Cbz | Ar-X

Ar-NO2 R-Ns
® ABEIC K EBEFIHOIEE, | | acetylene

N 2.5% Pd/Fib .
Hz(1atm), MeOH, rt, 24h
Br Br

yield quant.

CO:zBn
CO:Bn 2.5% Pd/Fib . .
Nas Hz(1atm), MeOH, rt, 17h HaN

NHCbz 2.5% Pd/Fib R NHCbz
X Hz(1atm), THF, rt, 5h

167-22181 . S~ 1g
Palladium-Fibroin HHEA R
163-22183 W54 : Pd/Fib 5g
\l/
%D?‘E%@%I%*i (E*i B A bt
# D T540-8605 KT RKEBH =T Bi1E2s UY=L 0120-052-099 TYU—T 7y X 1 0120-052-806
3@? IE T T103-0023 HEEHF X HAEA T H5%13% URL : http://www.wako-chem.co.jp
O o dvilE - G - SN - B - IR - PE - U E-mail : labchem-tec@wako-chem.co.jp
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BRANSON BHEFEI 4V —

R—U REHBDRIBORENE . SUBEDHT= Advance 217 ITHVELT:,

BEQF/TO/00—DOERBUBHABERMOMLICKY. KYMBARFIZHT SR BLEOE
EMEXTENYEL,

BERRESHAF—2FEAL, WELHESHLBET, RESEIEICIVEGOBEIERMELE
ER

TS24t Tl 20kHz #§& , 40kHz #ED 2 R4 TERAEBELTHYET,

T REFORENIZBIYET A, 20kHz #HTIEZ 100nm BBEETOIE NS HYET , 40kHz #lL, So(TH
MDA TN TELAREEAHYET,

20KHz BE RANEST A — BB 40KHz BERAESFAF—
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