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Abstract − The solubility enhancements of singlewall carbon nanotubes(SWNTs) in various organic solvents were investi-

gated by chemical modification of SWNTs. Carboxylic acids were attached to the open ends of SWNTs during purification and

cutting. Octadecylamine and amino-terminated polystyrene were grafted to cut SWNTs via the formation of amide function-

ality. SWNTs with carboxylic acid bond were not dispersed well in organic solvents. But, polystyrene-grafted SWNTs and

octadecylamine-grafted SWNTs were dispersed well in some organic solvents.

Key words: Polystyrene, Singlewall Carbon Nanotubes, Chemical Modification, Solubility, Dispersion 
1. � �

������� 1991�	 
� �
��(NEC) �� ���� Iijima

��	 �� ������, �
�, ���, 
 �, !"�# �$	%

&'( )$* +,- ./% 0�1 23 45	% 67( 89+:

$* ;2<- .6[1-6]. )=> ?"� �-$, !"�# @A$B C

/D EF GHI �J	 KI LMN, MN� $O* P�, QRB S

- TB+ U )$, V WB X/ .6� )$ YZ	 �� [
� \

] �^�^1� 89$B C/�6. _,F, ������+ ��` B

a GQ �b�, cd 23 +, ZefB .6.

� ��� ������g B9( +h	%� Zef i _�# ��

����� @A( jkl eJ	 mf* no�6. 
p� �����

�g B9( @A( jkl� eJ� [q r +, 4s�1 tu�-

.6.  5v$eg B9( jk$ sw ��� R&	�, �����

�� �J	 Gxy z!g <, c- @A( jk g {* ' .6�

|f* ,H- .�� }~4�B ��_- � � \] �$9�(polar

solvents)	 �_2 C/� jk$* +t6� |fB .� L5, ��

���� jkl* B9( +h	 ./% �d e�B .6� �B Z

ef�1 �r`6[7]. V _�� 4�# !"� �O�� R&	� �

������ ��	 !"� S9
� �� N#* �G% �����

�� jk$* ����6[8-12]. �k* B9( ������� !"

� �O 4�d lwAe�B� ������ �� � �$�� ��

�}k
g B9(6. }~ �AB ��_
� _,F, ���}k
�

S9F�1 ������� jk$ sw* 
�_
 YZ	 jkB +

:( 9�	 e�B .6. ���}k
g B9( jk� +| � �f

d jk @A$B ,W�, �(6� �B6. m
 jkw�� �& &

'_,F, ��B ��	 KI jk��� ������+  W��1

��`6. )>  d ��N#B� -j^g ¡¢(graft)( R&	� }

~B 23 � g £¤6� �fB .,F, ¥
9�	 �( jk @A

$B C/�-, |��	 ¦§ jk@A$B ¨;`6.

� ��	%� !"� �O 4�* ©_2 ������	 octadecyl-

amine(ODA)� amino-terminated polystyrene(ATPS)* ¡¢ª�1« ¥


 9�w	%� jk$* sw�¬-^ _­6.

2. � �

2-1. ��

� ��	%� ®¯ Carbolex�� �
° ������(SWNTs)g

�9_­��, ±² ,�d � 1.4 nm AMB-, TB� '³ ´B[1
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AM­6. L8	 �9( ATPS� iµ±²j^µd 2,880B-, 6jk

$(polydispersity index)d 1.15B6. }~	 �9( ��d Ae�A*

©_2 'j* e£( w�1 �9_­6. }~d [q ¶ +,� � 

1 tu��6. Smalley ·[13] �_2 e�` Ae � �� �A* B

9_2 ������ ¸¹º� »¼�* e£_­��, B �A* ©_

2 ������� ��B ½�q �-, ½¾ ��� b¿B À/t �

�	 ���}k
+ Á$��6. G®Â S9
 �$ L8* B9_2,

ODAÃ ATPSg b¿_� �Ad 6Ä� Å6. AeÃ ���A* £

¤ ������ 100 mg* 50 ml� thionyl chlorideÃ 70oC	% 24�

� Æ@ L8��6. B �AÆ@ ���}k
+ acid chloride
1 Ç

È`6. L8B É� Ê 70oC� thw�	% 6��Æ@ ®L8�

thionyl chlorideg e£(6. B �A* £¤ ������Ã ODAg Ë

/ 90oC1 5
� +½(6. ATPS� R&	� 9ÌfB pÍ_, c�

Î1 9�g B9_2 lwL8* _­6. Ï� �A* £¤ ����

��g ATPSÃ ªÐ ÑÒ	 Ó2 90oC1 5
� +½(6. �N L8

�Ad Fig. 1� Å6.

2-2. ��

Ae � �� �A* ©_2 �U �Ô º B�O� e£ � ���

���� �J� z! � ¥
9�	 �( jkAM� TEM(Jeol JEM-

3010)� Rigaku X-ray generator(CuKα radiation, λ=0.15406 nm)g �

9_2 ̈ #_­6. ������� �J� z!g ¨#_
 Ï_2 I

F jÕ�(Jovin Y-von ramanor U-1000)* �9_­��, B Y �9(

ÖB×� Ar-Kr Ion Laser(488 nm)1 Coherent Innova 70 series spectrumTM

* �9_­6. ������� !"� �O! �A Æ@� S9
 z!�

FTIR(Biorad FT-IR spectrometer)� XPS(VG scientific Ltd. ESCALAB

MK-II)g �9_2 ØA_­6.

3. �� 	 
�

3-1. ����	
� �� 
 �� ���

Fig. 2� Ae�A �Ù� TEM �t* ;2Ú6. Fig. 2(a)� Ae�

A �� ������(APSWNTs)� TEM �tB- Fig. 2(b)� Ae

�A Ù� ������(PurSWNTs)� TEM �tB6. Fig. 2(a)	%

;5 �Á� ÛÜ Ý^� ������ eJ � �9` Þ�Ý^g �

ßº�à, Fig. 2(b)g ;5 wáµ� Þ�+ e£��Ä* â ' .6.

V( Þ� Ý^ <Ï� XAO�� ?� �B e£��Ä* â ' .6.

Ae�A* £¤ Ù	M ������� TB+ T/% ã/ä.� å

æ* â ' .-, ×çè� TEM �té	M »�_- �������

TBg A¨> � ' ê�6.

Fig. 3d ��` ������(CutSWNTs)� TEM �t* ;2Ú6.

Fig. 3(a)� ��` ������� -çè �tB6. !ëì ì�g (

�jd ������ ��B ½í .Ä* �ßî6. 6�Á� º�1

;B� ï� £�� 0.2 nm B_B6. B�d ������+ 6�Á�

1 ðñ .� �* 'Q4s�1 òó_­
 YZ	 }e �����

�� QR* �®_,� c�6. Fig. 3(b)� ��` ������� ×

çè �tB6.  5v$eg B9_2 �	 |�� mÄô jõ_­


YZ	 ������+ 6�Á�1 ö ÷/ä .� �t* {* ' .

�6. Fig. 3(b)g B9_2 ØA( ��` ������� ±²TB�

� 490 nm­6. �t iø�� ùdú Ý^� Þ�g �ßº�à, Þ�

Fig. 1. Structure changes of carbon nanotubes after chemical modification.

Fig. 2. Transmission electron micrographs of (a) APSWNTs and (b)
PurSWNTs.

Fig. 3. Transmission electron micrographs of (a) high resolution image
of CutSWNTs and (b) low resolution image of CutSWNTs.
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+ ������1 <Ï+ û3 ü2ä .
 YZ	 Ae � �� �A

* ©_2 Þ�+ ý�> e£�, cþÄ* �®(6. � ��	%�

Smalley ·[13]	 �� e�` 
p� �k* B9( 4�	 X� ��

��*  q _2 
p	 �ì` b�;6 ±² TB+ 6� U ��1

�ßÿ6.

Fig. 4� Ae � �� �A* ©( ������� X-ray �� ��

* ;2Ú6. Fig. 4(a)� APSWNTs� X-ray �� ��B6. 2θ=20og

i��1, 2θ=10o-30o �?	 ¦¤ ýF( �[� XAO ��	 �_

2 �ß�6. 2θ=5o Ü4� �[� SWNTs� QR� Là��� #�

	 �( ��� £�� ¿	 �� �ß�� �B6. SWNTs� R& \

\� ��+ K1K1 pÍ_� �B GH- 6�Á�g B�5% p

Í(6. B Y, \\� ��� 	
	%Ã ÅB �\Á �Jg B�q

��à, B Y 	
� d1, d2� £�	 �( XRD ����B �ß�6.

Fig. 4(b), 4(c)	% �ß�� 2θ=26.38o	%� �[� ��� £�(d2)

	 �� �ß�� �[B6. B �[1  k( 6�º ��� £�� �

� 0.32 nmBÎ1 � ��	 �9( ������� ±² QRd ��

1.38 nm AM­6. Fig. 4(b)g ©_2 PurSWNTs� X-ray �� ��*

ë
;5, XAO ��Ã Þ�� 7B ��_­Ä* � ' .6.

CutSWNTs� X-ray �� ��# Fig. 4(c)g ©_2 XAO ��+ £

� e£��Ä* ¨#� ' .6. Fig. 4(b), 4(c)	% ������QR

	 �( �[ �M+ SG��à B�d -�	% /��_, c- l

w Ae�F* B9� R& L,�	 �( �[+ ö �ß�, c� 


p� b��� 
Ç(6[14]. 

������� ��F�1 B�/t bANB
 YZ	 !"� �

O* Ï( S9
g Á$��� (6. Ae � �� �A* ©� ��

����� ½¾ ��	� ���}k
+ Á$�- B ���}k


Ã G�
Ã� �¿L8	 �� ������� �O!+ B�/t6.

Fig. 5� ��� jÕ ���Ig ;5, PurSWNTs� ����# Fig.

5(b)Ã CutSWNTs� ����# Fig. 5(c)� R&	� Fig. 5(a)Ã ��

1,719 cm−1, 1,640 cm−1, 1,575 cm−1� ô'	% COOH, COO−, CO S

9
	%� C=O b¿	 �( �[+ �ßÿ6. Bg ©� �����

�� ��	 ���}k
+ Á$�/ .Ä* ¨#_­6[13].

3-2. ���� ����	
� ���

Fig. 6d ¡¢ L8 �, Ù� !¿��	 �( ��� jÕ ���I

Fig. 4. XRD patterns of (a) APSWNTs, (b) PurSWNTs, (c) CutSWNTs and the illustration of the arrangement of SWNTs in the SWNT rope.

Fig. 5. FT-IR spectra of (a) APSWNTs, (b) PurSWNTs and (c) CutSWNTs.

Fig. 6. FT-IR spectra of (a) CutSWNTs, (b) ODA, (c) ODASWNTs, (d) ATPS and (e) PSSWNTs.
���� �40� �5� 2002� 10�
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g �ßî �B6. !"� �O! BÙ� �Ô# octadecylamine-grafted

singlewall carbon nanotubes(ODASWNTs)Ã polystyrene-grafted singlewall

carbon nanotubes(PSSWNTs)� ��� jÕ ���Ig ;5 h©��

1 2921.6 cm−1� 2852.1 cm−1� ô'	% CutSWNTs	% pÍ_, c

þ� �1� �[+ �$��6. B r �[�  !
	% �ß�6. A

e � �� �A* £§ ���}k
+ Á$` ������	�  

!
+ pÍ_, c�6. ", Bg ©_2 �Ôº	 \\ ODAÃ ATPS

+ pÍª* ¨#� '� .�6. _,F, ��� jÕ ���Ig ©�

%� G�
+ G®Â
1 #$5% ¡¢�� �* Q¡��1 ¨#�

'� ê�6. %&B ATPS� R&� -j^ �' ��� G�
	 �

( �[+ -j^ �'	% �ß�� �[Ã (§ä Q¡�# S9


� ,AB »+:_­6.

ODA, ATPSÃ SWNTsÃ� G®Â b¿* ¨#_
 Ï_2 XPS �

��I b�g B9_­6. Fig. 7d ODASWNTs� XPS ���Ig

;2Ú6. Fig. 7(a)� R&� C1s ����*, Fig. 7(b)� R&� N1s

����* �ßî6. Gaussian )� no
g ©_2 C1s ����d

5�� �[1 B�/ä .-, N1s ����d 3�� �[1 B�/ä

.Ä* ¨#_­6. \ �[	 �( S9
� ,Ad Table 1	 �ßº

�6[15]. C-C b¿	 X_2 6* b¿�� �[ 5�B 15% AM1

�ß�� �d AeÃ �� �A* ©_2 ������� ��EFB

GHI ������� i� �°�j	M bªB Á$�-, 	 �j	

���}k
� ��;�
Ã Åd S9
+ Á$` ��1 �+`6.

B3( fd k* B9_2 Ae( 6* }~ b��� ¥�( Rs*

;#6[16]. ODASWNTs� N1s ����� \ �[ 5�X1�, �

Ôº	 � 24.3%+ 6* S9
1 #$, cd G�
� Á�1 B�

/ä .��, 29.1%+ G´BÂ
� Á�1 ������	 ¡¢��

Ä* ¨#_­6. 7$^+ _� çÏ` Á�� G�
� XèB � �

d r +,1 �+� ' .6. -.� h¥b¿ Á$�� �k�# /

k�1 #� G�
	 7$^+ 0+��6� �B6. V 6* _��

+:$d G�
+ ���}k
Ã B�b¿* Á$_� ¡¢_- .

� �B6. Chen ·[17]d ODAg ������	 B�b¿* B9_

2 ¡¢�¬� �* ��_­6. ���}k
� 7$^+ G�
1 1

2+5% b¿_� �* 
� L8�A�1 ( ��1, }~�Ad �

��	% u( �A� 3�_- ¡¢�¬
 �	 thionyl chlorideg B

9_2 ���}k
g acid chloride
1 ÇÈ_, cd �B ¥
(

Fig. 7. Curve fitting for XPS spectra of (a) C1s of ODASWNTs and (b) N1s of ODASWNTs.

Table 1. Binding energies(eV) of X-ray photoelectrons and related area
percentages

Peak
BE 
(eV)

Area(%)

ODASWNTs PSSWNTs

C1s C-C(alkyl chain and tubes)
C-N(amine and amide)
C=O(carbonyl)
N-C=O(amide)
COO(carboxylic acid)

284.6
286.0
286.3
287.5
288.8

85.10
5.8
4.4
3.0
1.7

86.20
5.0
4.3
3.2
1.3

N1s -NH2(amine)
CONH(amide)
-NH3

+(protonated amine)

398.9
399.9
401.3

24.3
29.1
46.6

17.0
45.6
37.4

Fig. 8. Curve fitting for XPS spectra of (a) C1s of PSSWNTs and (b) N1s of PSSWNTs.
HWAHAK KONGHAK Vol. 40, No. 5, October, 2002
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4BfB6. � ��	%� thionyl chlorideg �9� Y acid chloride

1 ÇÈ�, cd ���}k
1 #� B3( B�b¿B Á$` �

�1 5S� ' .6.

Fig. 8� PSSWNTs� XPS ���I b�	%M ODASWNTs� R

&Ã X6( RsB �ß�6. � 17% AM� G�B 6* S9
1 #

$, cd G�
� Á�1 pÍ_�, B�� G�
� h¥b¿� Á

�� B�b¿� Á�1 ������	 ¡¢�/ .�6. Fig. 7� 8

� XPS ���Ig ©_2 ODA+ ¡¢��Ä* Í¨#_­-, ATPS

?� ������	 b¿�/ .Ä* )$! � ' .�6.

3-3. ���� ����	
� ��� ��

Fig. 9� !" L8 �Ù� Raman ����* �ßî �B6. 170 cm−1

Ü4� �[� ������� LR 4s� tÆ åÂ	 �� �ß��

�[B-, 1,350 cm−1 Ü4� �[� 6BG7Â �J� ��, " SP3

b¿� tÆ, 1,600 cm−1 Ü4� �[� 	aôB� �J� ��,

" SP2 b¿� tÆ	 ��% �ß�� �[B6[18]. Fig. 9(a)�

PurSWNTs� IF �����1 �, ������� QR*  k �

' .6[19].

Diameter(nm)=234(nm cm−1)/ν

Ï 8	 K�5, PurSWNTs� 168 cm−1	 �ß�� �[1�, �

��	 �9( ������� ±² QRd � 1.39 nm AMBI� �

*  k� ' .-, B b�� Fig. 9� X-ray ���� b�Ã 
Ç(

6. ODASWNTsÃ PSSWNTs� R& IF �[� ÏÇ+ 4-9 cm−1 A

M 9d ô'	% �ßÿ�à, B�� B¥� A¨> :;,,� cþ

,F, �� N#� !" b¿ �	 �ß�� h©�# RsB6[9].

3-4. ����� �� � �

0	% !"b¿ �$* ¨# ( ������� ¥
 9�	 �(

jk$* ¨#_-^ _­6. 	�< ·	� jkB �, cþ,F, =

>11 �, ÑÒ, ?�@ ·� ¥
 9�	� ö jkA* ¨#�

' .�6. Fig. 10� SWNTs� jk�td �� N#* ¡¢(

ODASWNTs, PSSWNTsÃ CutSWNTs� ÑÒ	 �( jk w�g X

B_2 ;2Ú6. \ �Ô� 1 mg/4 ml� Xè� CM1 ÑÒ	 jk

_­6. CutSWNTs� |�� mÄôjõ _2M D	 ;
 AM� �

8EN�B FG( ÑÒ lw� j��/ ;B� L5, ODASWNTs

Ã PSSWNTs� R&� 8EN�B ;B, cþ-, jkld Hd I

ú� FG( lN­6. CutSWNTsÃ J��KL* M¿( R&	�

CutSWNTsF* jk�� R&Ã ´N+,1 ������ Ý^� j

kB B�/,, cþ6.

Ï� Fig. 10	 �_2 ¥
9�	 �( \ �Ô� jk$� 4B�

¨�> �ßÿ��, O % Sd [
	% ������� jk AMg

¨#_
 Ï_2 TEM �t* òó_­6. CutSWNTs� R&� lw

º� Ý^ [
+ Px Q% TEM �t* R* ' .* AM� Sd �

Ô eSB »+:_­6. ODASWNTsÃ PSSWNTs� 1 mg/2 ml CM

� �Ôg 1
� 4Ç( Ù, TEM grid1 T% òó( �B6. Fig. 11

� TEM �t* ;5 500 nm AM �� TB� ������+ 6�

Á�1 xO%_q Uä .Ä* ¨#� ' .6. TEM �t	% ÛV

q ;B� ùd Ý^� �Ô º	 Wp_� Þ�Ý^B6.

4. � �

!"� 4�* B9_2 ������g �O!_­-, �O!` ��

����� ¥
 9�	 �( jk$	 �� ë
;þ6. Ae � ��

�A* ©_2 X; .�� ������� É�jB ½Y��, 	 �j

	 ���}
+ Á$��Ä* TEM� ��� jÕ ���Ig ©� ̈

#_­6. TEM j+ b� �� �A* £¤ ������� TB+  

G���, Ae�A* ©_2 XAO ��Ã Þ�+ �j��1 e£�

�6. !"� �O! �A Æ@ ODAÃ ATPS+ ������	 ¡¢�

�Ä* XPS b�g B9_2 ¨#_­6. ODASWNTsÃ PSSWNTs�

=>11 �, ÑÒ, 	�- ?�@ ·� ¥
9�	 @A( jk$* ;

­6.
Fig. 9. Raman spectra of (a) PurSWNTs, (b) ODASWNTs and (c) PSS-

WNTs.

Fig. 10. Pictures of (a) CutSWNTs dispersion, (b) CutSWNTs and poly-
styrene dispersion, (c) PSSWNTs dispersion and (d) ODASWNTs
dispersion in benzene.

Fig. 11. Transmission Electron Micrographs of (a) ODASWNTs and (b)
PSSWNTs.
���� �40� �5� 2002� 10�
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� ��ZZd �"Í�(KOSEF)* ©( 
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