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� �

� ���� PSS� ��	 EB
 LEB ��
 ����� ��� ITO���� m-cresol, chloroform ����� ����

 !"#$. UV %&'(�)* m-cresol� 
+ ,- �� .(/ 01 2 3 4567, m-cresol
 8, 9:23; ��

��� ��
 ���< 9:"#$. ,-��� 
+ ��� =>?  !	 �����( m-cresol
 >@A�� 
+ B6

� CD	$. �����
 �EFGH %&'( LEB�  A	 ����� ��
 IFJKL MN �O< EB�  A	

����� ��P$ Q NR :SH1 B� CV/ TU �2 3 45$. V+ �"�W XY? m-cresol
 8, 9:23;

Z["#67, LEB/PSS ��
 �" �W XY \, EB/PSS ��P$ A]$. ,B? CV�� ^? _=( `a"#$.  

!	 ����� �� bc ,de �f( ��XY? `g"#67, ��XY? hi3� jk+ 1lm� n 3 45$.

V+ PSS� ��	 �����? :>H1 n� ��o Rpl
 qo� rst5$.

Abstracts − In this study, the polyaniline films of emeraldine base(EB) and lucoemeraldine base(LEB) form chemically dop-

ing with poly(sodium-4 styrenesulfonate, PSS) were prepared by casting the mixed solution of chloroform and m-cresol on

ITO(indium tin oxide) electrode. By analyzing UV-vis spectra of the mixed solutions, the effects of the secondary doping by m-

cresol were obtained. And the conductivity of polyaniline film was increased with increasing m-cresol content. The results sug-

gest that the improvement of conductivity obtained by secondary doping results primarily from interaction of polyaniline and

m-cresol. As the results of analyzing cyclic voltammograms, it was known that the redox peak currents of polyaniline electrode

prepared from LEB were larger and more reversible than those of polyaniline electrodes prepared from EB. The charge trans-

fer resistances(Rct) of polyaniline electrodes were reduced with increasing m-cresol content, and LEB/PSS electrodes were

smaller than EB/PSS electrodes. This result agrees to the analysis of the redox peak current of cyclic voltammograms. The

solution resistance and the capacity of electrical double layer almost unchanged in all prepared polyaniline electrodes. It was
confirmed that solution resistance was independent of frequency factor in AC impedance spectra. Also the polyaniline film

doping with PSS was revealed pseudo n-type characteristics of conducting polymer.

Key words: Polyaniline, Secondary Doping, Cyclic Voltammogram, Charge Transfer Resistance

1. � �

���� π �� ��� �	
 ���
� ������ �� ��

��� �� ��� 	���	��  �!" �#$%&� '( )*

+,-./ 01�� �	
 ���� 2 
�$3 '�� $4� 5

�6 78� 9:� 2;�< =>� ?&[1, 2].

�� @� ���ABC D��3 EC �		F '.G, H< �I

J�3� ;�
K
 �!L MNO PK� ?$ electrochromic QR

ST�, Schottky &�UV, :W �.X YC �I�� (Z
� [\


] ̂  � _�
 `C abc� def$gh&. ���ABC ij

� H� �I ij�K
 k
 l d ?�m �I ij� Jk noC

0.8 V 0 SCE �D� positive �8�3� p qr s ���AB� �

�' t$6� �B�AB� 2 �
� 2 u
 vw� ̀ C x� y

zO {|!I' $,]m }�, ij� JkC counter ions(	~�

ions)O ��K
� t}��  �� �� ���ABO 0W �pl d

?KG '�
� �d!L 7�O �� ?&[2-4].

p� 	�� ���AB ��O � < �� ���.� ��C E.
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/ ��n� ���3 ��� �	' �!I vw� @�� `C ��

�O y�
 <&. �� @� n� ���AB ��O � < �� ��

�.� ��C �./ 	���	� f� ��� x���I vw� �

��� �	' t��3 ���� ̀ � �bf. ��&. ��3 �0�

��(polyanion)O 	~�
 ���AB� � <&� p� 	�� ��

�
� n� 	� �
O 6��G ���' �� :W, �a
 ?� �

� . ¡	� ��� �� ���.� {¢� '£l ¤�&. ¥ � ¦

�� ���ABO �� r§
 ¨ !� ���. sR©�3 �! ª

DO 8� 1�(anode)�3 �pf$.� �� x��O ��(cathode)�

3 ¨ !L � . ¡	� «'F 'g�&� ¤� I¬<&[3-7].

���ABC 	~� �­�  �F �is® �		F ¯Ds° d

?&. D0�K
 �C xK
 �	
 ���� �I�, ±j�, �I�

H� b|� 
²� �i' ³" t$6 _��K
 �		� ́  «'F

tKµ� ¶²O t� 	~��� <&�, �� 	~�� t� 	��

���� � !� :� ‘inert’< ¶²�G �� 	~�F {�!L	 t

� 	�� 
²C ¶· ¸¹" ¯D� 
²� �º �.f� >�3 t

� 	~�X ��>� ?�, ���� �		' < =� » «'�&�

Macdiarmid ¼[8]� ª�!½&. �¤C �
 ¾¿O �� ���AB�

�
�  �X » À" }^l d ?$ ���AB� Á Â0F Ã%s

Ä&. �¤� �� ���AB �		 ¯DO I0l d ?&.

Fig. 1� Y� ���ABC 9¦� =8X pi� }Å=8� ��

3'. piDÆ� ���AB b|F ��&. ���AB� pi DÆ

� Y� Ç� ÈÉÊ� �� aº�K
 «'!� DÆ' fG Y=0 t

v Ë� pi� poly(paraphenyleneamine)�G pernigraniline base ��

<&. Y=0.5 t v 50% pi� poly(paraphenyleneamineimines)O �

��AB� emeraldine base(EB)� !�, Y=1 t v Ë� 9¦� poly

(paraphnyleneamine) ���AB� lucoemeraldine base(LEB)�� <&

[1, 6-10].

01� ���AB� 	�C pH 2 �!� p
 ��3 �#$.�

?KG, �Iij� Ì' �s Brønsted p  ��3 �#$.� ?&.

�¤C ���AB pi9¦ ���3 dÉ x��� �Iij� 
²

� ´ Í¯O ÎZ� ¤O + d ?&[7, 14].

Ï ab�3� p� �	
 ���� ���ABO polyanion� poly

(sodium-4 styrenesulfonate, PSS)F 	~�
 ij�� noK
 	�!

L n� �
O �� ���AB ��O {|!�� !G, ���ABO

m-cresol/chloroform Ðk  �F � < ���AB� ��	�O �	

!L �		 ¯DO 	P!� dÉ x��� Ñ�  ��3� �Ii

j� �
O ÒÓ!�� <&. H< 01�� ���AB� 	�C EB

F p(camphorsulfonic acid; CSA, dodecylbenzene sulfonic acid, HCl)

¼K
 Ô�!L Õº
 �	
O �� yzO {|!� ?K6, LEB

�Æ� ���AB 	� Ö� ×�ªI $4&[7-11, 14]. ��3 Ï a

b�3� EB Ø LEB� p� �< 	�� �
� {|� yzD� �

��AB� �Iij� pi�9¦ �� �
O Ì'!�� <&.

2. ����

2-1. ����

Ï ÙÚ� ¨ < ���AB(PANI)K
 emeraldine base(EB)(Aldrich

Co.)F �{ Ñ� ¨ !½�, EBF phenyl hydrazineK
 Û$ Ë�9

¦ }^� t$6	Ü 1sÝ Þ; nZ< ß ���àá
 �â, L�

< leucoemeraldine base(LEB)O ¨ !½&. 	~�
� poly(sodium

4-styrenesulfonate: PSS)(Aldrich Co.)F ¨ !½�  �� m-cresol�

chloroform(ãã 99% sä¼å)F ¨ !½&. CVX æçèR é� 

��²
� LiClO4(Acros Co.)X  �� acetonitrile Ø propylene carbornate

F ¨ !½&.

2-2. ����	 
��


���ABO 	�!I 8�3 LEB, EB 0.002 mol(tetramer Iê)�

	~�� PSS 0.004 molO m-cresol� chloroform� Ðk@(100% 70%,

40%, m-cresol)F �isÄ Ðk �� ãã 8sÝ�	 �� ß � Ð

k �O ãã 18sÝÞ; }^s® 40 ml� ���AB 	�  �O

{|!½&. �. �C ���ABO ��I 8� ultra sonicK
 ä 2

sÝ �	 Ô�!½&.

{|� ���AB 	�  � ããO 2ë3 cm2 ³I� ITO(Indium

tin oxide) ��8� 4 cm2� ��� 	ì !½�, 6í. 1�O àî

· à�î
 ïÕ �Vð�  ��� ñÃO �=!½&. ITO ò��

�I¶²O {�!I 8� isopropyl alcohol� KOHF ìisÄ  �

K
 �â!½KG {|� ���AB ���  �F {�!I 8�3,

%�ó|I�3 70oC
 5sÝ�D nZ!L yzD� ���AB �

�O {|!½&. ���AB EB, LEB� PSSF 	�s® {|� ��

O �ß�� EB/PSS, LEB/PSS ��K
 ô!I
 <&.

2-3. ����	 
�� 
� ��� ����

���AB� ��	�� �õF Â�!I 8� m-cresol� chloroform

Ðk ��  �� EB/PSS, LEB/PSS  �O UV(UV-160, Shimadzu)


 ö±	F é�!½&.

�		 é�C four-probe methodF � !½&. ÙÚ(Z� Fig. 2�

3Ô÷ ÙÚÙ�3 {¢� four-probe meterF ̈  !½�m four probe

� øC ù�K
 f$?KG úû� 0.1 mm�ü&. ���AB ��

�� ñÃO  �!I 8� ýùøC RîÁ (Z' f ?KG probe

� Ý¿C 2 mm
 þðK
 {¢fü&.

é� (Z
 ­1� 2ÿ =��� Bi-Potentiostat(AFRDE5, Pine

Instrument Co.)
 a_!L t�< ��F �.s�KG, s§ J��

2ÿ� =�� multimeter(YOKOGAWA 7562)F a_!L ��O é�

!L Pauw equation[4]K
 �		F �p!½&.

{¢� ���AB ��� CV é�  �C 3 ��Ù
 {¢!½&.

0�Ù� ¢ ��Ù ¨��� glass frit
 0�Ù�3 t$6� }^

¶� Ðkf� ¤O n.!½KG, ¢ ��� �|�� ¨���  �

*�O �Éi!I 8� luggin capillaryF ¨ !L {¢fü&. �|

��K
� Ag/AgCl(TOA electronics Ltd.)O ¨ !½� 0�K
�Fig. 1. Schematic chemical structures of various polyaniline.



������ ���� 731

HWAHAK KONGHAK Vol. 40, No. 6, December, 2002

ïÕ�tO ¨ !½&[12].

��� 	���	� ��O Â�!I 8�3, 0.1M LiClO4/acetonitrile�

0.1 M LiClO4/propylene carbonate ���O ¨ !L CVF é�!½

&. ��-��	� potentiostat(WENKING PGS 81)
 �8F 7¨!½

� ^	��� X-Y recorder(Yokogawa 3025)
 é�!½&[12].

æçèR é�C ãã� 	~�X Ðk � �i� �� {¢� EB/

PSS, LEB/PSS ��� 0!L PSS 	�� ��C ���K
 0.1 M

LiClO4/acetonitrile ̈  !L 3��Ù�3 e!½&. æçèR é� Ù

ÚC IM6(ZAHNER Co.)F ̈  !L 7ÒdÍ� 0.01 mHz-10 kHz, �

�
� �5 mVF �'!L ÙÚ!½&. �'�8� ã ��� ÿ



��(open circuit voltage)K
 ��!½KG, 3���
 Ag/AgCl �|

��� 0!L é�!½&. ÙÚ� �� é�� æçèR ÇC Randle

¼'

 P�O � < �ÿ�d
 �!��*�(Rct)� �I�J�  

W(Cdl),  �*�(Rs)C ãã� ��� 0!L CNRLS(Complex Nonlinear

Regression Least Squares)F de!L b!½&.

3. ��	
 � �


3-1. UV-vis � conductivity ����

UV-vis ��C �	
 ���� 7 ¨�� b|X 	� DÆF |¨

!�m ¨ f$-&. Fig. 3C Ðk �� m-cresol� 1ç@F �is

® {|< 	�  �� UV-vis ö±	 �ðO 6�� ¤�&. ���A

B(EB, LEB)� ������ PSSF 	~�
 ¨ �O v 800 nm �

D� Ò(�3 free-carrier tailO M� l d ?ü&. �¤C 	�fI

�� ���AB� back bone b|' compact< b|�3 	�� ß

expanded � b|
 ��$ ��' @�ri f� �	
O �" fü

&� �\�� �ãf$%&[1]. H< m-cresol� 1ç@' 40%�3

100%
 �if�3 free-carrier tail� E�' » �.� ¤O M� l

d ?&. �� m-cresol� CSA� solvation _� ���AB� ¨��

ð�i' «'!L ¬I� compact coil�3 expanded coil
� b|'

�i!L �		' «'<&� MacDiarmid ab _�X tZ<&[1].

�¤C CSAX m-cresol� D�¢ Ô÷ PSSX m-cresolX� D�¢ 

� �< ��	�� ���� �ã�&.

Fig. 4� Ðk �� 1@çF �i!L {|< ���AB EB/PSS,

LEB/PSS ��� �		F 4=�oK
 é�< _�F 6�� ���

&. EB/PSS ��C Ðk �� m-cresol 1ç@' 40%�3 100%
 «

'ldÜ ��� �		� 2.10 mS/cm�3 4.55 mS/cm
 «'!½&.

H< LEB/PSS ��C m-cresol� 1ç@' «'ldÜ ���AB �

�� �		� 2.53mS/cm�3 3.32S/cmK
 «'!½&. Camphorsulfonic

acid(CSA)F 	~�
 ̈  !L {|� ���AB ��� �		� m-

cresol� 1ç@' 40%�3 100%
 «'Ê� �� EB/CSA ��C

16.5 mS/cm�3 45.6 mS/cm
 LEB/CSA ��C 4.47 mS/cm�3 10.0

mS/cmK
 «'!½&. 8� _�
1  	~�� ³I' ́  PSS� :

� ��	�� �< 	~�� �Þ	� ³I' ¢C 	~�� CSA�

:�ª& D0�K
 ¢� m-cresol� �< Í¯O ! �� ¤K
 L

"%&. �#6 �����O t� 	~�
 ¨ !½O :� �s  

�� D�¢ � �< ��	� ��F $O d ?&� ¤O UV-vis �

�_�� �$3 Â� l d ?ü&.

3-2. 
�-
��

Fig. 5� Ðk �� 1ç@� ��3 {¢� ���AB EB/PSS �

�� CV(cyclic voltammetry)F 6�� ¤�&. �8 7¨º	 v� 20

mV/s�� 0.1 M LiClO4/acetonitrile� ��²O ¨ !½&. −1.0 V�

3 1.5 V
 �8' 7¨% v pi��� �K
 7¨f$² v 9¦�

�� t$&&.

Ðk �� 1ç@' 40% m-cresol
 {¢� EB/PSS ��C 1.12 V

Fig. 2. Schematic diagram of conductivity measurement equipment.
Fig. 3. UV-vis spectra for EB/PSS and LEB/PSS with various solvent

mixing ratio.

Fig. 4. The conductivity of EB/PSS and LEB/PSS with volume % of m-
cresol in chloroform.
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�3 pi ç³F 6��� 0.17 V�3 9¦ç³F 6��� ?KG

70% m-cresol
 {¢� EB/PSS �� �s 1.12 V�3 pi ç³F 6

��� 9¦ ç³� 0.2 V�3 ªL7� ?KG ç³� ³I� @'!&.

100% m-cresol
 {¢� ��C 0.97 V�3 piç³F 6���

0.27 V (Ô�3 9¦ç³F ªL7� ?&. pi�9¦ç³ ��� ³

I� 40, 70% m-cresol�3 {¢� ç³�� ³I� ä 3) �D� ¤

O + d ?&.

Fig. 6C Ðk �� 1ç@� ��3 {¢� LEB/PSS ��� 0ò

�� CVF 6�� ¤�&. �8 7¨º	 v� 20 mV/s�� −0.5 V�

3 1.6 V
 �8F 7¨l v pi��� t$6G, }0
 7¨% v

9¦ ��� t$&&. Ðk �� 1ç@' 40% m-cresol
 {¢�

��C 1.2 V�3 piç³' t$6G 0.1 V (Ô�3 9¦ç³F ª

L7� ?KG 70% m-cresol ���3� 0.7 V�3 pi ç³F 0.31 V

�3 9¦ ç³F 6��� ?&. 100% m-cresol ���3� 0.97 V

�3 piç³' 6�6� 0.25 V�3 9¦ç³' 6�6� ?&. ��

�AB� PSS �0���O 	�< :� pi9¦� 6�6� �8'

CSA 	���ª& �*� ¢" 6�6�m, �¤C PSS 	����

CSA 	���ª& m-cresol� �< Í¯O ! ��&� ¤O 6��&.

¥ 	~�� ³I' �²dÜ  �� �< �� 	���� ¢�../

pi9¦� ;���� 0+�� ��F $O d ?� ¤K
 L"%&.

Fig. 7� Fig. 8� 7¨º	� �, pi9¦ ç³�� Ç� �iF 6

��ü&. 7¨º	� Âp� Í¯O D0�K
 ! �� -8� 5-50

mV/s
 e!½&. piç³��X 9¦ ç³��� 7¨º	� �� «

'!½&. 7¨º	X ç³��� x0d �.î� I/I� Pú 0.5�

!�3 6�0&. �¤C PSS 	� ��� pi9¦ ��� Âp� �<

Í¯O ³" �� ¤O + d ?&. �¤C Fig. 5X Fig. 6� ���3 '

��� CVX Y� ���8' «'!� ç³ ��Ç� «'!& å¿1

ÈÉ!�m, �¤C ��í ��ò��3 }^¶� å¿< ÈÉ
 �<

Âp�� Â0� �< ¤K
 pi9¦ ç³ Ò�K
	 Â�l d ?&.

Fig. 4� m-cresol 1ç@� �, �		 _�X �� CV�3� ç³

��� LEB/PSS ��� ³" 6�0&. �¤C 4=�oK
 é�< �

� �		� �!dX ��d' t�!&�, 	�� �!� �Þ	�

�� _�f./, CV�3 LEB ��� ç³�� ³I� «'� �0�

��� 0< ��² ���� D�¢ K
 6�6I vw�&. �¤C

�0 ��� 	2K
 Li ��� 	�f� ?�O Ýñ�K
 6�6�

?&. H< 01�� ���AB ��C p
 d ��3 �Iij �


� ú ÿ� pi9¦ ç³' 6�6./ Ï ab�3� dÉ x��

� qr!. ��(aprotic)  ��3 !6� pi9¦ 6�6� ¤O 3

�3	 ð4�� Li �� 	�O Â�l d ?ü&.

Fig. 5. Cyclic voltammograms of EB/PSS at 20 mV/s with solvent mix-
ing ratio.

Fig. 6. Cyclic voltammograms of LEB/PSS at 20 mV/s with solvent mix-
ing ratio.

Fig. 7. Anodic peak current (a) and cathodic peak current (b) for EB/
PSS with scan rate.
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3-3. 
�
 !" � #$% &' (�

Ðk �� 1ç@ �i� �� {|� EB/PSSX LEB/PSS ��� �

!��*�� �J�  W �iF �� æçèRo� �!L é�!½&.

Fig. 9X Fig. 10� EB/PSSX LEB/PSS ��� ÿ

 ���3 é�

< Cole-Cole plotO 6��ü&. ú �� Pú �D�� Randles ¼'



� �¨< �ÞO ª�� ?&. ���3 t$6� 5DC ���

	/t d ?� ����� M�!� }^O ��ò�� ��²
 <

�l d ?&. H< ��� ��C ���(� ��  � JO �Þ!

�m d MHz 7Òd6.	 �� ]Þ� 7,.. ��&� L"%&.

�¤ vw� d D��3� � 7Òd Í��3 M�� �p(dispersion

factor)C ��}^�6 �J�  WO }Í!� ¤K
 �,f� ¼'



� Randles�K
 L".G, ¼'

� ��O 3� �!�� *

�, �J� �I W Ø  � *�O �p!½&.

LEB/PSS, EB/PSS ú �� Pú Ðk �� m-cresol 1ç@' «'l

dÜ ¥, �� 	���F ³" �	< ��tdÜ �!��*� Rct' È

É!� ¤O 8 d ?&. �¤C 9�3 �ô< UV���3� ���A

B� expanded coil
� �9, �		�3� m-cresol ÊW� �, �		

«' Ø CV�3� pi�9¦ ç³� «'F rÂ�< _�� L"%&.

Fig. 11� Fig. 12C Fig. 9X Fig. 10�3 �!��*�� ��� �

��� �J�  WO CNLS(Complex Nonlinear Least Sqrares)F de

!L $C _��&.

LEB/PSSX EB/PSS ú ��O @�!� LEB/PSS ��� �!��

*�� 19.49-328.2ΩK
 Ðk �� 1ç@ �i� �� �i!�,

EB/PSS ��� �!��*�C 1,310-3,431ΩK
 Ðk �� �i�

�� �i<&.

��3 LEB/PSS ��� �!��*�C EB/PSS ��� �!�� *

�ª& » ¢C ¤O + d ?&. �!��*�� ¢&� ¤C ��}

^� ª& À" t$6� ¤O �\<&. �¤C LEB/PSSX EB/PSS

��� CV ��_� LEB/PSS� pi�9¦ ç³' EB/PSS ��ª

& » :è _�X tZ<&.

���AB� LEB� �Iij�� piF �Z� emeraldine salt�

�ÆF �; polaron conduction bandF tKµ� poly(semiquinon radical

cation)K
 b
f$%&[7].

��3 4=�o� �< �		 é��� �� LEB� CVF 3< p

i�9¦ �
� �� æçèR ��_�F 3!L 8 d ?<� LEB/

PSS ��� matrix�3 LEB' �Iij� piF �; �	
O ��

emeraldine salt�Æ
 �9f$ �!�� *� Ç� ÈÉ!� ¤K
 �

ãf$%&.

m-cresol� 1ç@F �i!L {|< LEB/PSS ��� �J�  W

�i� ³" �!. �=&.

Fig. 13C Ðk �� 1ç@ �i� �� {|� EB/PSS, LEB/PSS

Fig. 8. Anodic peak current (a) and cathodic peak current (b) for LEB/
PSS with scan rate.

Fig. 9. Cole-Cole plots for EB/PSS with various m-cresol ratio.

Fig. 10. Cole-Cole plots for LEB/PSS with various m-cresol ratio.
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Òd� õM< ÇK
 æçèR Ùd>� /6� >K
 EB/PSS ��

C 16.6-24.3ΩK
 �� �i ÑüKG LEB/PSS ��C 9-14.3ΩK

�� t�!L Ðk �� 1ç@ �i� õMÊO + d ?&.

4. 	 �

���AB ú ?� EBX LEB� 	~�
� ������ PSSF Ð

k �J m-cresol� vol.% �i� �� {¢< EB/PSS, LEB/PSS ��

O UV, 4=�o Ø �Iij�� ��� �� &�� YC _�F $ü&.

(1) ���AB EB, LEB� ����� 	~� PSSF 	�!½O :

� Ðk �� m-cresol 1ç % «'� �� 2� 	�� ��' �g

3 �		' «'!½&.

(2) {|� ��� CV ��_� EB/PSS ��ª&� LEB/PSS ��

� pi�9¦ ç³��' » :&. �¤C �		X� �� LEB��

matrix�3 	� f. �C LEB' �Iij�� pi
 �!L salt �

Æ
 �9f$ �		' D@< _�� Öél d ?&.

(3) {|� ��O �� æçèRoK
 �� < _� PSS 	�� �

� {|� ���AB ��C LEB/PSS :� m-cresol� 1ç@' «'

ldÜ EB/PSS �� ª& » ÈÉ!½&.  �*�C EB/PSS, LEB/

PSS �� Pú�3 �� �Ê� ÑüKG �I�J�  W �s 	~

�� ?� Ø Ðk �J m-cresol� vol.%� �� �ÊÑü&.

� �
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Fig. 11. Correlation of charge transfer resistance(Rct) and double layer
capacitance(Cdl) for EB/PSS with various volume % of m-cresol in
chloroform.

Fig. 12. Correlation of charge transfer resistance(Rct) and double layer
capacitance(Cdl) for LEB/PSS with volume % of m-cresol in
chloroform.

Fig. 13. The solution resistance(Rs) of EB/PSS and LEB/PSS.


