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. �

VËW ê6Þ� dodecylbenzensulfonic acid(DBSA)f b�ê6Þ{DBSAf LiClO4, NSA(2-naphthalenesulfonic
acid), DEHSA[di(2-ethylhexyl)sulfosuccinic acid]}¢ ÒÏ~� *Vz�'O»ö ~� ��W �Òb�(Ppy-DBSA,
Ppy-mixed dopants) jªj B�~&
. *Vz�' O»ö ~� B�B �Òb� jªf zone drawing O»j ÒÏ
~� 1.0~2.5V ���Ò > ®îb�, ��B �Òb� jª~ *V*êê¢ G;~&
. ��N� Ã&�ö V¢ j
ª~ *V*êê& Ã&�j " > ®î
. � *çf ��Nö V� Ö;W Ã&� J« � > ®î
. 1.0~2.5V
��B �Òb� jª(Ppy-DBSA, Ppy-mixed dopants)~ Nêæzö V� *~ �ÿ ã�º Îv power rawö '
��j " > ®î
.

Abstract: Stretchable polypyrrole films(Ppy-DBSA, Ppy-mixed dopants) using functionalized doping agents dodecyl-
benzensulfonic acid (DBSA) and mixed dopants{DBSA with LiClO4, NSA (2-naphthalenesulfonic acid), DEHSA
[di(2-ethylhexyl)sulfosuccinic acid]}, were synthesized by electrochemical method. Electrochemically prepared
polypyrrole films were stretch-oriented (L/L0 = 1.0~2.5) by a zone drawing method and their electrical conductivities
were measured. As the drawing ratio was increased, the electrical conductivities were increased. This results might
be due to the increase in crystallinity through the incresase in draw ratio. The results of temperature dependence
of electrical conductivity showed that power raw (L/L0 = 1.0~2.5) gave the best fit to the data for stretched
Ppy-DBSA and Ppy-mixed dopants films.

Key words : Stretchable polypyrrole, Zone drawing method, Draw ratio, Electrical conductivity, Functionalized doping agent

1. B �

�"ræ ��>Úê *êW�ª¶7 *Vz�' O»ö ~
� áÚê �.~ bîf �Òb�(Polypyrrole, Ppy)�
1,2). �
Òb�~ �Wf �² z�' O»" *Vz�' O»b� ¾
*Úæº� *Vz�' O»f '�� **¾ *~¢ &~� *
���öB �W~º O»b� �W� 
Ö *Þ� ©� ßû

�
3,4). z�' O»f &ï�Ö� &Ë~
º Ë6b� JÂ
V* ��>Ú zb¾ æ.ræ z�'b� 7�B �Òb�f
Ï
ö &� ®ÏWb� �~� � wÏW� 
Ö B�>Ú z

5-7). �"öº �� &æ ê6Þf 7�O»j �Ï� &ÏW
�Òb�� ��>Ú çë' wÏ&ËWj B�~&
8-12). ��
¾ ��� &ÏW �Òb�f Ôf *V*êê, Ôf Ï�ê 5
Ï
~ B�W �j <º� >�, *Vz�' O»ö ~� B�
B �Òb�f �W� �W**, ÒÏÏ
, ææ*�î�¾ *
~&ê �~ �W��ö V¢ êw;ê¾ ��;� � jª~



��*Vz�²æ, B 6 ², B 2 ̂ , 2003 135

Wî� £² �.>�, ¸f *V*êêf Ö>� Vê';ê~
jªç�� ¶£² áÚæº Ë6j &æ� ®
13-17). ¢>'b
� *Vz�' �WO»ö ~� B�B �Òb�~ ãÖ ·î
~ jªj ;W� > ®îb¾ �ª¶ ÒÒ*, 6º ÒÒÚ~
;� �K" Ö� r^ö ��W jªj B�� > ìî
18-19).
� ��öBº &²Bf ê6Þ~ ��j ÿ�ö � > ®j
©b� V&>º dodecylbenzensulfonic acid(DBSA)j ê6Þ
� ÒÏ~� �ª¶ ÒÒ*~ ;� ç^·Ïj £z�Ê�, �
ª¶ ¶Ú~ F�Wj Ã&�B ��W �Òb� jªj B�
� > ®î
. 6� LiClO4¾ 2-naphthalenesulfonic acid
(NSA) 6º di(2-ethylhexyl) sulfosuccinic acid (DEHSA) �
j DBSAf b�ÒÏ~� *V*êê& Ö>� ��B �Òb
� jª[Ppy-DBSA, Ppy-(DBSAÁLiClO4, Ppy-(DBSAÁNSA),
Ppy-(DBSAÁDEHS)]j B�� > ®î
. ''~ ��öB B
�B �Òb� jª~ *V', bÒ' ßWj G;~� �~
.

2. 
  þ

2.1. *Vz�' �W
ĵ Æ¾�ÞÚ(acetonitrile)" Ã~> (50 mL/50 mL) b� Ï
�ö DBSA 10.4 g (~3.0 mol)j Ï��Î Ï�ö 2 g(~3.0
mol)~ b� �ïÚ¢ Î&~� 7�Ï�b� B�~&
. �
r 7��~ Nêº 0oC� �;~&�, ¢;** 1.2 V(vs.
SCE)¢ �Ï~� 2�*ÿn 7�j �ê~� �Òb�(Ppy-
DBSA) jªj B�~&
.
?f b� Ï
ö DBSA 5.2 g(~1.5 mol)j Ï��Î ê

LiClO4, 2-naphthalenesulfonic acid(NSA), di(2-ethylhexyl)
sulfosuccinic acid(DEHSA)(~1.5 mol) ''j �þ Ï��Î
Ï�j B�~� *�î� ÒÏ~�, � *�îö(~3.0 mol) b
� �ïÚ¢ Î&� ê *f ?f O»b� 7�~� b�ê6
Þ& êwB �Òb� jª[Ppy-DBSA (T = 0.05 mm), Ppy-
(DBSAÁLiClO4 (T = 0.02 mm), Ppy-(DBSAÁNSA) (T = 0.09
mm), Ppy-(DBSAÁDEHS) (T = 0.06 mm)]j B�~&
.

2.2. �Òb� free standing jª~ ��

·� ��öB *Vz�'b� B�B free standing jª
j zone drawing O»j ÒÏ~� 1~2.5V ��B �Òb�
free standing jªj B�~&
. Zone drawing O»ö ~�
�Òb� jª ��f *{ê¢ ÒÏ~� �Ò*Fö 80oC~
¢;� �j &�ê �Òb� jªj �Ò*F 1 mm *öB
'�ï~ ¾b� Çj �V�B ��~&
. Fig. 1ö zone
drawing O»~ ��¢ ¾æÚî
.

2.3. G ;

·� ��öB B�B �Òb� jª~ Ö;W(crystallinity)
;ê¢ �Ò~V *~� X-F ². 
þj >¯~&
. ÒÏB
VVº Philps PW 1825/00 X-F ².V��, 1.5418ç~ 2
Ëj "Ò~� 5o

�2}�35o~ �*öB 0.05o/sec~ "Ò³ê
� X-F ². NZj áî
. UV-Vis./NIR Ê¿Þ" G;j
*~� ·ë*�b� Indium Tin Oxide (ITO)& z+B FÒ
V6(âW z�, 7m/ý)j ÒÏ~&�, � ITO *�ö ;**
»(potentiostatic method)b� 1.2 VöB 30.* �Òb�j 7
�� ê � *�j UV-Vis./NIR spectrometer (Shimadzu
3100)ö IÚ Ê¿Þ"j G;~&
.
�Òb� free standing jª~ *V*êêº W.*�" �

òf~ 7/&�j B�~V *~� 4�¶»j �Ï~� ¢;
*~¢ �&~� **¢ ëã'b� G;~&
. *~f *{f
Keithley Model 236 Source Measurement unitj �Ï~� G
;~&
. Nêö V� *V*êê~ æzº ��
ÚöB ¶Ú
'b� B·� IBM-PCÏ ²*Þ�Ú� PC, Source Measure-
ment Unit 5 Janis Model CCS-150f �Ö~� Nêf *V
*êê¢ ÿ�ö �¾*� �JÚê� ~&
. 

XPS Ê¿Þ" G;f 
·� ��öB B�B �Òb�j
ITO glass(1 cmÜ1 cm) *ö ­² z+ �Î ê 60oC, 6�*
�� �Ê� 10-6 torr �ç~ ê�ê¢ Fæ~�B VG
ESCALAB MK spectrometer¢ ÒÏ~&
. "Ò*¶*�ã
(SEM)f *Vz�O»ö ~� B�B free standing jª*ö
.j ÃO�Î ê JEOL JSM-5410 Î�j ÒÏ~� G;~&

.

3. Ö" 5 �V

�Òb�f *Vz�' �WO»ö ~� ¸f *V*êêf
·î~ jªj ;W� > ®î
. ��¾ �ª¶ ÒÒ*, 6º
ÒÒÚ~ ;� �K" Ö� r^ö ��W jªj B�� >
ìî
19,20). � ��öBº *Vz�' O»ö ~� �Òb� B
�� &²Ò~ VËj <º DBSAf b�ê6Þ(DBSAÁ
LiClO4, DEHSA, NSA)¢ ÒÏ~� F�Wj <º �Òb�
jªj B� ~&b�, B�B jªj zone drawing»j ÒÏ
~� 1~2.5V ��B �Òb� jªj B�~&� �
~ *
V' Wî" bÒ' ßWj G;~&
. j^Æ¾�ÞÚ" Ã~
>¢ Df Ï
(50 :50 wt%)ö DBSA, b�ê6Þ(DBSAÁ
LiClO4, DEHSA, NSA)j Ï��B *�î� ÒÏ~�, 0oCö
B ;**»j �Ï~� DBSA, b�ê6Þ& êwB �Òb�
[Ppy-DBSA, Ppy-(DBSAÁLiClO4), Ppy-(DBSAÁDEHS), Ppy-
(DBSAÁNSA)] jªj B�~&
. 
�Òb�~ ÒÒ*, 6º ÒÒÚ~ Ö�ç�º Pfluger ��18)

>¯� XPS 
þ Ö"ö ¾ ¾æ¾ ®
. �
ö ~~� *V
z�'b� �WB Ppy-PF6 jªf XPS 
þÖ" C1s level
Ê¿Þ"öB 2,3-coupling � side chain �ÒjN� 33%�
rJ^ ®�, N1s level Ê¿Þ"öB 7W~ b��
 î² 1s
ÊêöB *~¢ ©ÚB ¾æ¾º b�¢ " > ®Ú ;*V'

Fig. 1. Zone-drawing apparatus.
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Î"(electrostatic effect)& ®r� rJ^ ®
19).
>�ö z�'b� �WB Ppy-DBSA jªf C1s level Ê¿
Þ"öB~ 2,3-coupling � side chain �ÒjN� 22%� r
J^ ®�, N1s level Ê¿Þ"öB ;*V' Î"(electrostatic
effect)& ìº �� rJ^ ®
20). 
� ��ö ~� *Vz�'b� B�B Ppy-DBSA jª~
ÒÒ*, 6º ÒÒÚ~ Ö�ç�¢ ÚÚ�V *~� XPS¢ G
;~� Fig. 2ö ¾æÚî
. *Vz�'b� �WB Ppy-
DBSA jª~ C1s level Ê¿Þ" G;Ö" Ö�~ «~& 4&
æ� ¾~Úöj " > ®î
. �©f ê²& 4&æ ;��
Ö�~� ®rj ~��
. &Ë Ôf ö.æ� 284.7 eVöB~
b�º ê6Þ� ÒÏB DBSAÚ~ ê²Ö�ö ~� ©��,
285.4 eVöB~ b�f 286.4 eVöB~ b�º �Òb� "Ò
ÒÚ~ ê²Ö� βcarbonf αcarbon Ö�j ¾æÞ
. 287.2
eVöB~ b�º Ppy-DEHS~ 1Nö'� ��öB ¾æ¾æ
pf Ö�ç��B �ò~ �WO»" ê6Þ~ «~ö V¢ Ö
�Î·� æ~º �Òb� "ÒÒÚ~ 2,3-coupling � side
chainö ���
19,20). G;Ö" ê6Þö ®º ê²~ Ö�j
B�~� �Òb� "ÒÒÚ~ 2,3-coupling � side chain~
jNf *Ú �Òb� "ÒÒ~ 29%¢ ¾æÚî
. N1s level
Ê¿Þ"~ G;Ö"öBº ê6Þö î²& 
Ú®æ pV r

^ö B>� �Òb� "ÒÒö �Ò~º î²~ Î"¢ " >
®î
. Ppy-DBSA jª~ N1s level Ê¿Þ"öB ¸fö.æ
(401.39 eV, 400.88 eV)~ b�& 7W~ î² b�(400.23 eV)
�
 &Û 1.16 eV, 0.65 eV �ÿ� ®º©b� �j î² 1s
ÊêöB 0.2 e-, 0.11 e- (1 e- = 5.8 eV)~ *~¢ ©f ©j {
� � > ®î
.

Ppy-DBSA jª~ ��' Ö�ç�º C1s~ XPS G;Ö"
2,3-coupling � side chain jN� *Vz�'b� �WB
Ppy-PF6 jª~ 33%ö j� 6²�j ��"îb¾19), z�'
b� �WB Ppy-DBSA jª�
º Ã&�j " >®î
20).
*Vz�'b� B�B Ppy-DBSA jªf *Vz�'b� B
�B Ppy-PF6 jª" jv�, �ª¶ ÒÒ~ ç^·Ï ��j
~º 2,3-coupling � side chain~ jN" ê6Þ r�Nö~
� ;*V' Î"& � N�¢ ��æ pröê ¸f ��Wj
" > ®î
.
VËW ê6Þ� êwB �Òb� jª[Ppy-DBSA, Ppy-

(DBSAÁLiClO4), Ppy-(DBSAÁDEHS), Ppy-(DBSAÁNSA)]f
Îv UV/Vis.-NIR G;Ö" "'�F '�öB free carrier
tail *çj " > ®îb�, X-ray NZ G;Ö" Z;; ;�
¢ " > ®î
. Fig. 3ö VËW ê6Þ� êwB �Òb�~

Fig. 2. C1s (a) and N1s (b) level spectra of electrochemically synthe-
sized Ppy-DBSA film.

Fig. 3. UV/Vis.-NIR spectra (a) and X-ray patterns (b) for electro-
chemically synthesized Ppy films. [a. Ppy-DBSA, b. Ppy-(DBSAÁÁ
LiClO 4), c. Ppy-(DBSAÁÁDEHS), d. Ppy-(DBSAÁÁNSA)]
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UV/Vis.-NIR, X-ray NZ G;Ö"¢ ¾æÚî
. 
VËW ê6Þ� êwB �Òb� jª~ çN *V*êê G
;Ö" Ppy-(DBSAÁLiClO4), Ppy-(DBSAÁNSA) jª� Ppy-
DBSA, Ppy-(DBSAÁDEHS) jª�
 Ö>� *V*êê¢ �
�"î
(Table 1). ��� *çf DBSAö b�ê6Þ� ÒÏ
B LiClO4, NSA& Î&Nö V¢ «¶ßW" paking effect
~ 'Ëb� �Ò^ "ÒÒ ÚöB *~ �ÿ� Ï��æV r
^�
21). 
VËW ê6Þ� êwB �Òb� jªf zone drawing»j
ÒÏ~� ��B �Òb� jªj B�� > ®î
. Ppy-
DBSA, Ppy-(DBSAÁDEHS), Ppy-(DBSAÁNSA) jªf Îv
1~2.5V ��B jªj B�� > ®îb�, Ppy-(DBSAÁ
LiClO4) jªòf 1~1.5V ��B jªj B�� > ®î
. 

Ppy-(DBSAÁLiClO4) jªf Ppy-(DBSAÁDEHS), Ppy-
(DBSAÁNSA) jªö j� ��W� ÎÚöj " > ®î
.
��� *çf DBSAö b�ê6Þ� ÒÏB DEHS, NSA�

 ç&'b� «¶ �V& 'f LiClO4& b�B �Òb�
jª~ ãÖ LiClO4ö ~� �&� ;�(morphology)~ �Ò
^ ��¢ <V r^�
. �&� ;�~ �Ò^ ��º �ª¶
ÒÒ*, 6º ÒÒÚ~ �K" Ö�� ç&'b� ;~² ·Ï
~� jª~ ��Wj ÎÚNÚ > ®V r^�
. Fig. 4ö
b�ê6Þ� êwB �Òb� jª~ SEM Òêj G;~�
¾æÚî
.

Fig. 5ö *Vz�'O»ö~� Ppy-DBSA jªj B� �
ê zone drawing»j ÒÏ~� 1~2.5V ��B Ppy-DBSA
jªj '' B�~� X-ray NZ" Nêæzö V� *V*ê
ê¢ ¾æÚî
. ��>æ pf Ppy-DBSA jª~ X-ray NZ
f 18oö 7�b�¢ z Z;; NZj ¾æÚîb¾ ��N�

Ã&�ö V¢ Ppy-DBSA jªf 18o, 25oöB ¦ª'� Ö;
W Ã& ãËj �� "î
. 6� 2.5V ��B Ppy-DBSA
jªf ��>æ pf Ppy-DBSA jªö j� ��W OËö
V�� Ö;W~ Ã&� ¸f *V*êê¢ ¾æÚî
. 1~2.5
V ��B Ppy-DBSA jª~ Nêæzö V� *êê~ æz
º Îv power rawö ¾ V�
� " > ®î
. 
ê6Þ� DBSAf b�ê6Þ� LiClO4, DEHSA, NSA¢
ÒÏ~� �Òb�[Ppy-(DBSAÁLiClO4), Ppy-(DBSAÁDEHS),
Ppy-(DBSAÁNSA)]jªj B�� ê zone drawing »j ÒÏ
~� 1~2.5V ��B �Òb� jªj '' B�&
. 1~
2.5V ��B Ppy-(DBSAÁLiClO4), Ppy-(DBSAÁDEHS),
Ppy-(DBSAÁNSA) jª~ X-ray NZ" Nêæzö V� *V
*êê¢ G;~� Fig. 6, 7, 8ö ¾æÚî
. ��>æ pf
b�ê6Þ� êwB �Òb� jª~ X-ray NZf Îv 18o

ö 7�b�¢ z Z;;~ NZj ¾æÚîb¾ ��N� Ã
&�ö V¢ 18o, 25oöB ¦ª'� Ö;W Ã& ãËj ��
"î
. 6� ��B jª¢>� ��W OËö V�� Ö;W
~ Ã&� ¸f *V*êê¢ " > ®î
. 

1, 1.5, 2.0, 2.5V ��B Ppy-(DBSAÁLiClO4), Ppy-
(DBSAÁDEHS), Ppy-(DBSAÁNSA) jª~ *êê~ æzº
Îv power rawö ¾ V�
� " > ®î
.

Ppy-DBSA jª, Ppy-(DBSAÁLiClO4), Ppy-(DBSAÁ
DEHS), Ppy-(DBSAÁNSA) jª~ *V*êê 
þÖ"�¦V
ªC� �Wz ö.æ[reduced activation energy(W)]~ Nê~
�W Ö"f Ppy-(DBSAÁNSA) jª~ ��� Ã&ö V� �
Wz ö.æ Nê~�W Ö"¢ Fig. 9ö ¾æÚî
. �Wz ö
.æ W(T)º 
r" ?f �b� ;~ B
.

Table 1. Electrical conductivities(S/cm) of various Ppy films as a function of synthetic temperature and draw ratios.

Dopants DBSA DBSAÁLiClO4 DBSAÁDEHS DBSAÁNSA

Temp.a

  L/Lob 0oC 0oC 0oC 0oC

1 35 90 35 80

1.5 90 240 120 145

2.0 145 170 195

2.5 250 255 275

a: synthetic temperature, 
b: L : length after stretching, Lo : length before stretching

Fig. 4. SEM photograph for electrochemically synthesized Ppy films. [a. Ppy-(DBSAÁÁLiClO 4), b. Ppy-(DBSAÁÁDEHS), c. Ppy-(DBSAÁÁNSA)]
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Fig. 5. X-ray patterns (a) and temperature dependence of dc conductivity (b) of electrochemically synthesized Ppy-DBSA films elongated with
various draw ratios.

Fig. 6. X-ray patterns (a) and temperature dependence of dc conductivity (b) of electrochemically synthesized Ppy-(DBSAÁÁLiClO 4) films
elongated with various draw ratios.

Fig. 7. X-ray patterns (a) and temperature dependence of dc conductivity (b) of electrochemically synthesized Ppy-(DBSAÁÁDEHS) films
elongated with various draw ratios.
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W-plot~ VÞV ¦^�� �ò& .³' ç�ö ®ºæ, _
f .�Ú' ç�ö ®ºæ r> ®
. W-plot~ VÞV& Nê
f Z&�j ��� .�ÚöB êÚ� TÎ&º ãê(critical
regime)ö20) ®rj ~�~�, ·>�� .³' ç�, r>��
.�Ú' ç�ö ®rj ~��
. Ppy-DBSA jª, Ppy-

(DBSAÁLiClO4), Ppy-(DBSAÁDEHS), Ppy-(DBSAÁNSA) j
ª~ �Wz ö.æ Nê~�Wj ê�~� VÞV& Nêf Z
&� ßWj <º ©j " > ®îb�, Ppy-(DBSAÁNSA) j
ª~ ��N Ã&ö V� �Wz ö.æ Nê~�WöBê V
ÞV& Nêf Z&� ßWj <º ©j " > ®î
.
�Wz ö.æ(W) G;Ö" Ppy-DBSA jª, Ppy-(DBSAÁ

LiClO4), Ppy-(DBSAÁDEHS), Ppy-(DBSAÁNSA) jª, ��
B Ppy-(DBSAÁNSA)jª Îv *V*êê~ VÞV& Nêf
Z&�j �ªb�� .�ÚöB êÚ� TÎ&º ãê(critical
regime)ö20) ®rj r > ®î
.

4. Ö �

*Vz�' O»ö ~� �Òb� B�� &²Ò~ VËj <
º DBSAf b�ê6Þ(DBSAÁLiClO4, DEHSA, NSA)j Ò
Ï~� F�W ®º �Òb� jªj B� � > ®î
. B�
B jªj zone drawing»j ÒÏ~� 1~2.5V ��B �Ò
b� jªj B� � > ®î
. *Vz�' �Wö ~� 1~
2.5V ��B �Òb� jª~ *êê~ æzº Îv power
rawö ¾ V�
� " > ®î
. ��N� Ã&B jª¢>�
X-ray G;Ö" ¦ª'� Ö;W Ã&j �� "îb�, *V*
êê G;Ö" *V*êê& Ã&�j " > ®î
. Ppy-
DBSA jª~ �Wz ö.æ(W) G;Ö" *V*êê~ VÞ
V& Nêf Z&�j �ªb�� .�ÚöB êÚ� TÎ&º
ãêö ®rj r > ®î
.

6Ò~ &

� ��º ���Fê�Ò�~(KRF-2002-005-C00013) Ò;
æöö ~� >¯>îb� �ö 6Ò�ãî
.
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Fig. 8. X-ray patterns (a) and temperature dependence of dc conductivity (b) of electrochemically synthesized Ppy-(DBSAÁÁNSA) films
elongated with various draw ratios.

Fig. 9. W-plot of the electrical conductivity for electrochemically
synthesized Ppy films (a) and streched Ppy-(DBSAÁÁNSA) films (b).
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