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Summary 

P o l y a n i l i n e f u r f u r a l  (PAF) has been prepared. I t s  chain con ta ins  aromat ic  and furan 
r ings ,  but the backbone is nonconjugated.  However, when t rea tment  with iodine,  the 
color  of PAF turns  m e t a l l i c  black, and PAF becomes e l e c t r i c a l l y  conduct ive .  The 
e l e c t r i c a l  c o n d u c t i v i t y  of I2-doped PAF can reach 10-3S .cm -I which is more than 10 

orders  of magnitude h igher  than what was observed at the p r i s t i n e  s t a t e .  The e f f e c t s  of 
iodine content  on the c o n d u c t i v i t y  of PAF and the c o n d u c t i v i t y  s t a b i l i t y  were 
i nves t i ga t ed .  FTIR spec t ra  , U . v . / v i s  absorp t ion  spect ra ,  E . s . r .  measurement and X.p.s .  
measurement of the undoped and doped PAF were s tudied.  This paper wi l l  demons t ra te  that:  
i f  given appropr i a t e  s u b s t i t u e n t s  and dopants,  s i g n i f i c a n t  charge t r a n s f e r  may be 
expected even for nonconjugated polymers and i t  may display  e l e c t r o n i c  c o n d u c t i v i t y  to 
a c e r t a i n  level .  

Introduction 

The recent  d iscovery ,  made by Thakur, Shang, Suh et a l ,  tha t  the nonconjugated 
polymer 1 ,4 -po lybu tad ine  and some of i t s  d e r i v a t i v e s  conduct e l e c t r i c i t y  upon doping 
with iodine has genera ted  grea t  i n t e r e s t  in the conduction mechanism. (I-2) I t  is 

assumed that  c a t i o n i c  spec ies ,  formed during doping, are r e s p o n s i b l e  for  conduct ion 
through an i n t e r s i t e  hopping process.  (3-4) In accordance with t h i s  mechanism, 
nonconjugated conduct ing polymers should not be l imi ted  t o  1, 4 -po lybu tad ine  
d e r i v a t i v e s ,  and o ther  types of polymers tha t  can react  with e l e c t r o n  accep to r s  such as 
iodine to form c h a r g e - t r a n s f e r  spec ies  should a l so  exhib i t  c o n d u c t i v i t y  upon doping. In 
our research,  we prepared a new kind of polymer, p o l y a n i l i n e f u r f u r a l .  I t  can undergo 
ready doping upon exposure to iodine vapor and become e l e c t r i c a l l y  conduct ive .  

Experimental 

Ma t e r i a l s  and methods 

The chemicals  used were a l l  of a n a l y t i c - p u r e  grade qua l i t y .  For c o n d u c t i v i t y  
measurements, the polymer samples were cas t  on to a g lass  s l i d e  and measured by the 
well-known four-probe  method a t  d i f f e r e n t  dopant concen t ra t ions .  FTIR s p e c t r a  were 
monitored from powdered samples mixed with KBr and pressed in to  p e l l e t s  u s ing  NICOLET 
FTIR-6OSXR spect rometer .  Optical  absorp t ion  spec t ra  were taken from polymer samples 
d i s s o lved  in e thanol  us ing  a Perkin-Elmer Lambda 17 spect rometer .  E lec t ron  spin 
resonance(E.s . r . ) spec t ra  wre measured on powdered samples us ing  BROKER ESP300 
spectrometer .  X-p.s-measurements were performed with Kratos ES300 spect rometer .  
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Tho Proparation o f  PAF 

A n i l i n e  was p laced in a t h r e e - n e c k e d  f l a s k  equ ipped  wi th  a s t i r r e r ,  a 
r e f l u x c o n d e n s e r ,  a thermometer ,  and a d ropp i ng  funne l .  F u r f u r a l  was put  in to  the  
d r o p p i n g  f u n n e l , a n d  then  added dropwise  w i t h  s t i r r i n g  a t  30~ The PH va lue  was 
a d j u s t e d  to 6-7. At t h i s  t ime,  the  r e a c t i o n  sy s t em produced hea t  q u i c k l y ,  and a y e l l o w i s h  
s t i c k y  r e s i n  was formed. When the  e x o t h e r m i c  r e a c t i o n  was over ,  the  m i x t u r e ' w ~ s  hea ted  
to 70~ and kept  for  3.5h a t  t h i s  t e m p e r a t u r e .  The produc t  was r i n s e d  w i th  d e i o n i z e d  
wa te r  and p u r i f i e d  by vaccum d i s t i l l a t i o n  in o rde r  to remove a l l  i m p u r i t i e s .  A y i e l d  of  
b r o w n i s h - r e d  heavy r e s i n  was ob t a i ned .  The I . r  s p e c t r o s c o p y  of  PAF was shown in f i g u r e l .  

In f i g u r e  1, the band a t  3025 cm" ,3050 cm" can be ascbed  to -CH-H s t r e t c h i n g  
v i b r a t i o n s ,  the  band a t  1599 cm",1498 cm~,1391 cm~can be a s c r i b e d  t o - C - C -  s t r e t c h i n g  
v i b r a t i o n s ,  and the  band a t  691 em", 748 cm "~, 883 cm" may be o r i g i n a t e  from -C-H 
bend ing  v i b r a t i o n s .  The band a t  691 cm~,814 cm "~ shows t h a t  the  benzene  r i n g  may be 
m o n o s u b s t i t u t e d  .The band a t  3366 cm", 1635 cm" be longs  to the  a b s o r p t i o n  of  NH, and 
the  band a t  1249 em "~ may be o r i g i n a t e  f r o m - b - .  The band a t  2924 cm'~,1444 cm" be longs  
to the  a b s o r p t i o n  of  -~E- .  

The r e a c t i o n  of  a n i l i n e  wi th  f u r f u r a l  i s  complexed.  The former  S o v i e t  chemi s t  E'B'0 
H) B ~ e t  a l .  had made r e s e a r c h e s  on i t .  (5) The main p roduc t  can be i n f e r r e d  to be 
t he  m i x t u r e  o f  a and b as fo l lows .  

u 

.=_ 

oo 96oo z6oo iboo thee  300 

~avenuRber 
F i g u r e  1. FTIR Spectrum o f  PAl: b e f o r e  doping 
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Reaction o f  iodine withPAF 

PAF was d i s s o l v e d  in ace tone .  Fi lms were formed by l e t t i n g  the  s o l v e n t  e v a p o r a t e  
f rom a t h i n  l a y e r  of  s o l u t i o n  on a g l a s s  s l i d e ,  fo l lowed  by d r y i n g  in a vacuum 
d e s i c a t o r  ( the  t h i c k n e s s  of  the  f i l m  is  l e s s  than  200 ~m). Then the  samples  and 12 

powder were put  in  a s t a i n l e s s  s t e e l  c o n t a i n e r  a v o i d i n g  a d i r e c t  c o n t a c t  between the  

polymer and t he  dopant .  The c o n t a i n e r  was e v a c u a t e d  and s e a l e d .  Doping o f  12 in to  the  

polymer f i l m  was a t t a i n e d  by keep ing  the  c o n t a i n e r  a t  room t e m p e r a t u r e .  P e r i o d i c a l l y ,  
the  samples  were removed, weighed and r e t u r n e d  to t he  c o n t a i n e r .  The samples  
approached  maximum uptake o f  i od i ne  in 4 hour s .  

Results  and d iscuss ions  

~l~ndonco o f  conduct iv i ty  on the iodine 

In F igu re2 ,  the  c o n d u c t i v i t y  o f  a PAF f i l m  is  p l o t t e d  v e r s u s  i t s  i od ine  
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content .  Undoped f i lms  of  the polymer have 
c o n d u c t i v i t i e s  of  about 10"13S'cm "1 . By 

doping the polymer wi th  i n c r e a s i n g  time 

and i n c r e a s i n g  amounts of 12 , we have 

found a con t inuous  inc rease  of 

conduc t iv i ty .  I t  s a t u r a t e s  at a 

c o n c e n t r a t i o n  of  approx imate ly  180 weight 
percent .  The h ighes t  c o n d u c t i v i t y  of the 

I2-doped polymer can reach 10"2~10"3S.cm "1, 

which is more than 10 o rde r s  of magnitude 

higher  than the undoped. The polymer 
turned m e t a l l i c  black a f t e r  doping. 

Long - t e r m  s t a b i l i t y  o f  c o n d u c t i v i t y  
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F igure  2 
func t ion  

,'0 ' ; o '  l~o ' ~ o  200 
W% 

Conduc t iv i t y (o )  as  a 
of  iodine ~on ten t  

(Weight percent w%) 

When doped PAF samples were l e f t  in a i r  they los t  weight s lowly over  two 
months. As shown in Table 1, t h e i r  c o n d u c t i v i t y  decreased rap id ly  in the e a r l y  

times. After  two months, t h e i r  iodine content  and conduc t iv i t y  tended to be s t a b l e .  

Table 1 Long-term s t a b i l i t y  of Conduct iv i ty  

Set tng 3 20 60 90 
t ime(days) 

Iodine content  
195% 167% 115% 112% 

(weight 

percent)  

Conduct iv i ty  1.18• "~ 4.52• 7.14• "~ 1.05• "~ 
(s,cm") 

(a) 
~ v / v i s i b l e  absorp t ion  spectra 

A b r o w n i s h - r e d  PAF f i lm turned .~ , 

coloured wi th  the p r o g r e s s  of  doping, and ~ , 
the co lour  became deeper wi th  the increase  . ~ , ,  
of dopant con t en t .  These co lour  change , 
implied the fo rma t ion  of  charge t r a n s f e r  
complex between PAF and d o p a n t s . , w h i c h  was ' " "  ~;"  ,a , ,  ,,~,, , , ~ . , "  , , . ,  
confirmed by the mesurement of  op t i c a l  Wavelength(run) 

t r a n s m i s s i o n  s p e c t r a .  As shown in Figure3, (b) 

appeared at about  313nm. Af te r  doping, the .~ 

o p t i c a l  a b s o r p t i o n  peak s h i f t e d  to longer 

wavelength at  around 356.8nm. This 

measurement showed tha t  the new conjugated 

s t r u c t u r e  formed a f t e r  doping. ~,oo. , , , ,  ,,i,, ,,,,, ,,i.,, ,,~.,, 

Wavelength(rim) 
F igure  3 UV/VIS a b s o r b t i o n  spectx 'a  

Es 'P  measurement ( a ) the  undoped PAF 
(b) iodine-doped PAF 

The E . s . r .  measurements showed that  the s igna l  i n t e n s i t y  increased  as the dopant 

concen t ra ton  was increased .  As shown in Figure4,  the E.s.r. i n t e n s i t y  was n e g l i g i b l e  
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weak in the undoped s t a t e .  After  doping (W%=167%), the s igna l  i n t e n s i t y  of f ree  
rad ica l  inc reased  . The g value of the E-s.r" s igna l  for  the doped samples is 2. 0058, 

and AH=I4.99G. Doping gene ra t e s  spin 1/2 spec ies .  This measurement was co inc ident  

wi th  the r e s u l t  of Figure  2, which implied that  the c o n d u c t i v i t y  of the doped PAF was 

c o n s i s t e n t  wi th  the c o n c e n t r a t i o n  of f ree  r a d i c a l s  in the doped system, and the f ree  

r a d i c a l s  c o n t r i b u t e d  to charge c a r r i e r s .  

(a)' (b) ~ I 

. .  ~ l ) . m  (61 m z , . m  ,~) ) ~ z . . , ~  ,0,  , e * , , ,  i~)  ) ~ 1 , , .  ( ; )  ) s ) ,  , , *  i o  

Figure  4 E.s-r s i gna l  of  

(a) the u,doped PAF 
(b) iod i ne �9 PAl r (W%= 167%) 

~ S "  m@4suF~ment 

The X-p-s. spectrum is shown in Figure 5. The s igna l  at 618.8ev was ass igned  to I-, 

whi le  the b ind ing  energe of 12 is 619.6ev. llowever, f, he presence  of I" is ruled out 

s ince  no s i gna l  appears  above 619.6ev. This measurement impl ies  that  iodine got 

e l e c t r o n s  to form l - ,whi le  PAF lose e l e c t r o n s .  

Molecular iodine d i s s o c i a t e d  e a s i l y  in the polymer mat r ix  to form poly iodides  
spec ies .  The doping reac t  ion seemed to lead to I2+I- ~ IC, I2+IC--~I~-. So there  

a c t u a l l y  c o e x i s t e d  I-, h-, I5- .  The e q u i l i b r i u m  was more s h i f t e d  towards one side or 
the o ther  depending on the na tu re  of the polymer and the doping procedure.  
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F igure  5 x.p.s s p e c t r a  of  iodine-doped PAF 
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Figure 6 F'[[R spectrum of  the iodine- (loped PAF 
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FTIR spectroscopy 

The FTIR s p e c t r a  of  the doped PAF were shown in Figure 6 and 7. The a b s o r p t i o n  

band at 1485 cm 1,1591cm 1 co r re spond ing  to -c=c - v i b r a t i o n  modes of furan  and benzene 
r ings  decreased r a p i d l y  a f t e r  doping. The band at 883 cm "1, 748 cm -I, 814 cm -I, 691 cm "1 

cor responding  to -C-H a l s o  decreased  . An i n t e r e s t i n g  f ea tu r e  is that  a new band began 

to appear at 1549cm "1. This  new band maybe due to the rad ica l  c a t i o n  -C ~, ~-,  (6)which 
is formed upon c h a r g e - t r a n s f e r .  These r e s u l t s  agree with the o b s e r v a t i o n  made above by 

E.s.r- and X.p.s. measurement. 

Conclusions 

Our study shows tha t  FAF can be converted to conduct ing polymer when exposed to 

iodine. I t  may be i n f e r r e d  that  the c h a r g e - t r a n s f e r  complex(PAF-I 2) was formed dur ing  

doping. The r ad ica l  c a t i o n  po la rons  and dopant anions were formed and c o n t r i b u t e d  

to the charge c a r r i e r s .  The charge t r a n s p o r t  may involve an i n t r a  and i n t e r c h a i n  
hopping p rocesses .  This  r e s ea r ch  shows that  under a p p r o p r i a t e  c o n d i t i o n s ,  s i g n i f i c a n t  
charge t r a n s f e r  may be expected for the i s o l a t e d  double band s t r u c t u r e s  of  the 

nonconjucated polymer system, and a conjucated backbone is not a p r e r e q u i s i t e  fo r  a 

polymer to become e l e c t r i c a l l y  conductive.  
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F igu re  7 5-Times ampl i f i ed  from f i g u r e  6 
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