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RAMAN INVESTIGATION OF ALKALI-DOPED [CHI, FILMS 

b l  b l  S. LEFRANTal, E. FAULGIUESal, F. RACHDI and P. BERNIER 
a1 L a b o r a t o i r e  de Physique C r i s t a l l i n e  [ERA CNRS no 131, 

b l  G.D.P.C. [L.A. CNRS no 2331. U n i v e r s i t e  de M o n t p e l l i e r ,  
U n i v e r s i t i !  de Nantes, 44072 Nantes CBdex, France 

34060 M o n t p e l l i e r ,  France 

A b s t r a c t  Resonance Raman s p e c t r a  induced by [CHI, f i l m s  che -  
m i c a l l y  o r  e l e c t r o c h e m i c a l l y  doped w i t h  a l k a l i  me ta l s  a r e  re- 
por ted .  A t  l o w  doping l e v e l s ,  Raman bands c h a r a c t e r i s t i c  o f  
t h e  t r a n s  isomer are observed. The Raman s p e c t r a  can be wel l  
f i t t e d  u s i n g  t h e  t h e o r y  developped by Mu lazz i  based on a bimo- 
d a l  d i s t r i b u t i o n  o f  l o n g  and s h o r t  t r a n s  segments r e s p e c t i v e l y .  
A t  t h e  same t ime,  t y p i c a l  r e s u l t s  ob ta ined  f o r  a c i s - r i c h  
[CHI, sample, as w e l l  as i t s  b e h a v i o r  d u r i n g  a the rma l  isorne- 
r i z a t i o n ,  a re  r e c a l l e d  i n  t h e  frame o f  t h e  Mulazzi model. When 
t h e  polymer i s  h i g h l y  doped w i t h  L i  [or Nal atoms, new f e a t u -  
res a t  = 1600 cm-1 and 1270 cm-1 appear and c o u l d  be an i n d i -  
c a t i o n  t h a t  n-doped f i l m s  a re  less  d i s o r d e r e d  t h a n  p-doped 
systems. 

I N T R O D U C T I O N  

The Raman spectroscopy has proved t o  be a ve ry  p o w e r f u l  t echn ique  

t o  s tudy t h e  morphology o f  t r a n s - p o l y a c e t y l e n e  (1, 2, 31. I n  p a r t i -  

c u l a r ,  t he  c h a r a c t e r i s t i c  f e a t u r e s  observed i n  t h e  Raman s p e c t r a  

when t h e  e x c i t i n g  wavelength i s  tuned i n  t h e  h i g h  energy range l e a d  

t o  a d e t e r m i n a t i o n  o f  t h e  r e l a t i v e  c o n c e n t r a t i o n  o f  l o n g  and s h o r t  

cha ins .  T h i s  i s  done w i t h  t h e  use o f  a t h e o r y  based on a b imodal  

d i s t r i b u t i o n  proposed by M u l a z z i  14, 51 .  As a m a t t e r  o f  f a c t ,  t h i s  

model can be a p p l i e d  s u c c e s s f u l l y  t o  any s i t u a t i o n  i n  t r a n s - p o l y a -  

ce ty lene  and i n  t h i s  paper, some o f  t h e  p rev ious  exper iments as 

w e l l  as s i g n i f i c a n t  t h e o r e t i c a l  resul ts  w i l l  be r e c a l l e d .  

When t h e  polymer i s  doped, i t s  morphology and s t r u c t u r e  can be 

d r a s t i c a l l y  changed and a g r e a t  dea l  o f  i n f o r m a t i o n  can be ga ined  
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378 S. LEFRANT et al. 

f r om the  v i b r a t i o n a l  p r o p e r t i e s .  The r e s u l t s  o b t a i n e d  i n  a l k a l i -  

doped po lyace ty lene ,  e i t h e r  chemica l l y  o r  e l e c t r o c h e m i c a l l y  doped, 

w i l l  be presented.  General conc lus ions  as w e l l  as s p e c i f i c  ones 

more s p e c i f i c a l l y  assoc ia ted  w i t h  a l k a l i - d o p e d  samples w i l l  be 

g iven.  

I - GENERAL FEATURES OF RAMAN SPECTRA OF TRANS-[CHlx 

Raman spec t ra  o f  trans-(CHI, have been desc r ibed  i n  d e t a i l s  by many 

authors and t h e  appearance o f  side-bands ( a t  1130 cm-I and 

1540 cm-1 f o r  AL = 457.9 nml i n  a d d i t i o n  t o  t h e  main Raman bands 

peaked a t  1064 and 1458 cm-I has been t h e  s u b j e c t  o f  con t rove rsy .  

I n  p a r t i c u l a r ,  a h o t  luminescence process was i n t r o d u c e d  t o  e x p l a i n  

t h i s  phenomenon ( 6 1 ,  b u t  b o t h  Raman s p e c t r a  reco rded  w i t h  U . V .  e x c i -  

t a t i o n s  (71 as w e l l  as a n t i - s t o k e s  Raman s c a t t e r i n g  exper iments ( 8 1  

tu rned  o u t  t o  be i n c o n s i s t e n t  w i t h  t h i s  model. More r e c e n t l y ,  Horo- 

v i t z  e t  a l .  ( 9 1  i n t r o d u c e d  a t h e o r y  i n t e r p r e t i n g  Raman s p e c t r a  f rom 

ampl i tude modes t o g e t h e r  w i t h  a narrow d i s t r i b u t i o n  i n  t h e  e f f e c t i -  

ve e lect ron-phonon coup l i ng .  Never the less,  t h e  e x i s t e n c e  o f  s h o r t  

conjugated segments i n  t r a n s - p o l y a c e t y l e n e  seems t o  us proved by 

t h e  U.V.  Raman exper iments and as a consequence, l o n g  and s h o r t  

t rans - [CHIx  chains a re  expected i n  t h e  polymer, so t h a t  a b imodal  

d i s t r i b u t i o n  o f  cha in  l e n g t h  was i n t r o d u c e d  by B r i v i o  e t  Mu lazz i  

[ I 0 1  t o  f i t  b o t h  a b s o r p t i o n  and Resonance Raman Spec t ra  [RRSI i ndu -  

ced by (CHI,. The model g i v e s  a remarquable agreement w i t h  t h e  ex- 

per iments i n  t h e  case o f  a 100 % t rans - (CH lx  sample (41, b u t  can be 

a p p l i e d  w i t h  success t o  o t h e r  cases. 

F o r  example, i n  F i g u r e  1 a r e  p resen ted  t h e  Raman s p e c t r a  o f  a 

c i s - r i c h  (CHIx sample f o r  AL = 676.4 nm and 752.5 nm. The double 

peak s t r u c t u r e  observed [ f o r  AL = 676.4 nml on t h e  t w o  main bands 

a re  due t o  " t r a n s "  p a r t s  rema in ing  i n  t h e  polymer. When AL = 752.5 

nm, on l y  t h e  low f requency peaks a r e  observed and t h i s  r a t h e r  sharp 

resonance behav io r  was unexpla ined be fo re .  Using t h e  parameters g i -  

ven i n  p a r t  C o f  F i g u r e  1, and whose s i g n i f i c a t i o n  i s  g i ven  e l se -  
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RAMAN INVESTIGATION OF ALKALI-DOPED (CH), FILMS 379 

FIGURE 1 Raman spectra o f  a c i s - r i c h  [CHI, sample : 
A 1  AL = 676.4 nm 3 81 AL = 752.5 nm ; Cl d i s t r i b u -  
t i o n s  curve f i t t i n g  these spectra ( f rom r6f. 5 )  

where[lOI, a good f i t  i s  obtained. The d i s t r i b u t i o n s  curve P"1 

versus N, where N i s  the  number o f  C=C double bonds, i s  a lso  shown 

i n  Figure 1. 

A thermal treatment a t  140' C f o r  example converts g radua l l y  

the  c is- [CHlx i n t o  trans-[CHlx. I n  the  Raman spectrum, the  shapes 

o f  t h e  Raman bands due t o  t h e  t rans  p a r t  change, respect t o  the  

t rans  content i n  the  f i l m .  When AL = 752.5 nm. one observes f o r  

example the  two peaks a t  1076 and 1468 cm-I f o r  a 10-20 % t r a n s  

content [so-ca l led  c i s - r i c h  sample1 wh i le  the  f i n a l  spectrum for a 

100 % trans-[CH), shows the  peaks a t  1064 and 1462 cm-l. A f i t  o f  

these spectra according t o  the  Mulazzi  model leads t o  changes i n  

the  two ca lcu la ted  d i s t r i b u t i o n s .  One goes f rom N1 = 20. N2 = 10 

f o r  a c i s - r i c h  sample t o  N1 = 100 and N2 = 15 f o r  a 100 % t rans -  

sample. Oe ta i l s  concerning these parameters are g iven elsewhere 

(11, 51 and t h e  d i s t r i b u t i o n s  curves a re  shown i n  F igu re  2. The 

evo lu t i on  o f  t he  chain l eng th  d i s t r i b u t i o n s  dur ing  a thermal t r e a t -  
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380 S. LEFRANT ei al. 

FIGURE 2 Raman s p e c t r a  a t  78 K of ( C H I ,  t h e r m a l l y  i s o m e r i z e d  
a t  140' C .  A )  10-20 % t r a n s - [ C H I ,  ; 
E l  80 % t r a n s - ( C H l x  ; C 1  100 % t r a n s - [ C H I ,  
The  c o r r e s p o n d i n g  d i s t r i b u t i o n s  c u r v e  are shown i n  
t h e  r i g h t  s i d e  o f  t h e  F i g u r e .  

rnent i s  c l e a r l y  e v i d e n c e d  a n d  t h e  model  a p p e a r s  r e a l l y  a p p r o p r i a t e  

t o  d e s c r i b e  q u a n t i t a t i v e l y  t h e  m o r p h o l o g y  o f  a p o l y a c e t y l e n e  s a m p l e .  

I1 - N-DOPING OF [CHI, FILMS 

Upon d o p i n g ,  ( C H I ,  u n d e r g o e s  s t r o n g  m o d i f i c a t i o n s  a n d  h a s  b e e n  t h e  

s u b j e c t  o f  s e v e r a l  i n v e s t i g a t i o n s .  P - t y p e  d o p a n t s  h a v e  b e e n  m a i n l y  

u s e d ,  b u t  n - t y p e  d o p a n t s  h a v e  a l s o  shown i n t e r e s t i n g  p r o p e r t i e s .  

Wi th  r e s p e c t  t o  Raman S p e c t r o s c o p y ,  a s t u d y  of L i - d o p e d  [ C H I x ,  d o -  

p e d  c h e m i c a l l y ,  h a s  a l r e a d y  b e e n  d o n e  (121 a n d  o u r  p u r p o s e  i s  t o  

compare  t h e  r e s u l t s  o b t a i n e d  w i t h  d i f f e r e n t  a l k a l i  metals a n d  w i t h  

d i f f e r e n t  d o p i n g  p r o c e d u r e s .  

On F i g u r e  3 are shown t h e  Raman s p e c t r a  o b t a i n e d  a t  room tem- 

p e r a t u r e  f o r  d i f f e r e n t  s y s t e m s .  A t  low d o p i n g  c o n c e n t r a t i o n s ,  be-  

s i d e s  t h e  c i s - t r a n s  i s o m e r i z a t i o n .  t h e  g e n e r a l  r e s u l t s  o b t a i n e d  i n  

a l l  doped  [ C H I ,  systems i s  o b s e r v e d ,  i . e .  a s h i f t  o f  t h e  " t r a n s "  
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RAMAN INVESTIGATION OF ALKALI-DOPED (CH), FILMS 381 

FIGURE 3 
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Raman s p e c t r a  o f  [CHI, doped w i t h  a l k a l i  metals 
RT . 
A )  Chemica l ly  doped w i t h  L i  ; AL = 676.4  nm 
81 Chemica l ly  doped w i t h  L i  ; A L  = 457 .9  nm 
C l  E l e c t r o c h e m i c a l l y  doped  w i t h  L i  ; 1~ = 514 .5  
01 E l e c t r o c h e m i c a l l y  doped w i t h  Na ; AL = 514.5  

a t  

nm 
nm 

Raman bands  towards  h i g h e r  f r e q u e n c i e s .  When A L  = 457 .9  nm,  t h e  low 

f r e q u e n c y  peaks  which c h a r a c t e r i z e  t h e  l o n g  chains i n  h i g h  q u a l i t y  

samples  a r e  n e v e r  o b s e r v e d .  

T h e  most s i g n i f i c a n t  r e s u l t s  a r e  seen f o r  t y p i c a l  dop ing  con-  

c e n t r a t i o n s  o f  abou t  3-4 %. N e w  features  a p p e a r  i n  t h e  Raman spec- 

t r a  and t h e y  can  be summarized as f o l l o w  : 

i l  t h e  u s u a l  bands  a s s i g n e d  t o  t h e  t r a n s  i s o m e r  become v e r y  weak 

and a r e  peaked  a t  a p p r o x i m a t e l y  1135 and 1540 cm-l ; 

i i l  a n e w  mode i s  o b s e r v e d  a t  2 1270-1274 cm-I ; 

iiil an a d d i t i o n a l  band i s  a l s o  v e r y  s t r o n g  a t  1570-1600 cm-l.  

T h i s  band i s  dependan t  on t h e  e x c i t a t i o n  wave leng th  and has 
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382 S. LEFRANT ct al. 

a l r e a d y  been observed i n  p-doped systems. 

As can be seen on F i g u r e  3, these f e a t u r e s  a re  s i m i l a r  whate- 

v e r  t h e  procedure used f o r  doping ( c h e m i c a l l y  o r  e l e c t r o c h e m i c a l l y )  

and whatever t h e  a l k a l i  m e t a l  ( L i ,  Na o r  even K ) .  The e lec t rochemi -  

c a l  t rea tmen t  has t h e  g r e a t  advantage t o  a l l o w  a dedoping, i n  con- 

t r o l i n g  t h e  charges passed th rough  t h e  polymer f i l m ,  and t h e r e f o r e  

A )  

FIGURE 4 Raman s p e c t r a  o f  ( C H I ,  a t  RT, doped e lec t rochemi -  
c a l l y  w i t h  Na and dedoped. 
A )  AL = 457.9 nm ; 81 A L  = 676.4 nm 

t h e  concen t ra t i on .  By dedopinp,, t h e  r e v e r s l b i l i t y  o f  t h e  doping can 

be e a s i l y  checked a s  done by o t h e r  techniques l i k e  EPR f o r  example 

(131. The F i g u r e  4 shows t h e  Raman s p e c t r a  o f  (CHI, e lec t rochemi -  

c a l l y  doped w i t h  Na [spect rum 0 i n  F i g u r e  3 )  and r e v e r s i b l y  dedoped. 

I t  i s  demonstrated t h a t  t h e  a d d i t i o n a l  f e a t u r e s  observed b e f o r e  

have complete ly  disappeared and t h a t  Raman s p e c t r a  induced by a 

trans-[CH), sample a re  res to red ,  

r e s u l t s  o f  Eckhardt  e t  a l .  (141.  

i n  agreement w i t h  t h e  p r e v i o u s  
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RAMAN INVESTIGATION OF ALKALI-DOPED (CH), FILMS 383 

CONCLUSION 

A t  low doping l e v e l s ,  Raman s p e c t r a  induced by doped (CHI, f i l m s  

show two main bands c h a r a c t e r i s t i c  o f  t h e  t r a n s  isomer.  These bands 

s h i f t  t o  h i g h  f requencies acco rd ing  t o  t h e  doping c o n c e n t r a t i o n .  

T h i s  r e s u l t  i s  i n t e r p r e t e d  as due t o  a s h o r t e n i n g  o f  t h e  t r a n s  se -  

quences and t h e  d i s t r i b u t i o n s  can be c a l c u l a t e d  u s i n g  t h e  M u l a z z i  

m o d e l .  Th i s  shows t h a t ,  a t  low doping l e v e l s ,  we a r e  obse rv ing  un- 

doped p a r t s  o f  t h e  polymer, r e s u l t  which i s  i n  agreement w i t h  X-  

r a y s  exper iments ( 1 5 1 .  A t  h i g h e r  doping l e v e l s ,  t h e  new f e a t u r e s  

observed i n  t h e  Raman s p e c t r a  c o n s i s t  o f  a s t r o n g  band a t  .̂ 1 5 7 0 -  

1 6 0 0  as a l ready  observed i n  p-doped systems. S ince i t  depends on 

t h e  e x c i t a t i o n  wavelength, and does n o t  depend on t h e  dopant, t h i s  

v i b r a t i o n  mode i s  expected t o  be assoc ia ted  w i t h  t h e  carbon cha in .  

The i n t e r p r e t a t i o n  cou ld  be g i ven  by t h e  c a l c u l a t i o n s  o f  Z e r b i  (161 

d e s c r i b i n g  t h e  e f f e c t s  o f  t h e  f o r m a t i o n  o f  cen t rosymmet r i ca l  b i p o -  

l a r o n  t ype  d e f e c t s  on t h e  d e n s i t y  o f  e l e c t r o n i c  s ta tes . '  About t h e  

mode a t  1270 cm-1, i t  i s  observed i n  t h e  case o f  n-doped (CHI,. I t  

has a f requency va lue ve ry  c lose  t o  t h a t  observed i n  t h e  I R  spec- 

t rum o f  doped (CHI,, b u t  i t  i s  a l s o  i n  agreement w i t h  a f requency 

mode c a l c u l a t e d  i n  ( 1 6 1  f o r  an undimer ized chain.  In c o n c l u s i o n  

then,  t h e  n-doped systems, f o r  which t h e  r e v e r s i b i l i t y  i s  c l e a r l y  

demonstrated by e l e c t r o c h e m i c a l  dedoping, seem arranged i n  more o r -  

dered phases. Also, t h e  i s o m e r i z a t i o n  o c c u r i n g  by dop ing  t u r n s  o u t  

t o  be very good w i t h  respec t  t o  t h e  c o n j u g a t i o n  l e n g t h  s i n c e  t h e  

l o w  f requency components assoc ia ted  w i t h  l o n g  chains a r e  c l e a r l y  

observed i n  t h e  Raman spectrum f o r  AL = 457.9  nm. 
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