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RESONANCE RAMAN SPECTRA OF ALKALI-METAL DOPED POLYACETYLENE 

H. ECKHARDT, L.W. SHACKLETTE, J.S. SZOBOTA, 
and R.H. BAUGHMAN 

Allied Corporation, Corporate Technology 
Morristown, N.J. 07960, USA 

Abstract 

Resonance Raman spectra of alkali-metal  complexes of 
polyacetylene are presented. The spectra of samples with a 6% 
dopant l eve l  a r e  dominated by sca t t e r ing  from shor t ,  undoped 
t r ans  segments. A t  higher dopant levels ,  new features  associated 
with doped chains are observed. The r e su l t s  a r e  interpreted on 
t h e  basis of n e w  s t ruc tu ra l  phases iden t i f i ed  by x-ray 
d i f f r ac t ion  and electrochemical measurements. 

INTRODUCTION 

Resonance Raman Spectroscopy (RRS) has proved t o  be a very 
useful t oo l  fo r  the study of vibrat ional  and s t r u c t u r a l  
properties of plyacetylene.  Much of the emphasis has been on 
undoped t r ans  polyacetylene. It is now w e l l  established t h a t  
disorder plays a major ro l e  i n  trans-(CH),, although the o r i  i n  
and the nature of t h i s  disorder is sti l l  under discussion.f,2 
This disorder has important consequences for  the kinet ics  and 
energet ics  of the doping process, pa r t i cu la r ly  if the  disorder is 
due t o  a dis t r ibut ion of conjugation lengths. 

A few Raman spectra of doped polyacetylene have been 
published i n  the l i terature .3  They d i f f e r  dramatically from the 
spectra  of undoped (CH),. The strong, resonance-enhanced Raman 
l i n e s  of cis and t rans  polyacetylene are absent at high doping 
levels .  New weak l ines  appear which depend on t he  pa r t i cu la r  
dopant. The interpretat ion of these data has been severely 
hindered by several  factors.  The wst h p o r t a n t  ie an almost 
complete absence of s t ruc tu ra l  information for  the polymer/dopant 
system. Since the electronic  s t ruc tu re  of p lyace ty l ene  changes 
with doping l eve l ,  it is important t o  control the latter. 
Inhomogeneities i n  the s p a t i a l  d i s t r ibu t ion  of the dopant u n t i l  
high dopant levels and the i n s t a b i l i t y  of the doped polymer, 
pa r t i cu la r ly  with acceptor dopants, have made it d i f f i c u l t  t o  
achieve t h i s  goal. 

We present here a preliminary Raman study of alkali-metal  
doped polyacetylene for  three dopant l eve l s ,  with emphasis on 
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402 H. ECKHARDT d al. 

potassium doping. New ordered phases of alkali-metal complexes 
which evolve during the doping process have been reported at t h i s  
conference.4r5 This makes it possible t o  discuss the Raman 
r e s u l t s  i n  relationship t o  the proposed structures.  The a l k a l i  
metals occupy channels in the host polymer lattice. This channel 
s t ructure  may be i n  part responsible fo r  the re l a t ive ly  high 
c r y s t a l l i n i t y  observed for  these complexes6 and the high thermal 
s tabi l i ty .7  

It is known that  the electronic  s t ructure  of trans-(CH), 
changes radical ly  with doping. Upon doping t o  metal l ic  levels  
bond al ternat ion might disappear, which should change the RRS 
spectrum. The important questions i n  conjunction with the RRS 
spectra of doped samples are: a )  which features  are  re la ted t o  
ionized ( a ) ,  and which can be assigned t o  unionized chain 
segments; b) how do &pant-induced changes i n  crystal  packing and 
the  charge-transfer influence the Raman spectra;  and c) can RRS 
yield information on the size and the form of the s t ruc tu ra l  
defects and the presence of undimerized segments i n  metallic 
samples. 

EXPERIMENTAL 

The polyacetylene fi lms were doped electrochemically with 
potassium. After reaching molar percent dopant levels  per  CH 
unit  of 6%, 12% and 16.4%, respectively,  the samples were removed 
from the e l ec t ro ly t e  and pumped under high vacuum. This procedure 
assured that  solvent molecules were not present i n  the doped 
samples. The electrochemistry and x-ray d i f f r ac t ion  data of 
these complexes are  discussed i n  d e t a i l  in the  contributions by 
Shacklette et al. and Baughman et al. i n  these proceedings. 
Other samples weme chemically doped with potassium naphthalide in  
THF for  long times. This process yielded a homogeneous dopant 
l eve l  of about 17X.6 A t  t h i s  highest dopant l eve l ,  no 
differences were observed in the  Raman spectra  of chemically and 
electrochemically doped samples. 

Fig. 1 shows the Bnman spectra of (CHI, with a 6% dopant 
l eve l  for  three different  laser frequencies. The spectrum with 
4579 A exci ta t ion is reminiscent of the spectrum of undoped t rans  
(CH),. However, the two strong Raman bands due t o  C-C and @C 
st re tching a re  narrower and sh i f t ed  t o  higher energy. This 
becomes clear i n  Fig. 2 where the spectrum fo r  the doped polymer 
is compared with the spectrum of trans-(CH), taken from the 
l i t e r a tu re .8  The double peak s t ructure  typical  for  blue 
exci ta t ion of undoped trane-(CH)x is absent. For both the C-C 
and C-C st re tching bands, the maximum i n  the spectrum for  the 
doped sample is s l igh t ly  sh i f t ed  t o  the blue from the sideband i n  
the  undoped spectrum. In addition, there is a new band appearing 
a t  about 1270 an-1. When the laser l i n e  is tuned t o  longer 
wavelengths, the two strong Raman l i nes  (see Fig. 1) s h i f t  t o  
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RESONANCE RAMAN SPECTRA OF ALKALI-METAL DOPED POLYACETYLENE 403 

Raman s h i f t  [crn-’) 

FIGURE 1 Raman spectra of potassium doped polyacetylene with 6% 

lower energy and the new sharp l ine at  1270 a-1 together with a 
second l ine  around 1560 a - 1  become more prominent. These two 
new lines can clearly be associated with the doping process. In 

dopant level for three laser frequencies. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
51

 2
0 

Fe
br

ua
ry

 2
01

3 



3 c 
w 
PI c 

.- 

- 

900 1300 Ii )O 
Raman sh i f t [ cm-' 1 

FIGURE 2 Raman spectra of undoped t rans  (dashed, from ref. 8) and 
6% doped (sol id)  polyacetylene with 4579 A exci ta t ion.  

the 12% and 16.4% (Fig. 3 and 4) spectra the two bands assigned 
t o  undoped segments are removed from resonance and the 1270 cm'l 
l i n e  has sh i f t ed  t o  lower energy by 5 t o  10 wavenumbera. There 
is a second strong and broad peak present between 1550 and 1600 
cm-l. In the case of 12% dopant concentration t h i s  band has a 
shoulder on the low frequency s ide which disappears with red 
excitation. Instead, a new double peak s t ructure  with maxima at 
roughly 1140 cm-1 and 1190 cm-1 la reen. The r e l a t ive  in t ens i ty  
of these peaks increases with increasing dopant content and 
increasing exci ta t ion wavelength. This is i l l u s t r a t e d  i n  Fig. 5 ,  
where Raman spectra obtaSned with 6328 A exci ta t ion are shown. 
These samples were doped chemically with two different  a l k a l i  
metals t o  the highest possible doping l eve l  (17%). No 
differences i n  the Raman data between K-, Na-, Rb- and Ce-doped 
samples was found for  these high dopant levels.  

STRUCTURE OF POLYACETYLENE 

The three dopant levels  discussed above can be associated 
with different  ordered phases of alkali-metal  complexes of 
polyacetylene. We have previously shown that polyacetylene Qped 
with alkali-metals up t o  a 17% dopant l eve l  forma a channel 
structure.  The inser ted ionr are arranged i n  columns, which are  
each surrounded by four polyacetylene Jlainr.6 The separation of 
a l k a l i  metal ions i n  the column direct ion corresponds t o  the  
length of three CX units in the  t ranr  p o l F r  chain. Possibly 
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RESONANCE RAMAN SPECTRA OF ALKALI-METAL DOPED POLYACETYLENE 405 

excluding Li, the  s t ruc tu res  can be described by the  number of 
polymer chains per alkali metal column (m) and the  number of CH 
un i t s  i n  a chain segment having the same length as the  metal- 
metal separation within the  metal column. Thus, f u l l y  doped 
s tage 1 is denoted by (C,,Hn)mK with ni-2 and n-3. The proposed 
" f i r s t  stage" and "second stage" s t ruc tu res  are shown i n  Fig. 6. 
During the  doping process, t he  s t ruc tu re  of polyacetylene 
goes through various d i l u t e  phases where the arrangement of ions 
i n  columns is preserved. We w i l l  only discuss here t h e  
s t ruc tu res  obtained during ion inser t ion.  (For a de t a i l ed  
discussion see refs.  4 and 5 )  A t  about 6% dopant l eve l  the x-ray 
data  support t he  i n i t i a l  formation of a "second stage" s t ruc tu re  
(Fig. 6 ) .  Also, the electrochemical data indicate  the  existence 
of phases more d i lu t e  i n  a l k a l i  oetal .  Theee d i l u t e  phases are 

12 o/o 

I '  
.. 1165 

Ramen sh i f t I cm-') 

FIGURK 3 Raman spectra of potassium-doped polyacetylene with a 
12% dopant level.  
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467 ' S ' i  

16.4% 

I .  . . .  * 

0 1350. I 
Raman sh i f t I cm") 

FIGURE 4 Raman spectra  of potassium-doped polyacetylene with a 
16.4% dopant level.  

obtained from the tetragonal (C&)2M phase by e i t h e r  decreasing 
the number of a l k a l i  metal columns per polymer chain (increasing 
rn) or decreasing the concentration of a l k a l i  metal ions i n  the 
columns (increasing n). For d 3 ,  some of these additional chains 
a r e  not adjacent t o  any a l k a l i  metal column. Therefore the 
charge-transfer t o  these chains is most l i ke ly  much smaller than 
t o  chains which are adjacent t o  an a l k a l i  metal column. Also, as 
shown i n  Fig. 6 ,  for  -3, 213 of the polymer chains are  nearest- 
neighbor t o  only one dopant column and the remainder are 
nearest-neighbor to two dopant columns. Hence, the l a t t e r  chains 
a r e  expected to be mre completely ionized. A t  12.5% dopant 
concentration the  formation of s tage 1 is  completed f o r  a 
s t ructure ,  (C4H4)2M, with a metal-metal intracolumn spacing of 4 
CH units.  A l l  chains are equivalent and adjacent t o  two metal 
columns i n  t h i s  s t ructure .  Further doping t o  the highest 
observed value .of 17% is achieved by packing the metal columns 
more densely up t o  a f i n a l  composition of (C3H3)2M. 
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RESONANCE RAMAN SPECTRA OF ALKALI-METAL DOPED POLYACETYLENE 407 

DISCUSSION 

The Raman spectra a t  6% dopant l eve l  a r e  dominated by 
sca t t e r ing  from undoped t rans  chain segments, at least for  short  
wavelength exci ta t ion (Pig. 1 and 2). It I s  also evident from 
Fig. 2 that  the l i gh t  is scat tered predominately from short  
conjugation lengths compared with those indicated i n  the spectrum 
of undoped trans-(CH),. This implies that  the long conjugation 
lengths a re  doped f i r s t .  This is consistent with theo re t i ca l  
calculat ions and electrochemical data of polyene oligomers which 
predict  that  charge-transfer t o  long conjugation lengths is 

900 1100 1300 1500 1700 

u (crn-1) 

X L= 6328 I Na-DOPED n 

I I I I 

900 1100 1300 1500 1 roo 

FIGURE 5 Raman spectra of polyacetylene doped chemically with K 
and Na t o  a 17% dopant level.  
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408 H. ECKHARDT d al. 

energetically favored.9 By going out of resonance with these 
shorter  conjugation lengths ( s h i f t  of the laser wavelength t o  the 
red) ,  the features  which can be associated with the ionized chain 
segments appear. Although there  are polymer chains in  the more 
d i l u t e  phases which are not s i tuated next t o  ion columns, the 
absence of Raman sca t t e r ing  from long conjugation lengths 
suggerts that  at l ea s t  partial charge-transfer has occured t o  
these chains. According t o  theory, u n t i l  an overal l  dopant 
concentration of 8.3% I s  reached, there  e x i s t s  i n  the doped 
sample one or more phases, which contain polymer chains which are  
not adjacent t o  dopant columns.4,5 

FIGURE 6 Chain-axis projection for  the "Firs t  Stage" and "Second 
Stage" complexes. The alkal i -metal  ions a re  black, the 
carbons are  shaded, and the hydrogens a re  white. 

The shoulder at 1550 an-1 seen with 4579 A exci ta t ion for  the 12% 
spectrum can be assigned t o  scat ter ing from very short ,  unionized 
t r ans  segments (about 7 double bonds) which are photoselected 
with blue l i gh t .  From the crystallographic point of view, 
outlined above, no undoped segments would be expected f o r  a 
dopant concentration above 12.5%, since a l l  chains have an 
equivalent environment (two neighboring columns). However, it is 
important t o  realize t h a t  the proposed s t ruc tu ra l  models apply 
only t o  the highly c rys t a l l i ne  regions of the sample. Amorphous 
regions, which are present i n  the samples, may be doped t o  a 
lesser Qgree and contain short ,  undoped conjugation lengths. If 
t h i s  interpretat ion is correct, the absence of Raman l ines  due t o  
unionized chains i n  the 16.4% spectra indicate  that  these regions 
are mostly ionized when we go to very high overal l  dopant levels.  

What remains is the  msignment of the new peaks associated 
with the ionized chains. An important question, frequently asked, 
is whether or not bond a l t e rna t ion  disappears upon doping and i f  
there  is any clue the  existence of undirmrized segments from t o  
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RRS spectroscopy. Zannoni and Zerbilo pred ic t  one s t rong  Ag 
band at 1268 cm-1 f o r  t he  undimerized, i n f i n i t e  t r a n s  chain. One 
is  t he re fo re  inc l ined  t o  t ake  t h e  observed s t rong  Raman l i n e  at 
1265 cm'l i n  t he  12% spectrum and at 1260 cm-1 i n  t h e  16.4% 
spectrum as a s igna ture  t h a t  bond a l t e r n a t i o n  has been removed i n  
heavi ly  doped polyacetylene. However, t h e  assignment is not 
s t ra ight forward .  The group t h e o r e t i c a l  ca l cu la t ion  of ref.10 
p red ic t  only one s t rong  Ag mode. Observed are two s t rong  bands. 
They both depend i n  the  same way on t h e  dopant concent ra t ion  and 
both are independent of t h e  e x c i t a t i o n  l i ne .  Therefore they are 
most l i k e l y  assoc ia ted  with t h e  same s t r u c t u r a l  defec t .  
Furthermore, even f o r  t h e  t e t r agona l  s t r u c t u r e  obtained at the 
h ighes t  dopant l eve l ,  a l l  bonds in  the (a), chain cannot be 
equivalent with respect to  the  proximity of alkali metal ions.4 
There must e x i s t  at least a f i n i t e  d i f fe rence  i n  t h e  lengths  of 
such carbon-carbon bonds having d i f f e r e n t  a l k a l i  metal 
environments. 

The p i c tu re  is f u r t h e r  complicated by the  presence of the 
two weaker modes a t  1140 cm'l and 1190 cm'l. The dependence of 
t hese  l i n e s  upon e x c i t a t i o n  frequency is d i f f e r e n t  from t h e  
dependence of t h e  o ther  m d e s ,  i nd ica t ing  a s soc ia t ion  with a 
d i f f e r e n t  type  of s t r u c t u r a l  defect.  What is needed a t  t h i s  
point t o  a l l o w  an unambiguous assignment of the  observed Raman 
l i n e s  is: 1) on t h e  experimental s i d e ,  more spec t r a  wi th  
d i f f e r e n t  dopant l eve l s  and e x c i t a t i o n  with longer wavelengths t o  
probe t h e  resonance behavior and 2) on t h e  t h e o r e t i c a l  s i d e ,  
r e f ined  ca l cu la t ions  which take  i n t o  account t h e  e f f e c t  of t h e  
dopant d i s t r i b u t i o n  on the  symmetry of t h e  chain. 
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