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H I G H  MOLECULAR WEIGHT POLYPHENYLENE VINYLENE 

F.E. KARASZ, J.D. CAPISTRAN, D.R. GAGNON and R.W. LENZ 
Polymer Science and Eng ineer ing  Department , M a t e r i a l s  
Research Laboratory ,  U n i v e r s i t y  o f  Massachusetts, 
Amherst, Massachusetts 01003 

A b s t r a c t  High mo lecu la r  weight f i l m s ,  f i b e r s  and foams o f  
poly(p-phenylene v iny lene ) ,  (PPV),  have been prepared v i a  a 
wa te r  s o l u b l e  p o l y e l e c t r o l y t e  p recu rso r .  
doping o f  t hese  m a t e r i a l s  w i t h  AsF5 and H2SO4 leads t o  h i g h  
c o n d u c t i v i t y  and t o  h i g h  e l e c t r i c a l  a n i s o t r o p y  i n  o r i e n t e d  
f i l m s  and f i b e r s .  n-Doping w i t h  sodium n a p h t h a l i d e  i s  a l s o  
p o s s i b l e  g i v i n g  a semiconduct ing m a t e r i a l .  PPV syn thes i s ,  
process ing,  and c o n d u c t i v i t y  r e s u l t s  a re  repo r ted .  

p-Type chemical 

INTRODUCTION 

Conduct ing polymers, based upon a con juga ted  backbone s t r u c t u r e ,  
have enjoyed cons ide rab le  research  focus f rom bo th  t h e  a p p l i c a t i o n  
and t h e o r e t i c a l  p o i n t s  o f  view. However, t h e  u n d e r l y i n g  d i f -  
f i c u l t y  o f  t hese  systems i s  t h a t  t h e  m a t e r i a l s  o f f e r i n g  t h e  
h i g h e s t  c o n d u c t i v i t i e s  a re  i n s o l u b l e ,  i n f u s i b l e ,  and i n t r a c t a b l e ;  
a t tempts  t o  i n c r e a s e  p r o c e s s i b i l i t y  by pendant s u b s t i t u t i o n  have 
t y p i c a l l y  r e s u l t e d  i n  decreased c o n d u c t i v i t y  (1-4). The s o l u t i o n  
t o  t h i s  problem may l i e  i n  t h e  use o f  a p recu rso r  polymer which 
can be conver ted  t o  t h e  d e s i r e d  conduc t ing  polymer a f t e r  t h e  
a p p r o p r i a t e  p rocess ing  s teps have been performed. One o f  t h e  
e a r l i e s t  p recu rso r  approaches towards conduc t ing  polymers i s  t h e  
work o f  Edwards and Feast whereby p o l y a c e t y l e n e  was syn thes i zed  by 
t h e  thermal  p y r o l y s i s  o f  f i l m s  o f  a s u b s t i t u t e d  polymer w i t h  t h e  
e l  i m i n a t i o n  o f  1 ,Z-b is( t r i f luoromethy1)benzene (5 ) .  The p r e c u r s o r  
polymer i s  s o l u b l e  i n t o l u e n e ,  and t h e  f i l m  can be s t r e t c h e d  
d u r i n g  t h e  p y r o l y s i s  s tep  t o  induce h i g h  cha in  o r i e n t a t i o n  (6) .  

H igh mo lecu la r  weight po ly(p-phenylene v i n y l e n e ) ,  PPV (II), 
can be syn thes i zed  v i a  a water  s o l u b l e  p recu rso r  p o l y e l e c t r o l y t e ,  
p o l y  (p-xy l  ene-a-dimet h y l  s u l  f o n i  um c h l o r i d e )  ( I )  (7 ) .  The conver-  
s i o n  i s  accomplished e i t h e r  by base-induced o r  thermal  e l i m i n a t i o n  
o f  d i m e t h y l s u l f i d e  and HC1. Cas t ing  f i l m s  o f  I by evapora t i on ,  
f o l l o w e d  by thermal  e l i m i n a t i o n ,  y i e l d s  s t r o n g  f l e x i b l e  f i l m s  o f  
PPV o f  c o n t r o l l a b l e  th i ckness .  The degree o f  conve rs ion  t o  PPV i s  
c o n t r o l l e d  by t h e  e l i m i n a t i o n  tempera tu re  and t h e  t i m e  o f  exposure 
t o  t h a t  temperature.  
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328 F. E. KARASZ er al. 

The most impor tan t  advantage o f  t h i s  r o u t e  t o  PPV i s  t h a t  t h e  
f i l m  sof tens d u r i n g  t h e  thermal  e l i m i n a t i o n  a l l o w i n g  s t r e t c h i n g  o f  
t h e  f i l m  t o  draw r a t i o s  o f  up t o  15 t i m e s  t h e  i n i t i a l  l eng th .  
T h i s  induces a very h i g h  degree o f  mo lecu la r  o r i e n t a t i o n  o f  t h e  
polymer chains. Doped PPV, o r i e n t e d  i n  t h i s  manner, e x h i b i t s  
h i g h l y  a n i s o t r o p i c  e l e c t r i c a l  behavior  w i t h  markedly i nc reased  
c o n d u c t i v i t y  i n  t h e  cha in  a x i s  d i r e c t i o n  (8). S ince a f u l l  range 
o f  o r i e n t a t i o n  i s  a v a i l a b l e  th rough  t h i s  process, PPV shows p r o -  
mise as an impor tan t  t h e o r e t i c a l  and p r a c t i c a l  conduc t ing  polymer. 
By h e a t i n g  t h e  sample i n s t a n t a n e o u s l y  w i t h o u t  s t ress ,  open c e l l e d  
foams can a l s o  be blown. These foams can s i m i l a r l y  be doped t o  
h i g h  c o n d u c t i v i t y .  

EXPERIMENTAL 

The monomer, p-xy lene-b is  ( d i m e t h y l s u l f o n i u m  c h l o r i d e ) ,  i s  prepared 
by t h e  r e a c t i o n  o f  a,a'-dichtoro-p-xylene ( A l d r i c h )  w i t h  excess 
d i m e t h y l s u l f i d e  ( A l d r i c h )  i n  methanol a t  5OoC f o r  12 h rs ,  f o l l o w e d  
by c o n c e n t r a t i o n  and p r e c i p i t a t i o n  i n  c o l d  acetone t o  g i v e  a 93% 
y i e l d  o f  h i g h l y  hydroscopic  w h i t e  c r y s t a l s  (m.p. = 149-151OC). 
P o l y m e r i z a t i o n  i s  c a r r i e d  out by m i x i n g  equal volumes of N2 
f l u s h e d  0.4M aqueous monomer and 0.4M aqueous NaOH a t  O°C w i t h  
s t i r r i n g .  The r e s u l t i n g  c l e a r ,  c o l o r l e s s  s o l u t i o n  i s  v iscous and 
e x h i b i t s  UV f l uo rescence  a f t e r  a r e a c t i o n  t i m e  o f  -45 min. The 
r e a c t i o n  i s  t h e n  quenched t o  pH 6.8 w i t h  d i l u t e  HC1. and t h e n  
d i a l y z e d  aga ins t  de ion i zed  water  f o r  t h r e e  days i n  a "Spectropor"  
d i a l y s i s  t u b e  (MWCO = 3500). 
g r e a t e r  d e t a i l  by Cap is t ran  e t  a l .  (9). 

T h i s  procedure i s  o u t l i n e d  i n  

F i l m s  o f  t h e  p o l y e l e c t r o l y t e  p recu rso r ,  c a s t  i n  vacuo from 
t h i s  s o l u t i o n ,  were s t rong.  and f l e x i b l e ;  t h e i r  c o l o r  ranged f rom 
c l e a r  t o  l i g h t  green. The f i l m s  used i n  t h i s  s tudy were t y p i c a l l y  
0.01 mn t h i c k ,  bu t  t h i s  c o u l d  be v a r i e d  depending on t h e  volume of 
s o l u t i o n  evaporated. 
Elmer DSC-11), thermograv imetry  (Pe rk in  Elmer TGS-2) and e lementa l  
a n a l y s i s  were used t o  c h a r a c t e r i z e  and o p t i m i z e  t h e  e l i m i n a t i o n  o f  
(CH3)2S and HC1 f rom t h e  p o l y e l e c t r o l y t e  f i l m s .  

D i f f e r e n t  i a1 scanning c a l o r i m e t r y  (Pe rk i  n 
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HIGH MOLECULAR WEIGHT POLYPHENYLENE VINYLENE 329 

spect roscopy was a l s o  performed t o  f o l l o w  t h e  e l i m i n a t i o n .  
U t i l i z i n g  t h e s e  r e s u l t s ,  it was determined t h a t  samples f o r  doping 
shou ld  be heated t o  above 200°C f o r  a t  l e a s t  2 h r s  t o  complete t h e  
e l  i m i  na t i on .  

U n i a x i a l l y  o r i e n t e d  f i b e r s  were ob ta ined  by c lamping t h e  
p o l y e l e c t r o l y t e  f i l m  a t  two ends and p e r f o r m i n g  t h e  e l i m i n a t i o n  
under a u n i a x i a l  l oad  i n  a hot  a i r  s t ream a t  temperatures o f  f rom 
100°-2000C. T h i s  caused r a p i d  e l i m i n a t i o n  o f  d i m e t h y l s u l f i d e  and 
HC1 thus  " p l a s t i c i z i n g "  t h e  f i l m  t o  a l l o w  s t r e t c h i n g  up t o  15 
t i m e s  t h e  i n i t i a l  length.  By v a r y i n g  t h e  l o a d  and t h e  a i r  s t ream 
tempera tu re  t h e  f i n a l  draw r a t i o  (A = L/Lo) cou ld  be v a r i e d  
1<x<15. 
i n  a 280°C sandbath i n  t h e  t e s t  t u b e  under N2 f o r  2 hours. 

c u l a r  o rde r  o f  t h e  o r i e n t e d  f i l m s .  A CuK, x- ray source was used 
w i t h  a S t a t t o n  camera t o  o b t a i n  f l a t  f i l m  d i f f r a c t i o n  p a t t e r n s .  
Spacings were i n t e r n a l l y  c a l i b r a t e d  f o r  each d i f f r a c t i o n  p a t t e r n  
by  a d u s t i n g  o f  A1203 on t h e  sample. 

F i l m  samples, measuring about 5x5x0.01 mn, were mounted on two 
p l a t i n u m  e l e c t r o d e s  w i t h  c o l l o i d a l  g r a p h i t e  i n  MEK (E lec t rodag) .  
Contact  r e s i s t a n c e  ( - & i )  was n e g l i g i b l e  f o r  most o f  t hese  measure- 
ments because t h e  lowest  r e s i s t a n c e  across t h e  samples was o f  t h e  
o r d e r  o f  l o& .  More accu ra te  4-probe measurements gave c a l c u l a t e d  
c o n d u c t i v i t i e s  on l y  about 5% higher .  The dopant vessel  and t h e  
vacuum man i fo ld  were evacuated t o  < l o s 4  t o r r  p r i o r  t o  i n t r o d u c t i o n  
o f  t h e  dopant, AsF5 (Ozark Mahoning Co.). The vapor p ressu re  o f  
AsF5, kept a t  -78°C i n  a c o l d  f i n g e r ,  was 200 t o r r .  A " s k i n  
e f f e c t "  had been r e p o r t e d  p r e v i o u s l y  f o r  o l i g o m e r i c  PPV p e l l e t s ,  
syn thes i zed  by W i t t i g  condensation, which had p reven ted  f u r t h e r  
dopant d i f f u s i o n  (10). 
noted,  p robab ly  because t h e  s k i n  t h i c k n e s s  exceeded t h e  f i l m  
t h i ckness .  Doping was c a r r i e d  out  u n t i l  a steady minimum e l e c t r i -  
c a l  r e s i s t a n c e  was obta ined,  u s u a l l y  about 2 days. The c o l o r  of 
doped samples ranged f rom a deep m e t a l l i c  p u r p l e  f o r  u n s t r e t c h e d  
samples t o  a b r i g h t  brassy c o l o r  f o r  s t r e t c h e d  samples. The 
samples r e t a i n e d  most o f  t h e i r  f l e x i b i l i t y  a f t e r  doping. 

RESULTS AN0 DISCUSSION 

The l o s s  o f  m e t h y l s u l f i d e  and HC1 proceeds v i a  an ElcB e l i m i -  
n a t i o n  mechanism (11) g i v i n g  a t r a n s  double bond c o n f i g u r a t i o n ,  
con f i rmed  by t h e  s t r o n g  IR absorbance a t  970 cm-l. 
l y s i s  o f  samples e l i m i n a t e d  f o r  l hour a t  va r ious  temperatures 
shows t h a t  t h e  r a t i o  o f  s u b s t i t u t e d  u n i t s  t o  u n s u b s t i t u t e d  u n i t s  
i nc reases  u n t i l  a tempera tu re  o f  about 200°C i s  reached where t h e  
r e s i d u a l  s u l f u r  con ten t  i s  about 2.5%, co r respond ing  t o  s t r u c t u r e  
(111) where t h e  r a t i o  o f  m:n i s  -1:ll. More recen t  s t u d i e s  o f  
samples e l i m i n a t e d  a t  >300"C 

The e l i m i n a t i o n  was completed by p l a c i n g  a s t r e t c h e d  f i l m  

Wide angle x-ray s c a t t e r i n g  was used t o  c h a r a c t e r i z e  t h e  mole- 

I n  our f i l m s ,  however, no s k i n  e f f e c t  was 

Elemental ana- 
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330 F. E. KARASZ et al. 

i n d i c a t e  t h a t  even lower  s u l f u r  con ten ts  a r e  a t t a i n a b l e .  Thermal 
a n a l y s i s  o f  t h e  e l i m i n a t i o n  r e a c t i o n  by TGA and DSC shows t h r e e  
major  c o i n c i d i n g  weight  l o s s  and endotherm t r a n s i t i o n s  cen te red  a t  
102"C, 124OC and 184'C, probab ly  co r respond ing  r e s p e c t i v e l y  t o  t h e  
l o s s  o f  water and two stages o f  t h e  e l i m i n a t i o n  r e a c t i o n  which 
have y e t  t o  be c h a r a c t e r i z e d  f u l l y .  
t r a n s i t i o n  noted i n  these  samples i s  t h e  f i n a l  decomposi t ion p o i n t  
a t  between 575' and 600'C. 

As mentioned above, t h e  f i l m  i s  " p l a s t i c i z e d "  d u r i n g  t h e  e l i -  

The o n l y  o t h e r  d e f i n e d  TGA 

m i n a t i o n  process, t h u s  when u n i a x i a l  s t r e s s  i s  a p p l i e d  d u r i n g  
hea t ing ,  t h e  f i l m  can be s t r e t c h e d  up t o  15 t i m e s  t h e  i n i t i a l  
l eng th .  F i b r i l l a t i o n ,  however, occurs above a draw r a t i o  ( A )  o f  
-10. By v a r y i n g  t h e  e l i m i n a t i o n  temperature and t h e  i n i t i a l  m:n 
r a t i o  o f  t h e  f i l m ,  a complete range o f  draw r a t i o s  w i t h  p ropor -  
t i o n a l  degrees o f  mo lecu la r  o r i e n t a t i o n  can be obtained. T h i s  
o r i e n t a t i o n  i s  nematic (one-dimensional) i n  n a t u r e  as shown by t h e  
wide angle x-ray d i f f r a c t i o n  showing o n l y  OOa and hkO r e f l e c t i o n s ;  
h ka r e f  1 e c t  i ons a r e  absent (12) .  

above 22OoC, gave l i m i t i n g  c o n d u c t i v i t i e s  on t h e  o rde r  o f  5 10 S 
cm-l. By changing t h e  e l i m i n a t i o n  temperature t o  r e s u l t  i n  
v a r i o u s  degrees o f  convers ion,  t h e  f i n a l  c o n d u c t i v i t y  c o u l d  be 
v a r i e d  over 4 orde rs  o f  magnitude (Fig. 1) .  
u l t i m a t e  c o n d u c t i v i t y  may be r e a l i z e d  by u s i n g  h ighe r  e l i m i n a t i o n  
temperatures ( p o s s i b l y  by i n c r e a s i n g  t h e  c o n j u g a t i o n  l e n g t h ) .  
H2SO4 dop ing  gave a c o n d u c t i v i t y  of 100 S cm-l, however t h e  con- 
d u c t i v i t y  was demonstrated t o  be p a r t i a l l y  i o n i c  i n  n a t u r e  by 
obse rv ing  a s l i g h t  i nc rease  i n  r e s i s t a n c e  as DC c u r r e n t  was passed 
th rough  t h e  sample. n-Do i n g  w i  h sodium n a p h t h a l i d e  r e s u l t e d  i n  
a c o n d u c t i v i t y  o f  2 x 10-8 S cm-1; but t h i s  m a t e r i a l  i s  ex t reme ly  
unstable.  

Doped s t r e t c h e d  samples possess a pronounced a n i s o t r o p y  of 
conduc t ion  p r o p o r t i o n a l  t o  t h e i r  draw r a t i o .  
d i c u l a r  t o  t h e  draw d i r e c t i o n  u decreases wi th  draw, and conduc- 
t i v i t y  p a r a l l e l  t o  t h e  draw d i r e c t i o n  u i nc reases  w i t h  draw. 
F i g u r e  2 shows a n i s o t r o p y  f o r  samples e l i m i n a t e d  a t  220°C. More 
recen t  r e s u l t s  i n  our l a b o r a t o r y  g i v e  a p a r a l l e l  c o n d u c t i v i t y  of 

Ooping w i t h  AsF5 o f  t h e  u n s t r e t c h e d  PPV f i l m s ,  e l i m i n a t e d  

Improvement o f  t h e  

C o n d u c t i v i t y  perpen- 
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HIGH MOLECULAR WEIGHT POLYPHENYLENE VINYLENE 331 

t h e  o rde r  o f  500 S cm-l, f o r  X = 7 w i t h  samples hav ing  a f i n a l  
e l i m i n a t i o n  t o  temperature o f  380OC. 
t h e  independent r e s u l t s  o f  Murase and coworkers o f  amax = 2800 
cm- l  f o r  a h i g h e r  draw r a t i o  (13). 

Th i s  con f i rms  q u a l i t a t i v e l y  
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FIGURE 1: 
C o n d u c t i v i t y  as a f u n c t i o n  
o f  e l i m i n a t i o n  temperature 
and s t r u c t u r e  (see t e x t ) .  

x 

FIGURE 2: 
C o n d u c t i v i t y  and an iso -  
t r o p y  versus draw r a t i o .  

CONCLUSIONS 

High mo lecu la r  weight PPV, a p romis ing  conduc t ing  polymer, can 
b e  syn thes i zed  th rough  a s o l u b l e  and t h e r m a l l y  p r o c e s s i b l e  p r e c u r -  
s o r  polymer t o  g i v e  f i l m s ,  foams and f i b e r s .  
v a r i o u s  degrees o f  u n i a x i a l  mo lecu la r  o r i e n t a t i o n  a r e  e a s i l y  
o b t a i n e d  which show h igh  e l e c t r i c a l  an i so t ropy ,  and hence w i l l  be 
o f  s i g n i f i c a n t  impor tance towards t h e  goal of unders tand ing  and 
a p p l y i n g  conduc t ing  polymers. 
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