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STRUCTURAL INVESTIGATIONS OF POLYACETYLENE AND 

POLYPHENYLENE BY NEUTRON SCATTERING 
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I n s t i t u t  f u r  F e s t k o r p e r f o r s c h u n g ,  KFA, J u l i c h  
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Bayer AG, Leverkusen, Germany 
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Hahn-Mei tne r - Ins t i t u t ,  B e r l i n ,  Germany 

Received f o r  publ i ca t ion  September 1, 1981 

Wide a n g l e  n e u t r o n  s c a t t e r i n g  p a t t e r n s  o f  d e u t e r -  
a t e d  c i s -  and t r a n s - p o l y a c e t y l e n e  (PA) and 

5 d e u t e r a t e d  polyphenylene (PPh) doped w i t h  AsF 
have been measured. Fo r  undoped trans-PA a 
r e f i n e d  c r y s t a l  s t r u c t u r e  is  proposed t o  r e p r o -  
duce t h e  n e u t r o n  s c a t t e r i n g  d a t a .  Doping o f  PA 
w i t h  AsF is  e x p l a i n e d  on t h e  b a s i s  o f  a n  i n t e r -  
c a l a t i o n  model. D e u t e r a t e d  PPh h a s  been p r e p a r e d  
by d i f f e r e n t  p o l y m e r i s a t i o n  p rocedures ,  v a r i i n g  
t h e  c r y s t a l l i n i t y  o f  t h e  undoped material i n  a 
wide range. S t r o n g  e x t r a  peaks are obse rved  
d u r i n g  doping w i t h  AsF , whereas  t h e  c r y s t a l l i -  
n i t y  o f  t h e  samples  r e z a i n s  e s s e n t i a l l y  unchanged. 
An i n t e r c a l a t i o n  model similar t o  AsF5-doped 
g r a p h i t e  is  proposed. 

5 

INTRODUCTION 

P o l y a c e t y l e n e  (PA) and poly-p-phenylene (PPh) are  
polymers which are known a l r e a d y  s i n c e  a l o n g  time 
(1,2). Because o f  t h e i r  poor  s o l u b i l i t y  and pro- 
c e s s i b i l i t y  t h e y  have o n l y  o c c a s i o n a l l y  been i n v e s -  
t i g a t e d  by p h y s i c a l  methods, which, however, changed 
d r a s t i c a l l y  i n  t h e  last few y e a r s  s i n c e  i t  h a s  been 
d i s c o v e r e d  t h a t  t h e s e  materials become c o n d u c t i n g  

I25 
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126 M. STAMM, J. HOCKER and A. AXMANN 

upon doping wi th  v a r i o u s  d o p a n t s  (3 ,4 ) .  I n  a n  
a t t e m p t  t o  unde r s t and  t h e  conduc t ion  mechanism o f  
t h e s e  polymers t h e  knowledge o f  t h e  c r y s t a l  s t r u c -  
t u r e  i s  of  c o u r s e  i n e v i t a b l e .  

has  been performed by Baughman e t  a1.(5,6) .  The 
s t r u c t u r e  o f  cis-PA can be de t e rmined  from t h e  X-ray 
da ta ,  whereas f o r  trans-PA c e r t a i n  u n i t  c e l l  para-  
me te r s  a r e  n o t  o b t a i n e d  from t h e  X-ray experiments .  
The most p robab le  u n i t  c e l l  f o r  trans-PA i s  mono- 
c l i n i c  ( s p a c  group P21/a) w i t h  a ( s i n  13) = 4.088 

l a t t i c e  parameter  c and t h e  monoc l in i c  a n g l e  13 may 
be e s t i m a t e d  t o  c - 2.488 and I3 + 99-100'. The 
s e t t i n g  a n g l e  Q between t h e  (100)-plane and t h e  c h a i n  
backbone is o b t a i n e d  from packing c a l c u l a t i o n s  t o  
8 = 47.8' ( 6 ) .  

A d d i t i o n a l  i n f o r m a t i o n  on t h e  s t r u c t u r e  o f  c i s -  
and trans-PA h a s  been deduced from e l e c t r o n  d i f f r a c -  
t i o n  i n v e s t i g a t i o n s  (7,8) .  A d i f f e r e n t  po lymersa t ion  
method was used and under  c e r t a i n  c o n d i t i o n s  d i f f r a c -  
t i o n  p a t t e r n s  of  small s i n g l e  c r y s t a l s  cou ld  be ob- 
t a i n e d  by f o c u s i n g  t h e  e l e c t r o n  beam t o  very small 
a r e a s  of t h e  sample. The s t r u c t u r e  d e r i v e d  f o r  c i s -  
PA is  very similar t o  t h e  p r e v i o n s  X-ray r e s u l t s ,  
whereas,  however, f o r  t r a n s  PA a d i f f e r e n t  s t r u c t u r e  
has  been proposed. The u n i t  c e l l  i n  t h i s  c a s e  
monocl igic  w i t h  a = 3.738, b = 3.732, c = 2.44kSand 
8 = 98 . The s e t t i n g  a n g l e  3 and t h e  space  g roup  

a r e  no t  o b t a i n e d  from t h e  experiments .  Thus i n  par-  
t i c u l a r  f o r  trans-PA t h e  c r y s t a l  s t r u c t u r e  i s  s t i l l  
no t  ve ry  well  known and f u r t h e r  i n v e s t i g a t i o n s  seem 
t o  be necessary.  The method of n e u t r o n  s c a t t e r i n g  
o f f e r s  h e r e  some f u r t h e r  p o s s i b i l i t i e s .  

use i n  s t r u c t u r e  d e t e r m i n a t i o n s  of  polymers is t h a t  
t he  H-pos i t i ons  can e q u a l l y  w e l l  be determined by t h e  
u s e  of  d e u t e r a t e d  samples. Deuterium h a s  a l a r g e  
s c a t t e r i n g  l e n g t h  f o r  n e u t r o n s  - comparable t o  carbon 
o r  oxygen - and shows on t h e  o t h e r  hand on ly  a ve ry  
small i n c o h e r e n t  s c a t t e r i n g .  The l a r g e  i n c o h e r e n t  
s c a t t e r i n g  o f  hydrogen makes t h e  u s e  o f  non-deuter- 
a t e d  samples  i m p r a c t i c a b l e .  I n  t h e  c a s e  of  d e u t e r -  
a t e d  trans-PA t h u s  t h e  n e u t r o n  s c a t t e r i n g  p a t t e r n  
shou ld  be f a i r l y  s e n s i t i v e  on t h e  s e t t i n g  a n g l e  9 
s i n c e  a l r e a d y  a small  change i n  'Q c a u s e s  a l a r g e  
change i n  t h e  p o s i t i o n  o f  t h e  deu te r ium atoms and 

A d e t a i l e d  X-ray a n a l y s i s  o f  c i s -  and trans-PA 

and b = 7.41 8 . By a comparison w i t h  o l igomers  t h e  

The b i g  advan tage  o f  neu t ron  s c a t t e r i n g  f o r  t h e  
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NEUTRON SCATTERING OF PA A N D  PPH 127 

t h u s  a b i g  e f f e c t  i n  t h e  n e u t r o n  s c a t t e r i n g  p a t t e r n .  
One may then  o b t a i n  independen t  a d d i t i o n a l  informa- 
t i o n  on t h e  s t r u c t u r e  of  trans-PA s i n c e  o f  c o u r s e  
a l s o  t h e  s c a t t e r i n g  l e n g t h  o f  carbon i s  d i f f e r e n t  t o  
X-ray s c a t t e r i n g .  

The c r y s t a l  s t r u c t u r e  of PPh on t h e  o t h e r  hand 
h a s  been i n v e s t i g a t e d  by X-ray s c a t t e r i n g ,  t o o  ( 9 ) .  
Here a g a i n  t h e  p robab le  u n i t  c e l l  i s  monoc l in i c  and 
t h e  l a t t i c e  pa rame te r s  are a = 7.812, b = 5.532 and 
c = 4.208. The space  g roup  and t h e  monoc l in i c  a n g l e  
I3 can be e s t i m a t e d  by a comparison w i t h  o l i g o m e r s  
(I3 ~ 9 0 - 9 5 ~ ~  space  group P21/a).  The s t r u c t u r e  o f  
t h e  phenyl  r i n g s  may n o t  be p l a n a r ,  s i n c e  a l s o  i n  
o l igomers  of  PPh t h e  r o t a t i o n  a n g l e  betweEn subse-  
quen t  phenyl  groups may be as large as 25 (10) .  

On t h e  s t r u c t u r e  of  t h e  doped polymers o n l y  
v e r y  l i t t l e  i s  known. A s  a g e n e r a l  f e a t u r e  t h e  
c r y s t a l l i n i t y  o f  t h e  samples  d e c r e a s e s  upon doping 
and sometimes a n  ex t r a -peak  a t  small a n g l e s  i s  ob- 
served.  An i n t e r p r e t a t i o n  i s  g i v e n  i n  terms of  a n  
i n t e r c a l a t i o n  model ( 6 , l l ) .  I n  doped PA f o r  example 
u s u a l l y  s t a g e  1 i n t e r c a l a t i o n  i s  observed. It  is  
assumed t h a t  t h e  dopant forms s h e e t s  i n  c e r t a i n  
c r y s t a l l o g r a p h i c  d i r e c t i o n s  which are r e g u l a r l y  
s t acked .  I n  a s t a g e  1 compound of  PA there  are a l -  
t e r n a t i n g  PA- and dopant  s h e e t s .  A similar s t r u c t u r e  
may be observed i n  doped g r a p h i t e  (12) .  

I t  is  t h e  purpose o f  t h i s  i n v e s t i g a t i o n  t o  pro- 
v i d e  f u r t h e r  and new i n f o r m a t i o n  on t h e  c r y s t a l  
s t r u c t u r e  of undoped and doped PA and PPh. I n  t h e  
e x p e r i m e n t a l  s e c t i o n  t h e  sample p r e p a r a t i o n  and neu- 
t r o n  s c a t t e r i n g  t echn ique  w i l l  b r i e v e l y  be d e s c r i b e d .  
I n  t h e  d i s c u s s i o n  t h e  c r y s t a l  s t r u c t u r e s  and f u r t h e r  
i n f o r m a t i o n s  which can be o b t a i n e d  from t h e  n e u t r o n  
s p e c t r a  of  t h e  undoped and doped polymers w i l l  be 
d i scussed .  

EXPERIMENTAL SECTION 

D e u t e r a t e d  c i s -  and trans-PA have been p r e p a r e d  u s i n g  
t h e  w e l l  known Shirakawa t e c h n i q u e  (13)  and d e u t e r -  
a t e d  a c e t y l e n e .  The samples  were r e p e a t e d l y  washed 
w i t h  HC1, water and methanol  and d r i e d  under  vacuum. 
They were t h e n  doped w i t h  AsF f o r  24h t o  9.5 mol% 
AsF ( c i s  -PA) and 11.4 mol% ?trans-PA) and s e a l e d  
i n  z u a r t z  t u b e s  ( d i a m e t e r  0.8cm, approx. 0.8g PA). 
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128 M. STAMM, J. HOCKER and A.  AXMANN 

The c o n c e n t r a t i o n s  were determined from t h e  weight  
uptake d u r i n g  doping. 

Deu te ra t ed  PPh h a s  been p repa red  by t h r e e  
d i f f e r e n t  r e a c t i o n s :  
( i )  samples of h igh  c r y s t a l l i n i t y  (PPh-1): 

Gr igna rd  r e a c t i o n  ( 1 4 )  w i t h  d e u t e r a t e d  p- 
dibromobenzene, CoC12, Mg and THF, powder o f  
poly-p-phenylene ob ta ined .  

( i i )  samples  of  medium c r y s t a l l i n i t y  (PPh-2): 
o x i d a t i v e  c a t i o n i c  p o l y m e r i s a t i o n  (15)  w i t h  
C u C 1 2 ,  A l C l  H 0 and d e u t e r a t e d  benzene, 
probably no? ’ex$ l u s i v e  l y  po l y  -p-phe ny l e n e  
ob ta ined .  

Add i t ion  of  0 - C  H 4 C 1 2  t o  r e a c t i o n  ( i i )  (16)  
y i e l d s  a mater i i l  o f  much lower c r y s t a l l i n i t y .  
It  c o n t a i n s  6,% C 1 ,  i s  p robab ly  s t r o n g l y  c r o s s -  
l i n k e d  and may c o n t a i n  t o  a l a r g e  ex tend  meta- 
and o r t h o - c o n n e c t i o n s  o f  benzene. 

( i i i )  sample of  low c r y s t a l l i n i t y  (PPh-3): 

A l l  samples  were a n n e a l e d  under vacuum a t  42OoC f o r  
24h t o  i n c r e a s e  t h e  c r y s t a l l i n i t y  and s u b s e q u e n t l y  
doped w i t h  AsF f o r  24h. The dopant  c o n c e n t r a t i o n s  
o b t a i n e d  from ?.he weight  uptake were 0.31, 0.52 and 
0.42 mol% f o r  sample PPh-1 t o  PPh-3, r e s p e c t i v e l y .  
The samples  were s e a l e d  i n  q u a r t z  t u b e s  ( d i a m e t e r  
1.0 t o  1.3 cm, 0.9 t o  1.3g PPh) f o r  t h e  s c a t t e r i n g  
experiment  s.  

Neutron s c a t t e r i n g  expe r imen t s  have been per-  
formed a t  t h e  Hahn-Mei tne r - Ins t i t u t  i n  B e r l i n  u s i n g  
t h e  m u l t i d e t e c t o r  neu t ron  d i f f r a c t o m e i e r  w i t h  400 
c e l l s  c o v e r i n g  a n  a n g u l a r  r ange  o f  80 . The n e u t r o n  
wavelength was 2.48. The background s c a t t e r i n g  from 
t h e  c o n t a i n e r  h a s  been s u b t r a c t e d  and t y p i c a l  
s c a t t e r i n g  diagrams of  PA and PPh are  shown i n  Fig. 
1 ,  2 and 3 .  The expe r imen t s  were performed a t  room 
tempera tu re  and w i l l  be d i s c u s s e d  i n  d e t a i l  i n  t h e  
f o l l o w i n g  s e c t i o n .  

DISCUSS I O N  

Undoped PA 

A neu t ron  s c a t t e r i n g  pa t t e rn  o f  d e u t e r a t e d  trans-PA 
is  shown i n  Fig. la. I n  t h e  shown a n g u l a r  r ange  one 
o b s e r v e s  t h r e e  b i g  c r y s t a l l i n e  peaks a s  compared t o  
one peak i n  t h e  X-ray diagram. T h i s  d i f f e r e n c e  is  
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NEUTRON SCATTERING OF PA AND PPH 129 

1 

n 

FIGURE 1 Neut ron  s c a t t e r i n g  s p e c t r a  o f  ( a )  d e u t e r -  
a t e d  t rans-PA, ( b )  d e u t e r a t e d  t r a n s  PA doped w i t h  
AsF (ll.l+mol;h), ( c )  d e u t e r a t e d  cis-PA, and ( d )  
d e u z e r a t e d  cis-PA doped w i t h  AsF5 (9.5mol%). The 
i n t e n s i t y  s c a l e  i s  a r b i t r a r y  and t h e  a n g l e  t h e t a  
c o r r e s p o n d s  t o  t h e  s c a t t e r i n g  a n g l e  ( h = 2.48). 

d u e  t o  t h e  d i f f e r e n t  s c a t t e r i n g  l e n g t h s  f o r  n e u t r o n s  
and X-rays. The peaks  may be a s s i g n e d  on t h e  b a s i s  
o f  t h e  m o n o c l i n i c  u n i t  c e l l  of Baughman e t  al.  ( 6 )  
t o  a s u p e r p o s i t i o n  o f  f i r s t  t h e  (0201,  (110) -  and  
( - l l O ) ,  s econd  t h e  (120)  and  (-120)  and  t h i r d  t h e  
( 1 3 0 ) ,  ( -130) ,  ( 1 0 1 ) ,  ( 0 2 1 ) ,  (111)  and (-111)  r e f l e c -  
t i o n s ,  t h e  ( 1 0 1 )  and ( 0 2 1 )  r e f l e c t i o n s  g i v i n g  t h e  
s t r o n g e s t  c o n t r i b u t i o n  t o  t h e  t h i r d  peak. 

From t h e  h a l f w i d t h  o f  t h e  peaks  one may o b t a i n  
a c o h e r e n c e  l e n g t h  o f  30-408, which i s  a measure  o f  
t h e  s i z e  o f  t h e  c r y s t a l l i n e  areas which c o n t r i b u t e  
t o  t h e  Bragg r e f l e c t i o n s .  The c o h e r e n c e  l e n g t h  i.s 

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
 0

3:
19

 2
3 

Fe
br

ua
ry

 2
01

3 



130 M. STAMM, J. HOCKER and A. AXMANN 

f a i r l y  small i n d i c a t i n g  t h a t  t h e  c r y s t a l l i n e  a r e a s  
of PA are f a i r l y  i m p e r f e c t  and/or  small. I f  one 
assumes on t h e  o t h e r  hand a two phase model f o r  PA - 
as i t  i s  u s u a l l y  done f o r  c r y s t a l l i n e  polymers - 
assuming w e l l  d e f i n e d  c r y s t a l l i n e  and amorphous r e -  
g i o n s  one would o b t a i n  a f a i r l y  h i g h  c r y s t a l l i n i t y  
o f  t h e  o r d e r  of  80 t o  90 p e r  cen t .  The s c a t t e r i n g  
from t h e  amorphous r e g i o n s  u s u a l l y  superimposed on 
t h e  c r y s t a l l i n e  Bragg r e f l e c t i o n s  i s  h a r d l y  d i s t i n -  
g u i s h a b l e  from t h e  observed s p e c t r a  of  PA. The s t r o n g  
small a n g l e  s c a t t e r i n g  f i n a l l y  i n d i c a t e s  t h e  p re -  
s e n c e  o f  a l a r g e  number o f  v o i d s  a f a c t  which i s  
a l r e a d y  known e.g. from t h e  low d e n s i t y  of t h e  ma- 
t e r i a l  and e l e c t r o n  microscopy i n v e s t i g a t i o n s .  Very 
similar c o n c l u s i o n s  ho ld  f o r  d e u t e r a t e d  cis-PA, 
shown i n  Fig. lc .  

i ncomple t e ly  known we t r i e d  a r e f i n e m e n t  o f  t h e  un- 
known pa rame te r s  I3 and ;P t a k i n g  t h e  s p a c e  g roup  
P2 /a, t h e  l a t t i c e  pa rame te r s  a = 4.088, b = 7.418 
anh c = 2.448 as w e l l  a s  u s u a l  bond l e n g t h s  and  
a n g l e s  f ixed .  Assuming t h e  proposed pa rame te r s  o f o  
Baughman e t  al. ( 6 )  f o r  t he  c a l c u l a t i o n ,  ( R  = 100 
and & = 48') t h e  f i r s t  peak t u r n s  o u t  t o  be s m a l l e r  
t han  t h e  second peak which is i n  c o n t r a d i c t i o n  t o  
t h e  experiment.  There s h o u l d  be 8 l s o  a n  ( 0 0 1 ) - r e f l e c -  
t i o n  a t  a s c a t t e r i n g  a n g l e  of  63 which i s  not  ob- 
served.  A b e s t  agreement beween experiment  and c a l -  
c u l a t i o n  i s  o b t a i n e d  f o r  R - 95' and @ 
d e t a i l e d  a n a l y s i s  w i l l  be p u b l i s h e d  elsewhere.  

S i n c e  t h e  c r y s t a l  s t r u c t u r e  o f  trans-PA is on ly  

511~. A more 

Doped PA 

The neu t ron  s c a t t e r i n g  s p e c t r a  f o r  A s F  -doped c i s -  
and trans-PA a r e  shown i n  Fig. Id  and h g .  l b ,  r e -  
s p e c t i v e l y .  I n  b o t h  s p e c t r a  there  a p p e a r s  a b road  
e x t  a-peak c o r r e s p o n d i n g  t o  a d-spacing of  8.0 t o  

( 6 , l l )  and can  be e x p l a i n e d  on t h e  b a s i s  of  a s t a g e  
1 i n t e r c a l a t i o n  w i t h  AsF The e x a c t  na ture  of  t h e  
dopant can of  c o u r s e  n o t  be  o b t a i n e d  from t h e  n e u t r o n  
s p e c t r a .  

One f u r t h e r  o b s e r v e s  a d e c r e a s e  o f  t h e  c r y s t a l -  
l i n e  peak i n t e n s i t i e s  d u r i n g  doping which, however, 
i s  no t  connected w i t h  a s h i f t  i n  t h e  peak p o s i t i o n s .  
There is  t h e r e f o r e  no i n d i c a t i o n  f o r  a c i s - t r a n s  
i s o m e r i s a t i o n  d u r i n g  doping,  b u t  t h e  r e s u l t s  may be 

8.5 li . A similar peak is observed i n  t h e  X-ray s p e c t r a  

5' 
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NEUTRON SCATTERING OF PA AND PPH 131 

e x p l a i n e d  by a two phase  model ,  o n e  phase  c o n s i s t i n g  
o f  t he  undoped and  t h e  second  c o n s i s t i n g  o f  t h e  
doped material. T h i s  would be c o n s i s t e n t  w i t h  a pe r -  
c o l a t i o n  model as wel l  as a model o f  inhomogenious  
doping.  I n d i c a t i v e  f o r  t h e  l a t t e r  is  a l so  t h e  change  
o f  t h e  small a n g l e  s c a t t e r i n g  d u r i n g  d o p i n g  which 
can be e x p l a i n e d  by a f i l l i n g  o f  v o i d s  by t h e  dopant .  

t a i l e d  p i c t u r e  o f  t h e  d o p i n g  p r o c e s s  i n  PA s i n c e  
t h e r e  is  o n l y  v e r y  l i m i t e d  i n f o r m a t i o n  a v a i l a b l e  
from t h e  s p e c t r a .  The s i t u a t i o n  is  b e t t e r  f o r  d e u t e r -  
a t e d  PPh s i n c e  i n  t h i s  case t h e  c r y s t a l l i n i t y  of t h e  
s t a r t i n g  material  can  be changed i n  a wide range .  

I t  is  e v i d e n t l y  v e r y  d i f f i c u l t ,  t o  g i v e  a de-  

Undoped and doped PPh 

U i d e  a n g l e  n e u t r o n  s p e c t r a  o f  PPh-1 are  shown i n  
Fig. 2. The undopcd material, F ig .  2a, h a s  a h i g h  
c r y s t a l l i n i t y  and t h e  s c a t t e r i n g  from t h e  amorphous 
r e g i o n s  i s  c l e a r l y  super imposed  on t h e  Bragg  s ca t -  
t e r i n g  o f  t h e  c r y s t a l l i n e  r e g i o n s .  The c o h e r e n c e  
l e n g t h  o b t a i n e d  from t h e  h a l f  w i d t h  o f  t h e  c r y s t a l -  
l i n e  peaks  i s  o f  t h e  o r d e r  o f  1508 - a v a l u e  s i m i -  
l a r l y  o b s e r v e d  i n  o t h e r  po lymers  l i k e  p o l y e t h y l e n e  
and  po lypropy lene .  Void s c a t t e r i n g  is n o t  o b s e r v e d  
w i t h i n  t h e  i n v e s t i g a t e d  a n g u l a r  r ange .  Upon d o p i n g  
w i t h  AsF t h e r e  i s  a c o n t i n u o u s  d e c r e a s e  o f  t h e  
i n t e n s i t z e s  of t h e  o r i g i n a l  c r y s t a l l i n e  Bragg re-  
f l e c t i o n s  whereas  new peaks  a r  a r i s i n g  a t  p o s i t i o n s  
whi h c o r r e s p o n d  t o  d - s p a c i n g s  o f  10.58, 3.41 and  

o f  t h e  o r i g i n a l  c r y s t a l l i n e  Bragg r e f l e c t i o n s  upon 
d o p i n g  and  t h e  amorphous h a l o  d o e s  n o t  change  i n  
i n t e n s i t y  o r  s h a p e  d u r i n g  doping.  O n e  t h u s  h a s  a g a i n  
a s u p e r p o s i t i o n  o f  t h e  s p e c t r a  o f  t h e  o r i g i n a l  po ly-  
mer and t h e  AsF -doped r e g i o n s  i n d i c a t i v e  f o r  p e r -  
c o l a t i o n  o r  i n h h o g e n i o u s  doping.  The d o p i n g  t h e n  
seems t o  a f f e c t  e s s e n t i a l l y  t h e  c r y s t a l l i n e  r e g i o n s  
whereas  t h e  amorphous r e g i o n s  seem t o  be f a i r l y  un- 
changed. Thus f o r  example t h e  c r y s t a l l i n i t i e s  of  
undoped and doped PPh seem t o  be a p p r o x i m a t e l y  t h e  
same. 

I n  Fig.  3a a n e u t r o n  s p e c t r u m  o f  PPh-2 i s  shown. 
The c r y s t a l l i n i t y  o f  t h i s  material seems t o  be 
s l i g h t l y  smaller and  a l s o  t h e  c o h e r e n c e  l e n g t h  o b t a i -  
ned from t h e  h a l f  w i d t h  o f  t h e  Bragg peaks  i s  o n l y  
508 i n d i c a t i n g  smaller c r y s t a l l i t e s  o r  l e s s  c r y s t a l  

2.1 i . There  is a g a i n  no s h i f t  i n  t h e  peak p o s i t i o n s  

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
 0

3:
19

 2
3 

Fe
br

ua
ry

 2
01

3 



132 M. STAMM, J. HOCKER and A. AXMANN 

, -  

64 
THETA 

4 24 44 

FIGURE 2 Neutron s c a t t e r i n g  s p e c t r a  o f  ( a )  d e u t e r -  
a t e d  PPh of  h i g h  c r y s t a l l i n i t y  (PPh-1) and ( b )  
d e u t e r a t e d  PPh doped w i t h  AsF (0.31mol76). ( a )  and 
( b )  are  i n  t h e  same i n t e n s i t y  s c a l e .  5 

p e r f e c t i o n .  T h i s  may be expec ted  from t h e  p a r t i c u l a r  
p o l y m e r i s a t i o n  r e a c t i o n  which c a u s e s  a l s o  non-para- 
connec t ioncof  t h e  phenyl-groups. A t  small a n g l e s  a n  
a p p r e c i a b l e  void s c a t t e r i n g  is observed. Upon doping 
(Fig.  3b) a g a i n  t h e  o r i g i n a l  Ezagg r e f l e  t i o n s  d i  - 
arise. No s h i f t  i n  t h e  p o s i t i o n s  o f  t h e  o r i g i n a l  
Bragg peaks upon doping is obse rved  and t h e  amor- 
phous component s t a y s  approx ima te ly  cons tan t .  The 
void s c n t t e r i n g  on t h e  o t h e r  hand d e c r e a s e s  i n  i n -  
t e n s i t y .  Thus t h e  c o n c l u s i o n s  which can be drawn on 
PPh-2 a r e  v e r y  similar t o  PPh-1, and even PPh-3 
shows a similar behaviour .  T h i s  material h a s  a v e r y  
low c r y s t a l l i n i t y  and t h e  Bragg peaks are n o t  v e r y  

a p p e a r  and new broad peaks a t  10.58, 3.4 ii and 2.1 ii 
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NEUTRON SCATTERING OF PA AND PPH 

4 

h 

h i! 
64 THETA 1 24 44 

FIGURE 3 Neutron s c a t t e r i n g  s p e c t r a  o f  ( a )  d e u t e r -  
a t e d  PPh of medium c r y s t a l l i n i t y  (PPh-2) and ( b )  
d e u t e r a t e d  PPh doped w i t h  AsF (0.52mol%). ( a )  and 
(b) are i n  t h e  same i n t e n s i t y  s c a l e .  5 

w e l l  r e so lved .  Upon d o p i  g ,  however, t hey  d i s a p p e a r  

There remains s t i l l  t h e  problem t o  e x p l a i n  t h e  
occurence of  t h e  peaks a t  10.58, 3.48 and 2.18. 
Having a n  eye t o  g r a p h i t e  a g a i n  t h e  s p a c i n g  of 10.58 
may be caused by i n t e r c a l a t i o n  o f  AsF and PPh. The 
peaks a t  3.48 and 2.18 are then  highe;! o r d e r  r e f l e c -  
t i o n s  of t h i s  s p a c i n g ,  3.48 b e i n g  t h e  t h i r d  o r d e r  

and a small peak a t  10.5 fz. arises. D
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134 M. STAMM, J. HOCKER and A.  AXMANN 

and 2.18 b e i n g  t h e  f i f t h  order .  From t h e  doping of 
PA w i t h  AsF i t  is known ( 1 1 )  t h a t  t h e  t h i c k n e s s  of  
t h e  AsF la3er s 4.988. T h i s  compares very  w e l l  w i t h  5 a v a l u e  of 4.97 f o r  PPh i f  one assumes a s t a g e  2 com- 
compound wi th  (020)-planes of  PPh. One t h u s  h a s  a 
l a y e r  s t r u c t u r e  of  two PPh-layers o f  t o t a l  t h i c k n e s s  
of  5.538 corresponding  t o  t h e  l e n g t h  of t h e  b-axis  
and one l a y e r  of AsF (0 a r e l a t e d  compound as  e.g. 
AsF -) of t h i c k n e s s  5.97fi. The d i f f e r e n c e  t o  PA is 
e s s g n t i a l l y  t h a t  i n  PPh only  s t a g e  2 i n t e r c a l a t i o n  i s  
observed. The s t a c k i n g  sequence i n  PPh-1 and PPh-2 
seems t o  be very r e g u l a r  s i n c e  v a r i o u s  o r d e r s  o f  t h e  
10.58 s p a c i n g  are observed. 

I t  should  be noted t h a t  a l s o  from a packing 
d e n s i t y  a n a l y s i s  of  PPh f o r  t h e  maximal p o s s i b l e  
dopant c o n t e n t  a compound w i t h  a s t a g e  h i g h e r  t h a n  
s t a g e  1 seems t o  be probable  (17). For t h e  s t a g e  1 
compound a maximal dopant c o n c e n t r a t i o n  of  71mol76 
is  expected whereas t h e  h i g h e s t  observed dopant  con- 
c e n t r a t i o n  l i e s  between 40 and 5 0 m O l % .  

i n v e s t i g a t i o n  t h a t  by t h e  method o f  neut ron  wide 
a n g l e  s c a t t e r i n g  on d e u t e r a t e d  compounds i n t e r e s t i n g  
a d d i t i o n a l  i n f o r m a t i o n  on t h e  s t r u c t u r e  o f  t h e  un- 
doped as well  as t h e  doped polymers can be obta ined .  

I n  c o n c l u s i o n  i t  h a s  been shown by t h e  p r e s e n t  
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