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E3. H I S G E N ,  H. R I N G S D O R F  

A b s t r a c t  The s t r u c t u r e  of  t h e  s m e c t i c  phases 
i n  f o u r  s e r i e s  o f  homo- and copo lymers  based 
on d i m e t h y l s i l o x a n e  c h a i n s  w i t h  a d e f i n i t e  
v a r i a t i o n  o f  t h e  c o n c e n t r a t i o n  o f  t h e  p a i r e d  
mesogenic s i d e  c h a i n s  has been i n v e s t i g a t e d  
by means o f  X-ray methods. The d i l u t i o n  o f  
t h e  mesogenic m o i e t y  was a c h i e v e d  by i n s e r -  
t i o n  o f  a d d i t i o n a l  d i m e t h y l s i l o x a n e  segments. 
A n e a r l y  l i n e a r  dependence o f  t h e  l a y e r  spa- 
c i n g s  on t h e  d i l u t i o n  h a s  been found. A model 
o f  t h e  s t r u c t u r e  i s  proposed wh ich  c o n s i s t s  
o f  two s u b l a y e r s  one o f  w h i c h  c o n t a i n s  t h e  
i r r e g u l a r l y  a r r a n g e d  main c h a i n  Ivhereas t h e  
o t h e r  one i s  formed by  t h e  s i d e  c h a i n s .  

1 b! T R 0 DUCT I 0 i J 

I n  a p r e c e d i n g  paper  t h e  i n f l u e n c e  o f  t h e  d i l u -  
t i o n  on t h e  s t r u c t u r e  o f  t h e  s m e c t i c  phases i n  
one s e r i e s  o f  d imesogenic  s i d e  c h a i n  po l ymers  has 

been r e p o r t e d  /l/. Now r e s u l t s  s h a l l  be r e p o r t e d  
o b t a i n e d  i n  f o u r  s e r i e s  o f  d i f f e r e n t  c h e m i c a l  
s t r u c t u r e  o f  t h e  mesogenic g roups  /2/. The t e r m  
" d i l u t i o n "  means t h a t  t h e  c o n c e n t r a t i o n  o f  t h e  

mesogenic s i d e  c h a i n s  is reduced b y  i n s e r t i o n  o f  
a d d i t i o n a l  d i m e t h y l s i l o x a n e  segments i n t o  t h e  

main c h a i n .  
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400 S. DIELE, S. OELSNER. F. KUSCHEL, B. HISGEN AND H. RLNGSDORF 

U s u a l l y  d u e  t o  t h e  d i l u t i o n  b y  n o n m e s o g e n i c  
g r o u p s  a d i s o r d e r i n g  o f  t h e  l i q u i d  c r y s t a l l i n e  
s t r u c t u r e  s h o u l d  b e  e x p e c t e d .  On t h e  o t h e r  h a n d ,  
a s t a b i l i z a t i o n  o f  t h e  s n e c t i c  p h a s e s  h a s  b e e n  
a c h i e v e d  i n  t h e  s e r i e s  u n d e r  d i s c u s s i o n  b y  l i n -  
k a g e  of p a i r e d ,  d i m e s o g e n i c  m o i e t i e s  a s  s i d e  
g r o u p s ,  l e a d i n g  t o  a h i g h  l a t e r a l  i n t e r a c t i o n  
/ 2 , 3 / .  T h e  r o l e  o f  t h e  d i f f e r e n t  b u i l d i n g  g r o u p s  
o f  l i q u i d  c r y s t a l l i n e  p o l y m e r s  - m a i n  c h a i n ,  s p a -  
c e r ,  r i g i d  m o i e t y  o f  t h e  m e s o g e n i c  g r o u p ,  f l e x i -  
b l e  t a i l  - h a s  b e e n  o f t e n  d i s c u s s e d .  sometimes 
t h e  s t r u c t u r e  o f  t h e  l i q u i d  c r y s t a l l i n e  p o l y m e r s  
h a s  b e e n  c o n s i d e r e d  a s  a two- o r  p o l y p h a s e  s y s -  

tem /4,5,6/. T h e s e  c o n c l u s i o n s  h a v e  b e e n  d r a w n  
i n  more i n d i r e c t  way. T h e  aim o f  t h i s  p a p e r  i s  
t o  d i s c u s s  t h e  p r o b l e m  on t h e  b a s e  o f  s t r u c t u r e  
p a r a m e t e r s  o b t a i n e d  b y  X - r a y  m e t h o d s .  

RESULTS 

T h e  o b s e r v e d  p h a s e s  a r e  s u m m a r i z e d  i n  T a b l e  I 
t o g e t h e r  w i t h  t h e  c h e m i c a l  f o r m u l a s .  T h e  a v e r a g e  
n u m b e r  of  d i n e t h y l s i l o x a n e  u n i t s  b e t w e e n  t x o  
n e i g h b o u r i n g  s i d e  g r o u p s  i s  d e n o t e d  b y  y / l / . T h e  
n e m a t i c  p h a s e  a p p e a r s  o n l y  i n  n o n d i l u t e d  s y s t e m s  
o f  two s e r i e s .  T h e  X - r a y  p a t t e r n  e x h i b i t s  a 
c r s s c e n t - l i k e  d i f f u s e  s c a t t e r i n g  a t  small a n g l e s  
( 8 ~ 2 ' )  a n d  p e r p e n d i c u l a r  t o  t h i s  a c r e s c e n t -  
l i k e  " o u t e r "  d i f f u s e  s c a t t e r i n g  a t  a n g l e s  be-  
tween 9 a n d  12 d e g r e e s .  

A smectic B p h a s e  c o u l d  b e  i d e n t i f i e d  i n  t h r e e  
d i l u t e d  s y s t e m s  o f  o n e  s e r i e s .  A s h a r p  o u t e r  re-  
f l e c t i o n  b e s i d e s  t h e  i n n e r  o n e  i s  o b t a i n e d  a t  t h e  
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STRUCTURE AND DILUTION OF MESOGENIC SIDE CHAINS 40 I 

TABLE I 
r -  I 

0 
I 

H 3C -S i - CH 

7- 

I 

& 3  
I Y  
0 /COO-(CH2)n-O-R 1 

2 
H3C-Si-CH2-CH2-CH -CH 

_I, I 1  \cGo-(cH~),-o-R 

X 

No. o f  s u b s t a n c e s  
I / y  n=rn=2, R '- -2  *- - -Q-COO()-OCH3 

1/0 
I/1 c r  30 sA 90 i s  
I/5 c r  48 sA 114 is 
I/Q c r  30 sA 107 is 

I I / O  c r  73 sA 104 is 
II/5 c r  44 sA 57  is 

g 33 sA 91 n 98 is 

I I / ~  n=m=2, R ~ =  - ~ - C O O - Q - O C H ~ ;  R 2 = 

-Q-O-C3H7 

II/1D sA 43 i s  

I I I / y  n=2, m=6, R = - O - C O O Q - O C H 3 ;  R2= 
I I I / O  c r  70 sA 76 n 89 i s  

III/l g 3,5 sA 65 is 
III/5 g -16 sA 61,5  is 
I I I / l O  g -17 sA 64 is 

-@o-c 3H7 

I V / y  n = m = 6 ,  R1= -~-COO-@&OCli3; li 2 = 

I V / O  
I V / 1  

g 9 sA 115 is 
g 2 s3 13 sA 99 is 

I V / 5  
I V / I O  

g -16.5 sB 23 sA 88 is 
sB 18 sA 83 i s  
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402 S .  DIELE. S. OELSNER, F. KUSCHEL, B. HISGEN AND H. RINGSDORF 

p a t t e r n  o f  t h e  smectic B p h a s e  p o i n t i n g  t o  a hexs -  
g o n a l  s t r u c t u r e  ( F i g .  1). 

- 
FIGURE 1. P a t t e r n  o f  a n  o r i e n t e d  s a m p l e  o f  
c o p o l y n e r  IV/l, smectic 6 p h a s e .  
FIGURE 2. P a t t e r n  o f  a n  o r i e n t e d  s a m p l e  of  
c o p o l y m e r  I /5 ,  smectic A p h a s e .  T h e  m a g n e t i c  
f i e l d  d i r e c t i o n  is i n d i c a t e d  b y  a r r o w .  

A l l  i n v e s t i g a t e d  s u b s t a n c e s  f o r n  smectic A 

p h a s e s .  T h e  p a t t e r n s  of o r i e n t e d  s a m p l e s  o f  t h e  
sA p h a s e s  e x h i b i t  t h e  c h a r a c t e r i s t i c  f e a t u r e :  t h e  
c r e s c e n t - l i k e  d - f i u s e  o u t e r  s c a t t e r i n g  a n d  - pr- 
p e n d i c u l a r  t o  t h i s  - t h e  s p o t - l i k e  i n n e r  r e f l e c -  
t i o n s  u p  t o  s e v e r a l  o r d e r s  ( F i g .  2 ) .  T h e  p a t t e r n s  
p r o v e  t h a t  t h e  b u i l d i n g  e l e m e n t s  o f  t h e  smect ic  
l a y e r s  ( s i d e  c h a i n s )  a r e  a r r a n g e d  p e r p e n d i c u l a r l y  
t o  t h e  l a y e r s .  

T h e  l a t e r a l  d i s t a n c e s  - m e a s u r e d  by  means o f  
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STRUCTURE AND DILUTION OF MESOGENIC SIDE CHAINS 403 

t h e  o u t e r  r i n g  i n  t h e  case  o f  t h e  sB p h a s e s  a n d  
e s t i m a t e d  b y  t h e  B r a g g - a n g l e  o f  t h e  o u t e r  s c a t -  
t e r i n g  maximum i n  t h e  case of  t h e  sA p h a s e  - d o  
n o t  s h o w  a d e p e n d e n c e  o n  t h e  d i l u t i o n .  An a v e r a -  
g e d  v a l u e  o f  a = 0.51 n n  h a s  b e e n  o b t a i n e d  as- 
s u m i n g  a h e x a g o n a l  c e l l .  I t  a g r e e s  well w i t h  t h e  
v a l u e s  o f  t h e  l a t e r a l  d i s t a n c e s  f o u n d  i n  l o w  mo- 
l e c u l a r  w e i g t h  s y s t e m s .  I t  p r o v e s  a c l o s e  pac!<ing 
o f  t h e  s i d e  c h a i n s  i n d e p e n d e n t  o n  t h e  i n s e r t e d  
d i r n e t h y l s i l o x a n e  s e g m e n t s .  

From a s t r u c t u r a l  p o i n t  o f  view, t h e  most 
e x a l t i n g  r e s u l t s  a r e  t h e  d e p e n d e n c e  o f  t h e  l a y e r  
s p a c i n g s  on t h e  d i l u t i o n  a n d  t h e  a p p e a r e n c e  o f  
a n  a d d i t i o n a l  c l o s e d  d i f f u s e  s c a t t e r i n g  r i n g  i n  
a l l  d i l u t e d  s y s t e m s  w i t h  y 1 5  ( F i g .  2 ) .  

v e s t i g a t e d  s e r i e s  a s  a f u n c t i o n  o f  t h e  d i l u t i o n .  
I t  c a n  b e  s e e n  t h a t  t h e  d e p e n d e n c e  o f  t h e  l a y e r  
s p a c i n g s  on t h e  number  o f  t h e  i n s e r t e d  d i r n e t h y l -  
s i l o x a n e  s e g m e n t s  y i s  v e r y  s i m i l a r  i n  a l l  series 
a n d  c a n  b e  a p p r o x i m a t e d  r o u g h l y  b y  l i n e a r  f u n c -  
t i o n s .  T h e  s e q u e n c e  of  t h e  i n t e r s e c t i o n s  o f  t h e s e  
f u n c t i o n s  w i t h  t h e  c o - o r d i n a t e  ( y=O)  c o r r e s p o n d s  
t o  t h e  s i d e  c h a i n  l e n s r h s .  T h a n ,  t h e  i n c r e a s e  i s  
t h e  same i n  a l l  s e r i e s .  

I n  e d d i t i o n  t o  t h e  a e l l  !<no:vn p a t t e r n s  o f  t h e  
s a n d  s 3  p h a s e s  a d i f f u s e  s c a t t e r i n g  i s  o b s e r v e d  
a t  a l l  s u b s t a n c e s  w i t h  y 1 5 .  T h e  a v e r a g e d  B r a g g -  
a n g l e  o f  t h e  s c a t t e r i n g  maximum i s  a b o u t  6 d e -  
g r e e s .  By i n v e s t i g a t i o n  o f  well o r i e n t e d  s a m p l e s  
i r r z d i a t i n g  t h e  s a m p l e  p e r p e n d i c u l a r l y  t o  t h e  
m a g n e t i c  f i e l d  a c l o s e d  r i n o  i s  o b s e r v e d  w h i c h  

F i g .  3 d i s p l a y s  t h e  l a y e r  s p a c i n g s  o f  f o u r  in -  

A 
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404 S.  DIELE, S .  OELSNER, F. KUSCHEL, B .  HISGEN AND H.  RINGSDORF 

C .  - 
1 5 to Y 

F I G W E  3 .  L a y e r  spac ings  ( d )  a s  a f u n c t i o n  o f  
the  number  o f  i n s e r t e d  d i m c t h y l s i L o x a n e  u n i t s  
( y )  f o r  t h e  P o u r  s e r i e s  

i s  s p l i t  o f f  on t h e  m e r i d i a n  07 t h e  p a t t e r n  
( f i e l d  d i r e c t i o n ) .  

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

The r i n g  is o b s e r v e d ,  t o o ,  i f  t h e  sample i s  

D I S C U S S I O N  OF THE LAYER SPACINGS 

T h e  s u r p r i s i n g  d e p e n d e n c e  o f  t h e  l a y e r  s p a c i n g s  
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STRUCTURE AND DILUTION OF MESOGENIC SIDE CHAINS 405 

on t h e  d i l u t i o n  y demands a s p e c i a l  s t r u c t u r a l  
model  i n  wh ich  t h e  main c h a i n  i t s e l f :  p a r t a k e s  i n  
t h e  L a y e r  f o r m a t i o n .  T h e  a g r e e m e n t  b e t w e e n  t h e  
l a y e r  s p a c i n g s  a n d  t h e  l e n g t h  o f  t h e  s i d e  c h a i n s  
i n  t h e  c a s e  o f  t h e  n o n d i l u t e d  s y s t e m s  p r o v e s  t h a t  
t h e  l a y e r s  a r e  fo rmed  by  t h e  s i d e  c h a i n s .  The  
p a i r o d  m e s o g e n i c  g r o u p s  must  be a r r a n n e d  p a r a l l e l  
t o  e a c h  o t h e r  a s  s k e t c h e d  i n  F i g .  4. A n  i r r e g u l a r  

FIGURE 4. S c h e m a t i c  model  o f  t h e  l a y e r  of t h e  
c o p o l y m e r  w i t h  y = 15. 
The d a s h e d  s i d e  g r o u p s  a r e  p o s i t i o n e d  a b o v e  
t h e  d r a w i n g  p l a n e .  
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406 S. DIELE, S.  OELSNER, F. KUSCHEL, B. HISGEN AND H. RINCSDORF 

u p  a n d  down a l i g n m e n t  of t h e  s i d e  c h a i n s  must  b e  
a s sumed  t o  e x p l a i n  t h e  n o n o l a y e r  p a c k i n g .  The  re- 
s u l t  t h a t  t h e  l a t e r a l  d i s t a n c e s  a r e  n o t  s u b j e c t e d  
t o  an  a l t e r a t i o n  w i t h  i n c r e a s i n g  d i l u t i o n  demands 
t h e  same l a t e r a l  pac l t i ng  model  a s  i n  t h e  c a s e  o f  
t h e  n o n d i l u t e d  s y s t e m .  T h e r e f o r e  , t h e  a d d i t i o n a l l y  
i n s e r t e d  d i m e t h y l s i l o x a n e  s e g m e n t s  o f  t h e  main 
c h a i n  m u s t  be l o c a t e d  o u t s i d e  of  t h e  l a y e r  con-  
s i s t i n g  o f  t h e  m e s o g e n i c  g r o u p s .  w i t h  r e s p e c t  t o  
t h i s  t h e  l a y e r  i s  d i v i d e d  i n t o  two s u b l a y e r s ,  
one  o f  t h e s e  c o n s i s t s  o f  t h e  d i m e t h y l s i l o x a n e  
s e g m e n t s  w h e r e a s  t h e  o t h e r  o n e  c o n t a i n s  t h e  meso- 
g e n i c  m o i e t i e s .  

By t h e s e  e x p e r i m e n t a l  r e s u l t s  a n i c r o p h a s e  
s e p a r a t i o n  i s  s u g g e s t e d .  I t  can e x p l a i n  t h e  ob- 
s e r v e d  n e a r l y  i n d e p e n d e n c e  of  t h e  c l e a r i n g  tem- 
p e r a t u r e s  on t h e  d i l u t i o n  /3,7/. 

DISCUSSION OF THE ADDITIONAL DIFFUSE SCATTERING 
RING 
The  m o l e c u l a r  i n t e r p r e t a t i o n  o f  t h e  a p p e a r e n c e  
- 
of a n  a d d i t i o n a l  c l o s e d  s c a t t e r i n g  i n  a l l  s y s -  
tems w i t h  y 2 5  c a n  be  o n l y  a s p e c u l a t i v e  one .  
Ho:vever some e x p e r i m e n t a l  r e s u l t s  h a v e  been  ob- 
s e r v e d  s u g g e s t i n g  t h a t  t h i s  s c a t t e r i n g  i s  c a u s e d  
by t h e  mair! c h a i n .  G e n e r a l l y ,  t h e  S i  a tor? .s  
s h o u l d  s i g n i f i c a n t l y  c o n t r i b u t e  t o  t h e  s c a t t e -  
r i n g  of  t h e  s a m p l e .  I n  t h e  c a s e  o f  t h e  n o n d i l u -  
t e d  s y s t e m  t h e y  f o r m  f l a t  l a y e r s  p e r p e n d i c u l a r  
t o  t h e  s i d e  c h a i n s  e x h i b i t i n g  t h e  s a n e  t r a n s -  
l a t i o n  p e r i o d .  

F i g .  5 d i s p l a y s  the m i c r o - d c n s i t o m e t e r  curvcs  

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

3:
04

 1
9 

Fe
br

ua
ry

 2
01

3 



STRUCTURE AND DILUTION OF MESOGENIC SIDE CHAINS 407 

FIGURE 5. M i c r o - d e n s i t o r n e t e r  c u r v e s  of  co-  
p o l y m e r s  11/10 ( A )  a n d  11/5 (8). 
@ a d d i t i o n a l  d i f f u s e  s c a t t e r i n g  
@ d i f f u s e  s c a t t e r i n g  o f  t h e  p a t t e r n  o f  

s p h a s e s  A 

o f  t h e  c c F o l y n e r s  I i / 5  a n d  11/10. The  curves  
s h o n  a n  i n c r e a s e  of  t h e  i n t e g r a l  i n t e n s i t y  of 
t h e  a d d i t i o n a l  d i f f u s e  s c a t t e r i n g  ( i n d i c a t e d  by 
0) i n  r e l a t i o n  t o  t h e  u s u a l  o u t e r  s c a t t e r i n g  

o f  the p a t t e r n  of t h e  sA p h a s e  ( i n d i c a t e d  b y  0) 
g o i n g  f rom y = 5  ( p a r t  8 )  t o  y = 1 0  ( p a r t  A ) .  The  
r a t i o  i s  n e a r l y  d o u b l e d .  T h e  n e c E s s a r y  i n c r e a s e  
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o f  t h e  c o r r e s p o n d i n g  s c a t t c r i n 3  units can bc ex- 

I-, 11 i 11 c d 0 ti 1 y by t he i n s  e r t e d d i nc t h y  I z; i 1 o x3 n e 
serJ r,ic n t s . F u r t li e r mo re i i ca t i nrj the s n iii p l  c i n  t 0 

t h e  i s o t r o p i c  s t a t e  t h e  d i f f u s e  r i n g  is  n o t  31- 
tereci .  I t  s h o u l d  $c emphasized t h a t  even  the 
rionnoclificii i s o t r o p i c  pol!~(iiyc~roi_jen-me t i i y l s i l -  
o::ailc) c ~ i v e s  r i s e  t o  a t i iffuse s c a t t c r i n g  a t  the 
sane n n z l e .  T h e r e f o r e  i t  is  a s s u n e d  t h o t  i n  the 
c a s e  of the diluted s y s t e m s  t h e  d i inc t i l y l s i l o sn :1e  
segmen t s  a r c  l o c a t e t i  i n  L? s u b l a y c r  i ! i  a n o r e  o r  
l e s s  railciom naiiiicr. 

Tlic a v e r z 9 e d  d v a l u e  of about  0.75  n n  c o r r e -  
s p o n d s  v i i t h  t h e  thickness of t h c  d i m c t h y l s i l - -  
oxnlie c h a i n s .  The sp1i t t i i :Z o f . :  of t h e  d i f f u s e  
r i i 3 2  i n  f i e l c i  d i r e c t i o n  denands  an a d d i t i o n a l  
p e r i o d i c i t y  i n  this d i r e c t i o n  vji1Fci1 c a n n o t  bc 
e x p l a i n e d  D t t l ic time. 
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