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SMALL ANGLE NEUTRON SCATTERING STUDY OF COMB-LIKE 
L I Q U I D  CRYSTAL POLYSILOXANE MACROMOLECULE CONFORMATION 
I N  SMECTIC PHASEX 

J. KALUS 
P h y s i k a l i s h e s  I n s t i t u t ,  U n i v e r s i t a t  Bayreuth,  D8580 
Bayreuth,  F e d e r a l  Republ ic  of Germany 
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Deparment of Chemistry,  Moscow S t a t e  U n i v e r s i t y ,  
Moscow 119899, USSR 

A. B. KUNCHENKO, YU.M.OSTANEVICH, D.A. SVETOGORSKY 
Labora tory  o f  Neutron P h y s i c s ,  J o i n t  I n s t i t u t e  
f o r  Nuclear Research,  101000 Moscow, H.P.O.Box 79,USSR 

A b s t r a c t  The conformation of  t h e  main c h a i n  of t h e  
comb-like l i q u i d  c r y s t a l l i n e  p o l y s i l o x a n e  w i t h  CN-con- 
t a k i n g  biphenyl  s i d e  groups (average  polymer iza t ion  
d e g r e e  63) o r i e n t e d  i n  magnet ic  f i e l d  w a s  i n v e s t i g a t e d  
i n  t h e  smect ic  phase by small a n g l e  n e u t r o n  s c a t t e r i n g  
(SANS). The conformation i s  c h a r a c t e r i z e d  by two pro- 
j e c t i o n s  of t h e  r a d i u s  of g y r a t i o n  R I ,  =10.98 and RI= 
=17 .2g  measured w i t h  t h e  s c a t t e r i n g  v e c t o r  a long  and 
p e r p e n d i c u l a r  t h e  smect ic  l a y e r s  normal, r e s p e c t i v e l y .  
The d a t a  are i n t e r p r e t e d  i n  t h e  frame of t h e  model as- 
suming t h a t  t h e  macromolecule backbone d i v i d e s  i t s e l f  
i n t o  quasi-two-dimensional s u b c o i l s ,  randomly p laced  
i n  t h e  neighboured,  mainly a l k y l ,  s u b l a y e r s  s e p a r a t e d  
by t h e  a romat ic  ones. The s u b c o i l s  are connected w i t h  
each o t h e r  by t h e  t i e  segments of t h e  main c h a i n  accom- 
p l i s h i n g  random walks through t h e  mesogenic 1ayers .The  
t i e  segments can be cons idered  as  d e f e c t s  i n  t h e  smec- 
t i c  phase. 

Extended v e r s i o n  submit ted t o  "Liquid C r y s t a l s ' '  
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348 J. KALUS, et al. 

INTRODUCTION 

I n  numerous 

c r y s t a l l i n e  (LC) s ide-cha in  polymers t h e  main a t t e n t i o n  i s  

p a i d  t o  a packing c h a r a c t e r  of mesogenic s i d e  groups ,  d e t e r -  

mined, as a r u l e ,  t h e  type  of mesophase. A t  p r e s e n t ,  t h e r e  

are a l r e a d y  known about  a dozen polymorf ic  m o d i f i c a t i o n s  of 

smect ic  polymers ( smect ics  A ,  B y  C ,  E ,  F ,  e t c . )  s imilar  t o  

t h e  corresponding types  of  low molecular  weight  l i q u i d  c r y s -  

t a l s ,  which i s  i n  ev idence  of a n  e s s e n t i a l  r o l e  of mesogenic 

s i d e   group^'^'. However, t h e  

macromolecules being 

s t r o n g l y  i n t e r a c t i n g  mesogenic groups ,  e v i d e n t l y  must r e v e a l  

i t s e l f  i n  their  s t r u c t u r e .  I n  f a c t ,  some polymers having t h e  

same s t r u c t u r e ,  bu t  d i f f e r e n t  chemica l  n a t u r e  of t h e  main chain 

o r  d i f f e r e n t  l e n g t h s  of s p a c e r s  have d i f f e r e n t  types  of meso- 

phase’”. N a t u r a l l y  a q u e s t i o n  ar ises  about  t h e  main c h a i n  

e f f e c t  on t h e  s t r u c t u r e s  of t h e  LC polymer. 

p u b l i c a t i o n s  ”-” devoted  t o  t h e  s t u d y  of l i q u i d  

d u a l  n a t u r e  of t h e  comb-like 

a combinat ion of polymeric  c h a i n s  and 

The s m a l l  angle  n e u t r o n  s c a t t e r i n g  ( S A N S )  method i n  com- 

b i n a t i o n  w i t h  t h e  method of isomorphic  replacement  of some 

p a r t s  i n  t h e  s t u d i e d  macromolecule i s ,  as  a metter of f a c t ,  

t h e  only  d i r e c t  method t o  d e f i n e  t h e  conformation of t h e  
/ 6 , 7 1  l a b e l l e d  macromolecule i n  t h e  medium of u n l a b e l l e d  ones 

The f i r s t  LC polymer s tudy  by small a n g l e  n e u t r o n  scat- 

t e r i n g  method was performed on d e u t e r a t e d  main c h a i n  comb-like 

polymethacry la tes  w i t h  phenylbenzoate  s i d e  groups o r i e n t e d  i n  

magnet ic  f i e l d  ”*”. The r e s u l t s  showed t h a t  t h e  main c h a i n  

macromolecule had a n i s o t r o p i c  conformation b o t h  i n  nematic  

and smect ic  mesophases; t h e  a n i s o t r o p y  parameter  f o r  smec- 

t i c s  being a = - 4  (where a i s  

t h e  smal le r  R , ,  p r o j e c t i o n  of r a d i u s  of g y r a t i o n  of t h e  

c o i l ) .  

a r a t i o  of t h e  l a r g e s t  RL t o  
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LC POLYSILOXANE MACROMOLECULE CONFORMATION 349 

I n  r e f s .  /''' ' from s i m p l e s t  t h e o r e t i c a l  c o n s i d e r a t i o n s  

t h e r e  f o l l o w  t h e  models of t h e  LC polymer s t r u c t u r e  i n  nema- 

t i c  and smectic mesophases.These models s a t i s f a c t o r i l y  desc-  

r i b e s  not  numerous exper imenta l  d a t a  received f o r  LC polymers  

w i t h  a l a b e l l e d  main cha in .  

The p r e s e n t  work d e a l s  w i t h  t h e  s t u d y  of t h e  s t r u c t u r e  

and conformation of t h e  comb-like l i q u i d  c r y s t a l l i n e  p o l y s i -  

loxane  i n  smect ic  phase w i t h  d e u t e r a t e d  f r a c t i o n s  of t h e  

s p a c e r s  by means of X-ray and SANS methods. 

The neut ron  d i f f r a c t i o n  p a t t e r n  of t h e  i n v e s t i g a t e d  

hydrogenized LC p o l y s i l o x a n e  i s  shown i n  F i g .  I .  D i f f r a c t i o n  

maxima cor responding  t o  t h e  i n t e r l a y e r  p e r i o d  D are d i r e c t e d  

a long  t h e  X a x i s .  Admixture, i n  t h e  o r i e n t e d  sample, of  some 

macromolecules w i t h  p a r t i a l l y  d a  t e r a t e d  s p a c e r s  r e s u l t s  i n  

small a n g l e  s c a t t e r i n g  (Fig.  2 ) .  

FIGURE !. The n e u t r o n  d i f f r a c t i o n  p a t t e r n  of an 
o r i e n t e d  comb-like LC p o l y s i l o x a n e  i n  a 
smectic phase,  C(D)=O%. Smect ic- layer  normal 
i s  d i r e c t e d  a long  t h e  X a x i s .  D
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350 J. KALUS, et al. 

FIGURE 2. The neut ron  d i f f r a c t i o n  p a t t e r n  of a n  
o r i e n t e d  comb-like LC p o l y s i l o x a n e  i n  a 
smectic phase,  C(D)=30%. Presence  i n  t h e  
sample of macromolecules w i t h  d e u t e r a t e d  
f r a c t i o n s  of t h e  s p a c e r s  r e s u l t s  i n  small 
a n g l e  s c a t t e r i n g  between d i f f r a c t i o n  maxima 
corresponding t o  t h e  i n t e r l a y e r  p e r i o d  D .  

STUDIED OBJECTS 

We have synthes ized  and i n v e s t i g a t e d  t h e  fo l lowing  

-CH2-CH 2 -CH2-O- where R = 

with  average degree  of po lymer iza t ion  < n >  = 63. P r i n c i p a l  

c h a r a c t e r i s t i c s  of t h e  above polymers are summerized i n  

Table  1 .  

The c l e a r i n g  and glass t r a n s i t i o n  tempera tures ,  as w e l l  

as t h e  en tha lpy  of phase  t r a n s i t i o n s  of polymers I and I1 D
ow
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LC POLYSILOXANE MACROMOLECULE CONFORMATION 35 1 

TABLE I P r o p e r t i e s  of LC p o l y s i l o x a n e  w i t h  phenyl- 
benzoate  mesogenic groups.  

Polymer Glass t r a n s i t i o n  Phase and Phase t r a n s i -  
t emp er a t u r  e phase t r a n s i -  t i o n  en tha lpy  

t i o n  AHc,, J / g  

I 3 5  SA 144 I 4 . 2  - + 0 . 2  

4 . 3  + 0 . 2  I1 36 SA 138 I - 

were determined by t h e  method of d i f f e r e n t i a l  scanning micro- 

c a l o r i m e t r y  u s i n g  t h e  a p p a r a t u s  DSM-2 a t  a h e a t i n g  r a t e  of 

12.5O Clmin. To perform neut ron  d i f f r a c t i o n  experiments  t h e r e  

were prepared mixtures  of t h e s e  polymers w i t h  a weight  concen- 

t r a t i o n  of I i n  I1 C(D) = 1OX and C(D) = 3 0 1  by e v a p o r a t i o n  

of s o l v e n t  from s o l u t i o n s  i n  d i c h l o r e t h a n e .  

A l l  samples were macroscopica l ly  o r i e n t e d  i n  t h e  magne- 

t i c  f i e l d  of about  2T under  slow cool ing  from i s o t r o p i c  

phase down t o  room tempera ture .  The c o o l i n g  ra te  n e a r  t h e  

c l e a r i n g  t r a n s i t i o n  tempera ture  ( 1  55-135OC) w a s  I o / h r .  The 

d a t a  of X-ray i n v e s t i g a t i o n s  a t  l a r g e  and s m a l l  a n g l e s  g i v e  

evidence of t h e  smect ic  S mesophase. A 

SMALL ANGLE NEUTRON SCATTERING 

The o r i e n t e d  samples were i n v e s t i g a t e d  on t h e  SANS appa- 

ratus’12‘ a t  t h e  pulsed r e a c t o r  IBR-2 of t h e  J o i n t  Ins- 

t i t u t e  f o r  Nuclear Research i n  Dubna. Each sample w i t h  a 

s p e c i f i e d  C(D) w a s  measured accord ing  t o  t h e  s tandard  proce- 

d u r e  , i .e.  t h e r e  were exposed i n  t h e  beam t h e  sample 

and then  t h e  sample w i t h  t h e  s tandard  scatterer from vanadium 

t o t a l l y  c a n c e l l i n g  t h e  beam t r a n s m i t t e d  through t h e  sample. 

/ I  2’ 

The background sample (polye thylene)  c o n t a i n i n g  a n  equi- 

v a l e n t  amount of pro tons  was s u b j e c t e d  t o  t h e  same procedure.  

S c a t t e r e d  neut rons  were d e t e c t e d  by a n  a n n u l a r  m u l t i w i r e  
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352 J. KALUS, et at. 

d e t e c t o r  of thermal neut rons  f i l l e d  w i t h  He-3/'4/. The de tec-  

t o r  had no azimuthal  s e n s i t i v i t y ,  so  t o  measure t h e  c o i l  an i -  

sotropy t h e r e  was used a cadmium s c r e e n  i n  t h e  form of a but- 

terfly (wing a n g l e  60°). 

The d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n  of a n  a n i s o t -  
/ l o /  r o p i c  c o i l  h a s  t h e  form 

4 7 r  0 where X =  T- sin-l  

0 i s  t h e  s c a t t e r i n g  angle ,  9 i s  t h e  azimuth a n g l e  counted 

from t h e  l i q u i d  c r y s t a l  o r d e r i n g  d i r e c t i o n  X ( f o r  a mect ic  

sample X d i r e c t i o n  i s  a normal t o  t h e  smectic l a y e r  plane). 

The mean square  r a d i u s  

connected w i t h  t h e  p r o j e c t i o n s  of t h e  r a d i u s  of g y r a t i o n  

R and R1in t h e  fo l lowing  way 

i s  t h e  s c a t t e r i n g  wave v e c t o r  module, 

of g y r a t i o n  of t h e  polymer c o i l  is 

II 
2 2  2 R = R i 2RI a 11 

With a proof s e c t o r i a l  s c r e e n  i n  f r o n t  of t h e  d e t e c t o r  t h e  

v a l u e  measured i n  t h e  small a n g l e  s c a t t e r i n g  experiment i s  
/ I  5/ 

Here yi 
open areas of t h e  d e t e c t o r .  From (3)  i t  is seen  t h a t  

are t h e  az imutha l  angles  s e t t i n g  l i m i t s  f o r  t h e  
192 

n 

RL (cos2(9, depends l i n e a r y  on (cos2 ?3'Z Experimental ly  obta ined  

i n  dependence on < c o s 2 ? > a r e  g i v e n  i n  v a l u e s  of R<cos2cgi 

F ig .3  and correspond t o  t h e  cadmium s c r e e n  r o t a t i o n  by an  

angles  Y ' =  0'; 30'; 4 5 O ;  60' and 90°, where y' i s  

2 
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LC POLY SILOXANE MACROMOLECULE CONFORMATION 353 

100 - 

50 - 

-1 -0.83 -a41 0 0.41 0.03 1 
<cos 2(P> 

-1 -0.83 -a41 0 0.41 0.03 1 
<cos 2(P> 

FIGURE 3 .  Dependence of 
n 

RL measured i n  t h e  

SANS experiment  on < c o s 2 3 >  
f o r  t h e  LC p o l y s i l o x a n e  

w i t h  d e u t e r a t e d  polymer 
c o n c e n t r a t  i o n  C(D) =30%. 

<COS2Y> 

TABLE 2. SANS exuer imenta l  

t h e  a n g l e  between t h e  b i s e c t -  

r i x  of t h e  open p a r t  of t h e  

cadmium s c r e e n  and t h e  d i r e c -  

t i o n  X .  An e x t r a p o l a t i o n  from 

t o  (cos25’ iequal  t o  

-1 and + I ,  g i v e s  mean s q u a r e  

p r o j e c t i o n s  of t h e  r a d i u s  of 
2 g y r a t i o n  of t h e  c o i l  RL and 

R’ r e s p e c t i v e l y .  

2 
B C O S  zy, 

I1 ’ 
Experimental  d a t a  o b t a i n e d  

by d i f f u s e  SANS methods are  

summarized i n  Table  2. 

The tempera ture  dependence 

of t h e  smect ic  i n t e r l a y e r  pe- 

r i o d  D i s  measured f o r  t h e  

sample w i t h  C(D) = lo%, D = 

25.124.01  - 2 f o r  T = 20°C, 

D = 24.63M - .O 1 f f o r  T=75’C, 

and D=24.23+0.01 - 2 f o r  T=115OC 

d a t a  f o r  m i x t u r e s  of uolvmers - -  
1 and 11. The p r o j e c t i o n s  of r a d i u s  of g y r a t i o n  
are g i v e n  i n  8. 

T=20°C 
Smectic phase  

T=l15OC T=l75OC 
Smectic I so t ro -  
phase p i c  m e l t  

‘(Dl R I I  R0.83 R0.41 RO R-0.41 R-0.83 R-L R0.83 RISO 

30Z 7 . 9  8.4 9.3 10.6 11.5 12.7 13.05 
+0.05 +O. I3 iO.20 +0.30 +0.46 +0.46 t 0 . 0 5  - - - - - - - 

10% 9.9  10.4 15.3 15.8 9.87 12.9 
+0.11+0.02 +0.4 +1.10 - - - -  - - +0.02 +0.17 
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354 J.  KALUS, et al. 

DISCUSSION 

Though our  measurements a r e  of a p r e l i m i n a r y  charac-  

t e r ,  l e t  us  n o t e  t h a t , d i f f e r e n t l y  from a v a i l a b l e  exper imenta l  

data"', t h e  p r o j e c t i o n s  of t h e  r a d i u s  of g y r a t i o n  of t h e  

main cha in  of LC p o l y s i l o x a n e  ( s e e  Table  2 )  are d i f f e r e n t  

f o r  two c o n c e n t r a t i o n s  C(D). An absence  of t h e  r a d i u s  of 

g y r a t i o n  dependence on c o n c e n t r a t i o n  i s  c h a r a c t e r i s t i c  f o r  

an i d e a l  two-component mixture  of H- and D-polymers'l6/, It 

i s  supposed t h e r e  t h a t  t h e  macromolecular c h a i n  has  t h r e e  

dimensions,  t h e  number of u n i t s  i s  l a r g e  and t h e r e  i s  p r e c i s e  

compensation of i n t r a -  and i n t e r m o l e c u l a r  i n t e r a c t i o n s .  

There is no reason  t o  t h i n k  t h a t  t h e s e  c o n d i t i o n s  are 

f u l f i l l e d  i n  t h e  smectic LC p o l y s i l o x a n e .  The o n l y  way then  

of measuring t h e  formfac tor  of a n  i n d i v i d u a l  molecule  i s  t o  

choose t h e  mixture  of H- and D-polymers w i t h  a = 0 (where 

a i s  t h e  average  s c a t t e r i n g  ampl i tude  p e r  a monomeric u n i t  

of t h e  sample) ,  i .e .  t h e  i n t e r p a r t i c l e  i n t e r f e r e n c e  i s  neg- 

l i g i b l y  small. It should be taken  i n t o  account  '"/ t h a t  t h e  

i n t e r l a y e r  i n t e r f e r e n c e  w i l l  n o t  b r i n g  any d i s t o r t i o n s  i n t o  

s c a t t e r i n g  from inhomogeni t ies  i n  t h e  l a y e r s ,  i f  t h e i r  s i z e  

R >> D / 2 T .  This  c o n d i t i o n  i s  p r a c t i c a l l y  always f u l f i l l e d  

i n  polymers ( s e e  F i g .  2), 
g 

I n  o t h e r  words one should exc lude  a mesogenic a d d i t i o n  

from t h e  c a l c u l a t i o n  of s c a t t e r i n g  ampl i tudes  of  t h e  mono- 

mer ic  u n i t  of H- and D-polymers. F o r  t h e  p o l y s i l o x a n e  t h e  

mean s c a t t e r i n g  ampl i tude  of t h e  r i g i d  p a r t  of the monomeric 

u n i t  t u r n s  i n t o  zero  a t  C(D) '= 0. Under e x t r a p o l a t i o n  of 

t h e  p r o j e c t i o n s  of r a d i u s  of g y r a t i o n  t o  C(D) = 0 we have 

obta ined  R I j  = 10,9 and RI = 17,2 8. 
An a p p l i c a t i o n  of t h e  developed i n  " procedure  t o  o u r  

exper imenta l  d a t a  l e a d s  t o  f o l l o w i n g  r e s u l t s .  

The average  number of  d e f e c t s  p e r  a macromolecule N,, 
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i s  equal  t o  1 . 1 ,  i . e .  each 

macromolecule cha in  cons i s t s  

i n  average of two subco i l s  

(F ig .  4 ) .  
3 The average p ro jec t ion  

of subco i l  r ad ius  of gyra- 

t i o n  i n  the d i r e c t i o n  nor- 

mal t o  the  LC order ing  

a x i s  R i s  equal t o  1 2  2. Y 
I1 

A comparison of the  

Kuhn segment of the Lc poly- 

mer c o i l  i n  the i s o t r o p i c  

FIGURE 4 .  Conformation model 

f o r  the  main chain of the  
comb-like LC polysiloxane i n  
smectic phase. The main chain phase (b  18,7 2) and, 

of quasi-two-dimensional sub- 
c o i l s  3 ly ing  

i so= 

of the macromolecule c o n s i s t s  1111 estimated according t o  , 
i n  in te rmedia te  of t he  subcoi l  (b, ,=31 8) 

I 1  l aye r s  1 .  The subcoi l s  a r e  
connected by the  t i e  segment shows t h a t  a s i g n i f i c a n t  

4 forming a de fec t  i n  the  inc rease  i n  r i g i d i t y  of the  
mesogenic l aye r  2.  main cha in  takes  p l ace  a t  

a t r a n s i t i o n  from i s o t r o p i c  t o  smectic phase. Note, t h a t  a 

l i n e a r  polymer s imi l a r  t o  the  main cha in  (polydimetkyls i loxaw 

i n  d i l u t e  / I  81  so lu t ion ,  8 -conditions) has b = 1 4  8 . 

CONCLUSION 

Several  samples of comb-like LC polys i loxane  i n  smectic 

phase were s tud ied  by X-ray d i f f r a c t i o n  and small angle  neut- 

ron  s c a t t e r i n g .  The macromolecular c o i l  was e s t a b l i s h e d  t o  

have anisotropy. 

The R and R p ro jec t ions  of r ad ius  of gy ra t ion  of an i -  II I 
so t rop ic  c o i l  (Table 2 )  on the  d i r e c t i o n  p a r a l l e l  and per- 

pendicular  t o  the  LC order ing  a x i s ,  r e spec t ive ly  were estima- 

ted .  

The t r a n s i t i o n  from i s o t r o p i c  i n t o  smectic phase i s  
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fo l lowed  by a s l i g h t  increase i n  t o t a l  r a d i u s  of g y r a t i o n  

of t h e  macromolecular  c o i l .  The main c h a i n  of t h e  macromole- 

c u l e  i s  d i v i d e d  i n  a v e r a g e  i n  two q u a s i  two-dimensional sub- 

c o i l s  t h e  r i g i d i t y  of which exceeds  s i g n i f i c a n t l y  t h a t  of 

t h e  macromolecule  i n  i s o t r o p i c  phase.  The s u b c o i l s  are l y i n g  

i n  ne ighbour ing  s u b l a y e r s .  The s u b c o i l s  are connec ted  w i t h  

e a c h  o t h e r  by t h e  t i e  segment of t h e  main c h a i n  which form 

a d e f e c t  i n  the mesogenic  l a y e r .  
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