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SUMMARY 
Differential scanning calorimetry and miscibility inves- 

tigations were used to study the micro-phase separation of 
liquid-crystalline dimesogenic side-group polysiloxanes. Di- 
luted c o - p o l y s i l o x a n e s  e x h i b i t  two g l a s s  t r a n s i t i o n  tempera-  
t u r e s  and an unusua l  m i s c i b i l i t y  b e h a v i o r .  The observed b i -  
p h a s i c  c h a r a c t e r  i s  compared w i t h  t h a t  of  c e r t a i n  a m p h i p h i l i c  
sys tems.  

INTRODUCTION 
M i c r o - p h a s e  s e p a r a t i o n  i s  a w i d e l y  known phenomenon oc-  

c u r i n g  i n  po lymer  m i x t u r e s ,  homo- and co -po l ymers  and amphi -  
p h i l e s .  Whereas i n  po lymer  m i x t u r e s  or  s o l u t i o n s  the m i c r o -  
phase s e p a r a t i o n  may be c o n s i d e r e d  as an e a r l y  s tage of  the 
u n m i x i n g  p rocess  v i a  s p i n o d a l  d e c o m p o s i t i o n  ( 1 ) ,  the chemica l  
c o n n e c t i v i t y  of d i f f e r e n t  b u i l d i n g  u n i t s  i n  c e r t a i n  homo-po- 
l ymers  or  o f  d i f f e r e n t  b l ocks  i n  co -po l ymers  p r e v e n t s  the 
usua l  macroscop ic  phase s e p a r a t i o n .  A s i m i l a r  s i t u a t i o n  can 
be g i v e n  i n  l y o t r o p i c  l a m e l l a r  mesophases of  s u r f a c t a n t s  or  
in lipid layers. 

The two-phase morphology of certain liquid-crystalline 
po lymers  i s  a consequence of  the n e a r l y  complete  s t r u c t u r a l  
independence of  the d i f f e r e n t  c o n s t i t u e n t  p a r t s .  These p o l y -  
mers c o n s i s t  of  r e l a t i v e l y  r i g i d  mesogenic u n i t s  i n c o r p o r a t e d  
i n  the m a i n - c h a i n  or  l i n k e d  to a backbone as s i de  g roups ,  and 
non-mesogen ic  p a r t s  r e p r e s e n t e d  by s o f t  segments ,  spacers  or  
t a i l s .  The a n i s o t r o p i c  b e h a v i o r  of  the l i q u i d - c r y s t a l l i n e  do- 
ma ins ,  t h e i r  d i s t i n c t  phase s t r u c t u r e s  and t r a n s f o r m a t i o n s  
above the g l a s s  t r a n s i t i o n  t empera tu re  o f f e r  a d d i t i o n a l  pos-  
s i b i l i t i e s  to s t udy  s e p a r a t i o n  e f f e c t s .  

A p a r t i c u l a r  e f f i c i e n t  d e c o u p l i n g  of  d i f f e r e n t  b u i l d i n g  
u n i t s  can be r e a l i z e d  i n  L C - c o - p o l y m e r s .  To reduce the coup-  
l i n g  between the m a i n - c h a i n  and mesogenic s i d e  g r o u p s ,  co-  
po lymers  d e r i v e d  from usua l  LC s ide  group po lymers  by i n c o r -  
p o r a t i o n  of non-mesogen ic  d i m e t h y l s i l o x a n e  groups have been 
s y n t h e s i z e d  ( 2 ) .  These co -po l ymers  s t i l l  show l i q u i d - c r y s t a l -  
l i n e  b e h a v i o r  up to r e l a t i v e l y  h i g h  c o n t e n t s  of  non-mesogen ic  
m a i n - c h a i n  segments and two d i s t i n c t  g l a s s  t r a n s i t i o n s .  

F u r t h e r m o r e ,  i n  an a t temp t  to  broaden the mesophase r e -  
g i o n ,  LC po lymers  w i t h  p a i r e d  mesogens have been p repared  (3 ) .  
The c o r r e s p o n d i n g  c o - p o l y s i l o x a n e s  are c h a r a c t e r i z e d  by a de-  
f i n i t e  v a r i a t i o n  of  the c o n c e n t r a t i o n  of  the t u n i n g  f o r k - l i k e  
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dimesogenic side groups linked to the siloxane chain. De- 
tailed X-ray investigations of these polysiloxanes provided 
indications for a spatially periodic structure of their smec- 
tic phases (4-6). Above a certain dilution degree, that means 
the number of paired mesogens in relation to the total number 
of chain segments, a quite distinct biphasic behavior has 
been observed (7). 

The goal of this paper is to present some additional ex- 
perimental results which support the proposed model of micro- 
phase separation in diluted co-polysiloxanes with paired me- 
sogens. These results were obtained by calorimetric end misci- 
bility studies. The properties of such biphasic systems will 
be compared with those of surfactants and amphiphilic poly- 
mers. 

EXPERIMENTAL 

Materials 
The synthesis of the polymers is described elsewhere (3). 

They were used without further purification. The chemical 
structure is given in Table I. Phases and phase transition 
temperatures have been summarized in a previous paper (6). 

To study the miscibility behavior in binary systems, 
decamethyltetrasiloxane (MDDM, b.p. 194 oC/I.01.10D Pa, 
n~ 0 = 1.3895) was kindly supplied to us by K. R0hlmann and 
U. $cheim (Technische Universit~t Dresden). 

Table I: Structure of Polysiloxanes (y = O) and 
I Co-polysiloxanes (y > O) 

�9 " l " i ICO0_(CH2)n_O_RI 
C H 3 - ~ i - ( C H 2 ) 3 - C H  

~ C O 0 - ( C H 2 ) m - O - R  2 
0 

CH 3-~ i -CH 3 

0 

No. a) Code n m R 1 R 2 
, , , , ,  , ,  , , , ,  , 

~ (y = O) I/0 2 2 A A 
( y  10) 1 /10  2 2 A A 

3 (y = 0) II/O 2 2 A B 
4 (y = &O) II/I0 2 2 A B 
5 (y = 0) III/O 2 6 A B 
6 (y = 10) III/10 2 6 A S 
7 ( y  = o) i v / o  6 6 A S 
8 (y = 10) iv/t0 6 6 A s 

a)Numerical values of the dilution degree y are average 
values 
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As low-molecular-weight liquid-crystalline component 
corresponding to one or both of the mesogenic side groups in 
the polymers, 4-methoxyphenyl-4-ethoxybenzoate (MPEB) 
(c r  117 oc (n 89 Oc) i s ;  c r :  c r y s t a l l i n e ;  n: nemat ic ;  
i s :  i s o t r o p i c )  was used. 

Techniques 
A l l  c a l o r i m e t r i c  measurements were performed on a Pe rk in -  

Elmer DSC-2. Since some data on c o - p o l y s i l o x a n e s  were ob- 
ta ined  below room tempera tu re ,  l i q u i d  n i t r o g e n  was used as 
coo lan t  and hydrogen as the purge gas. Polymer samples weigh- 
ing 7-14 mg were placed in f i a t  aluminium DSC pans. C a l i b r a -  
t i o n  was done by us ing mercury and benzene. The samples were 
heated at 20 K-min-1 to 80 oC. A f t e r  two minutes ,  they were 
cooled at  80 K.min -1 to -150 oc and the data were c o l l e c t e d  
dur ing  rehea t ing  at lO K.min-$ .  

Exper imenta l  technique used in the de te rm ina t i on  of 
phases and phase t r a n s i t i o n  temperatures of the m ix tu res  i s  
i d e n t i c a l  to tha t  repor ted  p r e v i o u s l y  ( 7 ) .  

RESULTS AND DISCUSSION 
F igure  1 p resen ts  r e p r e s e n t a t i v e  DSC scans in  the low 

temperature range fo r  the p o l y s i l o x a n e  I /O and the c o - p o l y -  
s i l o x a n e s  1 /10 ,  I I / 1 0 ,  I I I / l O ,  IV /10 .  Whereas I /O e x h i b i t s  
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Figure I: DSC thermograms of the undiluted polysiloxane I/O 
and the micro-phase separated co-polysiloxanes I/iO - IV/tO 
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o n l y  one Tg a t  30 ~ the d i l u t e d  c o - p o l y s i l o x a n e s  show two 
g l a s s  t r a n s i t i o n  t e m p e r a t u r e s .  O b v i o u s l y ,  the l ower  one i s  
due to the n e a r l y  i ndependen t  mot ion  of the d i m e t h y l s i l o x a n e  
backbone. Depending on c o o l i n g  and h e a t i n g  r a t e s  p o l y ( d i m e -  
t h y l s i l o x a n e )  e x h i b i t s  a g l a s s  t r a n s i t i o n  between -120 oC and 
-130 oc ( 8 ) .  I t  i s  i n t e r e s t i n g  to note  t h a t  s l i g h t l y  e l e v a t e d  
T g ' s  have been found i n  s t y r e n e - d i m e t h y l s i l o x a n e  d i b l o c k  co-  
po lymers  c o n t a i n i n g  ~ t 3 4  wt% d i m e t h y l s i l o x a n e  ( 8 ) ,  The we igh t  
f r a c t i o n  of  the main c h a i n s  i n  the f o u r  i n v e s t i g a t e d  c o - p o l y -  
s i l o x a n e s  ranged from 0 .52  to 0 . 5 6 .  Moreover ,  one can assume 
t h a t  the d i m e t h y l s i l o x a n e  repea t  u n i t s  a r ranged  between smec- 
t i c  l a y e r s  (6 )  are under  a c e r t a i n  mechan ica l  s t r e s s  and 
s h o u l d  t h e r e f o r e  undergo the g l a s s  t r a n s i t i o n  at  s l i g h t l y  
h i g h e r  t empe ra tu res  than the same repea t  u n i t s  as p a r t s  of  a 
c o m p l e t e l y  amorphous macro-phase.  

I t  s h o u l d  be reasonab le  to a t t r i b u t e  the h i g h e r  T g ' s  to  
the c o o p e r a t i v e  mot ion  of the mesogenic s i d e  g roups .  

To i n v e s t i g a t e  the  phase s e p a r a t i o n  i n  LC po l ymers ,  s im-  
p le  miscibility studies are useful (7). Using MDDM as a 
mixing component, complete nonmiscibility with I/O has been 
found ( F i g u r e  2a ) .  The reason is the l a c k  o f  a s u f f i c i e n t l y  
ex tended  s i l o x a n e  s u b l a y e r  wh ich  cou ld  be ab le  to i n c l u d e  
MDDM mo lecu les  to a n o t i c a b t e  amount, On the c o n t r a r y ,  the 
d i l u t e d  c o - p o l y s i l o x a n e  1 /10 i s  m i s c i b l e  w i t h  MDDM ( F i g u r e  2b).  
E s p e c i a l l y  the unusua l  low dependence of  the c l e a r i n g  tempe- 
r a t u r e s  on the  c o n t e n t  of  non-mesogen ic  MDDM demons t ra tes  
t h a t  the l i q u i d - c r y s t a l l i n e  o r d e r  w i t h i n  the smec t i c  sub-  
l a y e r s  i s  not  a l t s r e d  i n  the m i x t u r e .  T h i s  i s  con f i rmed  by 
X - ray  i n v e s t i g a t i o n s  ( 7 ) .  O b v i o u s l y ,  the a d d i t i o n  of  MDDM 
causes e x c l u s i v e l y  a s w e l l i n g  of  the p o l y s i l o x a n e  s u b l a y e r s  
l e a d i n g  to i n c r e a s e d  t o t a l  l a y e r  t h i c k n e s s  whereas the l a t -  
e r a l  d i s t a n c e s  between the s i d e  g roups  remain unchanged.  

J/oC 

100 

80 

~60 

40 

II0 

fwo isotropic phases 

nematic + ~so,ropic 

X l ~ ' x X X 

srnectic A + isotropic 

iso,ropic mixture 

smec"ic A 

#1% 

100 

80 

60 

40 

0 

MDOM I110 

i I I F I I I I I I f I I I I I I i 

05 05 
X -= I -  X - - - - i ~  

MDDN 
o) b) 

Figure 2: Phase diagrams f o r  binary mixtures of  polysiloxane 
I/O (a) and co-polysiloxane 1/10 (b) with MDOM 
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F i gu re  3: Phase d iagrams of  b i n a r y  m i x t u r e s  of homo-po l y -  
s i l o x a n e s  ( a , c )  and c o - p o l y s i l o x a n e s  ( b , d )  w i t h  HPE8. T r a n -  
s i t i o n  t empe ra tu res  c r y s t a l l i n e  - i s o t r o p i c  ( e ) ,  c r y s t a l l i n e  - 
s m e c t i c  A (O) ,  i s o t r o p i c  - nemat ic  ( x ) ,  smec t i c  A - i s o t r o p i c  
(A) and nemat ic  - s m e c t i c  A (A) 

The m ix i ng  b e h a v i o r  of s e l e c t e d  d imesogen ic  po lymers  
w i t h  l o w - m o l e c u l a r - w e i g h t  LC-subs tances  s t r u c t u r a l l y  r e l a t e d  
to  the c o n s t i t u e n t  p a r t s  of  the mesogenic s u b l a y e r s  i s  demon- 
s t r a t e d  in  F i g u r e s  3a -d .  A p a r t  from u n l i m i t e d  m i s c i b i l i t y  i n  
the i s o t r o p i c  s t a t e ,  the components were a l s o  m i s c i b l e  i n  the 
a n i s o t r o p i c  phases w i t h i n  r e l a t i v e l y  wide c o n c e n t r a t i o n  rang -  
es.  Indeed ,  because of  the d i f f e r e n t  poZymorphism of  the sub-  
s t a n c e s ,  m i s c i b i l i t y  gaps occu r .  But the s lope  of  the i s o -  
t r o p i c  - a n i s o t r o p i c  t r a n s i t i o n  l i n e s  a t  h i g h e r  po lymer  con-  
c e n t r a t i o n s  p o i n t s  to an ex ten6ed c a p a c i t y  of  the c o - p o l y -  
s i l o x a n e s  to i n c o r p o r a t e  the l o w - m o l e c u l a r - w e i g h t  m a t e r i a l  
w i t h o u t  e s s e n t i a l  a l t e r a t i o n  of  the phase s t r u c t u r e .  Th i s  
shou ld  be due to  the i n c r e a s e d  l a t e r a l  m o b i l i t y  o f  the co-  
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p o l y s i l o x a n e  s ide groups compared w i t h  those of h o m o - p o l y e i l -  
oxanes. 

The phase s t r u c t u r e  of the t h e r m o t r o p i c  co-polymers 
c h a r a c t e r i z e d  by a c o e x i s t e n c e  of two micro-phases d i f f e r i n g  
in  the a b i l i t y  f o r  s e l f  o r g a n i z a t i o n  i s  v e r y  s i m i l a r  to t ha t  
of  po l ymer i c  l i p i d e  c o n t a i n i n g  h y d r o p h i l i c  spacers .  The l i n -  
ear r e l a t i o n s h i p  between the t h i c k n e s s  of b i l a y e r s  formed by 
a m p h i p h i l i c  co-po lymers  ( d e r i v e d  from SAXS exper iments )  and 
the l eng th  of main cha in  spacers have been e x p l a i n e d  on the 
base of a two-phase model (9)  of  the same k ind  as proposed 
f o r  our LC c o - p o l y e i l o x a n e s  ( 6 ) .  

Depending on the na ture  of the i n t e r a c t i o n  between o r -  
dered aggregates separated by a lees  ordered subphase, the 
degree of s w e l l i n g  a f t e r  a d d i t i o n  of a d i l u e n t  can ach ieve 
d i f f e r e n t  ex ten ts=  
- i n  b lock co-po lymers  c o n s i s t i n g  of h i g h l y  decoupled s t r u c -  

t u r a l  e lements as r e a l i z e d  in  the i n v e s t i g a t e d  c o - p o l y s i l -  
oxenee the s w e l l i n g  i s  l i m i t e d  by the f l e x i b i l i t y  of  the 
spacers connec t ing  the smect ic  o rgan ized  sub layere  

- seve ra l  monomeric or  po lymer ic  d i o l e  form l i q u i d - c r y s t a l -  
l i n e  phases w i t h  a l aye red  s t r u c t u r e .  The c a p a b i l i t y  of 
s e l f - o r g a n i z a t i o n  a r i s e s  from hydrogen bonds between d i o l  
head groups and from the hydrophob ic  i n t e r a c t i o n  of a l k y l  
cha ins .  A f t e r  a d d i t i o n  of about two moles water  per mole 
d i o l  the l a y e r  spac ings as we l l  as the c l e a r i n g  tempera- 
tu res  i nc rease  i n d i c a t i n g  a " l y o t r o p i c  s t a b i l i z a t i o n "  (10 ) .  
Th is  behav io r  reminds of f i n d i n g s  concern ing  the improve-  
ment of the c o r r e l a t i o n  of l i p i d  b i l a y e r s  due to the i n -  
creased l e n g t h  of spacers connec t ing  a m p h i p h i l i c  chain seg- 
ments (9) 

- the s w e l l i n g  of c e r t a i n  l y o t r o p i c  phases in  presence of wa- 
t e r  l ead ing  to l a m e l l a r  phases w i t h  v e r y  l a rge  spac ings 
(11) may be regarded as a consequence of the b i p h a s i c  
morphology of such systems. I t  i s  b e l i e v e d  t ha t  the l a rge  
spac ings are due to e l e c t r o s t a t i c  fo rces  between the su r -  
f a c t a n t  l a y e r s .  

The genera l  s t r u c t u r a l  background of these d i f f e r e n t  e f f e c t s  
seems to be always the same. 

S tud ies  to e l u c i d a t e  f u r t h e r  the p r o p e r t i e s  of m ic ro -  
phase separated LC poIymers are c u r r e n t i y  i n  p rog ress .  
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