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AN X-RAY STUDY OF THERMOTROPIC L I Q U I D  CRYSTALLINE 
POLY ( E S T E R - B - S U L P H I D E ) ~ ~  

1 2 2 3 
A. S.ANGELON1, E.CHIELLINI, G.GALLI, 11. I,AUS, 
F .RUSTICHELLI! G.TORQUAT15 

t Z  d i  Bologna,  21 ) ipa r t imen to  Chimica e Chimica I n d u s t r i a -  
l e ,  U n i v e r s i t g  d i  P i s a ,  3 D i p a r t i m e n t o  I n g e g n e r i a  Mecca- 
n i c a ,  U n i v e r s i t g  d i  Brescia,  4 1 s t i t u t o  F i s i c a  Medica 
and 'D ipa r t imen to  S c i e n z a  M a t e r i a l i ,  U n i v e r s i t g  d i  Anco- 
n a ,  I t a l y  

i p  a r  t i m e r i  t o Ch i m i  c a  I n d u s  t r i a 1 e e Mate r i a 1 i , Unive r s i- 

A b s t r a c t  Samples of  l i q u i d  c r y s t a l l i n e  p o l y ( e s t e r - 8 -  
s u 1 p h i d e ) s  c o n t a i n i n g  t w i n  b i s ( p - o x y b e n z o a t e )  u n i t s  were 
s t u d i e d  by X-ray d i f f r a c t i o n  a n a l y s i s  as  a f u n c t i o n  of  
t e m p e r a t u r e .  The o c c u r r e n c e  was o b s e r v e d  o f  n e m a t i c  ( o r  
c h o l e s t e r i c )  and s m e c t i c  p h a s e s ,  whose t h e r m a l  s t a b i l i t y  
and c h a r a c t e r  s t r o n g l y  depended on t h e  c h e m i c a l  s t r u c t u -  
re of  t h e  r e p e a t i n g  u n i t  o f  t h e  po lymer .  

INTRODUCTION 

P o l y ( e s t e r - 8 - s u 1 p h i d e ) s  a r e  a new c l a s s  of t h e r m o t r o p i c  l i q u i d  
c r y s t a l l i n e  po lymers  which d i s p l a y  complex mesomorphic b e h a v i o r  
a f f e c t e d  by f i n e  d e t a i l s  of  chemica l  s t r u c t u r e ! - 4  
s t a r t e d  a s y s t e m a t i c  s t u d y  of p o l y ( e s t e r - 6 - s u 1 p h i d e ) s  d e r i v e d  
from twin d i a c r y l a t e s  c o n s i s t i n g  of  two p-oxybenzoate  d i a d s  
i n t e r c o n n e c t e d  by a po lymethy lene  segment and c o u p l e d  by 
a, w-p o 1 yrne t h y  1 e n e  d i t h  i o  1 s ? 9 

w i t h  r e f e r e n c e  t o  t h e  X-ray s c a t t e r i n g ,  of  t h e  mesophases  
o f  samples  of two s e r i e s  o f  p o l y ( e s t e r - 6 - s u 1 p h i d e ) s  o f  
g e n e r a l  s t r u c t u r e :  

We have 

In  t h i s  p a p e r  w e  r e p o r t  on t h e  l i q u i d  c r y s t a l  b e h a v i o r ,  

+ P r e s e n t e d  i n  p a r t  a t  t h e  I n t e r n a t i o n a l  Confe rence  on L i q u i d  
C r y s t a l  Po lymers ,  Bordeaux,  J u l y  20-24, 1987 

1.51 
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152 A. S .  ANGELONI, et al. 

:CH,)-. n = 3 , 5 ,  o r  LO 

D e t a i l s  on t h e  s y n t h e s i s  and s t r u c t u r a l  and t h e r m a l  c h a r a c t e -  
r i z a t i o n s  of t h e  polymers  w i l l  be d e s c r i b e d  e l s e w h e r e .  X-ray 
s t u d i e s  of po lymers  are o f  g r e a t  v a l u e  in i d e n t i f y i n g  
d i f f e r e n t  mesophases  and may p r o v i d e  i n f o r m a t i o n  on t h e  
e f f e c t  of chemica l  and s t e r e o c h e m i c a l  s t r u c t u r e  on s p e c i f i c  
f e a t u r e s  o f  t h e r m o t r o p i c  p o l y e s t e r s ?  

E XP E RIMXNTAI, 

The p o l y ( e s t e r - B - s u 1 p h i d e ) s  w e r e  p r e p a r e d  by a Michae l - type  
p o l y a d d i t i o n  of  n ,w-a lky lene  b i s  I4 - (4 -ac ry loy lo -  
xybenzoy1oxy)benzoate  I =+6 w i t h  a , w - a l k y l e n e  b i s t h i o l s  (C9Sn) 
or (R)-3-methyl-l,fl-hexanedithiol (CmS6*) a t  room t e m p e r a t u r e  

~n t h e  p r e s e n c e  o f  t r i e t h y l a m i n e  . The p h y s i c o r h e m i c a 1  c h a r a c -  
t e r i s t i c s  of  the  s t u d i e d  po lymers  are  summarized in T a b l e  L - 
The phase  t r a n s i t i o n  t e m p e r a t u r e s  were d e t e r m i n e d  by p o l a r i -  
zing microscopy  and d i f f e r e n t i a l  c a l o r i m e t r y  ( r a t e  10 "/ni in)  . 
The X-ray pwwder d i f f r a c t i o n  t races  were r e c o r d e d  i n  a t r a n s -  
rniss ion geomeLry w i t h  a c o n v e n t i o n a l  d i f f r a c t o m e t c r  u s i n g  
t h e  N i  f i l t e r e d  C U K ~  r d d i d t i o n  (X = 1 . 5 4  A ) .  
RESULTS AND DISCUSSION 

S e r i e s  I C9Sn The two po lymers  C9S5 h a v i n g  d i f f e r e n t  mole- 
- c u l a r  we igh t s -  (In1 = 0.06 d l / g ,  &= 3400 and 1 0 1  = 0 .24  d l / g ,  
M w =  10800, r e s p e c t i v e l y )  show a t  room t e m p e r a t u r e  v e r y  s i m i l a r  
d i f f r a c t i o n  p a t t e r n s .  A t y p i c a l  example i s  r e p o r t e d  i n  F i g . 1  
f o r  sample C9S5-a ( I1?1= 0 . 0 6 d l / g ) .  
t h e r e  e x i s t  two r e l a t i v e l y  s h a r p  p e a k s  w i t h  Bragg d i s t a n c e s  
of %24 and Q 2 0  A .  O n  h e a t i n g  up t o  t h e  m e l t i n g  t e m p e r a t u r e ,  
s e v e r a l  c r y s t a l  l i n e  p e a k s  emerge f ron: t h e  amorphous h a l o  i n  
t h e  wide angle  r e g i o n ,  w h i l e  an i n t e n s e  peak i: p r e s e n t  a t  
low a n g l e s  c o r r e s p o n d i n g  t o  a s p a c i n g  of  2 5 . 8  A ( F i g . l b ) .  
These r e s u l t s  i n d i c a t e  t h e  p r e s e n c e  o f  a new l a m e l l a r  c r y s t a l -  
l i n e  phase,  a maximum d e a r e e  of  c r y s t a l l i n i t y  (X,, = 3 5 X )  be inE  

In t h e  low a n g l e  r e g i o n  

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 



X-RAY STUDY OF POLY(ESTER-p-SULPH1DE)S 153 

TABLE I Physicochemical  c h a r a c t e r i s t i c s  o f  thermotropic  
l i q u i d  c r y s t a l l i n e  poly(es te r -6-su1phide)s  

T i a  
(K)  

A S i  
(cal / rnol-K) 

c9s3 0.32 390 
C9S5-a 0.06 353 
C9S5-b 0.24 384 
C9S10 0 . 4 1  389 

C6S6* 0 .35  390 
C7S6' 0.24 363 
C9S6* 0.26 342 

401 

407 
395 

4 2 1  
371 

385 

408 

0 . 3  
0 . 2  
0.5 
0 . 8  

3 . 9  
3 . 6  
0 .1  

aSee t e x t  f o r  o t h e r  mesophase-mesophase t r a n s i t i o n s  

reached a t  70°C. Above t h i s  tempera ture ,  a l l  t h e  peaks s t a r t  
t o  c o l l a p s e  and above 90°C t h e  d i f f r a c t i o n  s p e c t r a  of C9S5-a 
a r e  c o n s i s t e n t  w i t h  t h e  e x i s t e n c e  of a nematic  phase ( F i g . Z a ) ,  
i n  agreement w i t h  microscopy o b s e r v a t i o n s .  On c o o l i n g  of  t h e  
i s o t r o p i c  m e l t ,  a monotropic d i s o r d e r e d  smect ic  phase i s  
e s t a b l i s h e d  a t  72°C (Fig .2b) .  The i n t e r l a y e r  d i s t a n c e  d =  23.3  

remains u n a l t e r e d  i n  a l l  t h e  smect ic  range and t h e  average  
i n t e r m o l e c u l a r  d i s t a n c e  i s  D =  4 . 4  A .  A new mainly amorphous 
phase i s  obta ined  s t a r t i n g  from 45"C, wi th  broad smal l  angle  
s i g n a l s  cor responding  t o  '1.43 and 23 A r e p e a t i n g  l e n g t h s .  

The C9S5-b ( 1 ~ 1  = 0 . 2 4  d l / g )  p r e s e n t s  a s i m i l a r  behavior  
on c o o l i n g  of the  i s o t r o p i c  mel t  ( F i g . 3 ) .  A monotropic smect ic  
phase occurs  i n  t h e  range 1O5-8O0C, w i t h  an i n t e r l a y e r  d i s t a n -  
ce  d =  23.9 A which i s  u n a f f e c t e d  by tempera ture  and D =  4 .5  A. 
I t  appears  t h e r e f o r e  t h a t  t h e  n a t u r e  of t h e  m e t a s t a b l e  smect ic  
phase i s  t h e  same i n  t h e  two samples having  r a t h e r  d i f f e r e n t  
molecular  weights .  However, t h e  l o n g i t u d i n a l  coherence l e n g t h  
e v a l u a t e d  from t h e  smal l  angle  peak w i d t h s ,  a f t e r  c o r r e c t i o n  
f o r  t h e  exper imenta l  r e s o l u t i o n ;  i s  found t o  be of t h e  o r d e r  
of 100 A and 200 A ,  f o r  t h e  two polymers r e s p e c t i v e l y .  The 
i n c r e a s e  of molecular  weight o f  t h e  polymer enhances the 
degree of c o r r e l a t i o n  among t h e  a n i s o t r o p i c  u n i t s  a long  t h e  
macromolecular cha in  a x i s  g i v i n g  r i s e  t o  a b e t t e r  organized  
smect ic  mesophase! 
of t h e  molecular  weight  on t h e  l i q u i d  c r y s t a l  p r o p e r t i e s  

0 

0 

A s y s t e m a t i c  i n v e s t i g a t i o n  of t h e  e f f e c t s  D
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154 A. S. ANGELONI, et al. 

- 2 u  i 

I* 4.4 i 
P 

I I  I I I I 

2 6-+ 
2" 5" 10" 15" 20" 25" 

FIGURE 1 .  X-ray d i f f r a c t i o n  p a t t e r n s  of  polymer 
C9S5-a: s e m i c r y s t a I l i n e  a t  25'C ( a )  and 70°C: ( h ) .  

n f  p o l y ( e s t e r - e - s u l p h i d e )  5 i s  now i n  p r o g r e s s .  

t u r e s  a r e  r e p o r t e d  i n  F i g . 4 .  On c o o l i n g  t h e  i s o t r o p i c  m e l t ,  
t h e  e n a n t i n t r o p i c  n e m a t i c  phase  ( F i g . 4 c )  i s  s t a b l e  down t o  
1 1 O 0 C ,  w h i l e  t h e  o n s e t  o f  a m o n o t r o p i c  s m e c t i c  phase  i s  ob- 
s e r v e d  h e l o w  t h a t  t e m p e r a t u r e .  Two s h a r p  peaks  a p p e a r  i n  t h e  
low a n g l e  r e g i o n  c o r r e s p o n d i n g  t c i  Bragg d i s t a n c e s  of % 4 4  and 
x22 A ,  superimposed t o  p o o r l y  r e s o l v e d  b r o a d  halos ( F i g . 4 d ) .  
On f u r t h e r  c o o l i n g ,  t h e  angular p o s i t i o n  of the  two p e a k s  
remains p r a c t i c a l l y  u n a f f e c t e d ,  b u t  t h e i r  i n t e n s i t y  i n c r e a s e s ,  

The X-ray p r o f i l e s  of polymer C9S3 a t  d i f f e r e n t  tempera-  
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2 u--* 2" 5" 10" 15" 20" 25" 

155 

FIGURE 2. X-ray diffraction patterns of polymer 
C9S5-a: nematic (a); (monotropic) smectic ( b ) ;  
melt-crystallized (c). 

according to an increased concentration of these layered 
domains? 
temperature (Fig.4e). 

the occurrence of a monotropic smectic phase for polymer C9S10 
too. However, X-ray experiments did not provide unambiguous 
results for this sample, because it was not possible to super- 
cool sufficiently the crystallization relative t o  the onset 
of the metastable phase. The existence of an enantiotropic 
nematic phase was only detected. 

Such a structure is maintained frozen-in at room 

Optical microscopy and thermal analyses strongly suggest 
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A .  S. ANGELONI, et al. 

,"I w 

1 T :2 5-C : 
F I G U R E  3 .  X-ray d i f f r a c t i o n  p a t t e r n s  of  polymer 
C9S5-b: v i r g i n  s e m i c r y s t a l l i n e  ( a ) ;  nematic  ( b ) ;  
(monotropic) smect ic  ( c ) ;  m e l t - c r y s t a l l i z e d  ( d ) .  

S e r i e s  I1 CmS6. The t h r e e  i n v e s t i g a t e d  polymers o f  t h i s  c l a s s  
show a t  room temperature  X-ray curves  c h a r a c t e r i z e d  by a 
small a n g l e  d i f f u s e  s c a t t e r i n g  w i t h  a weak s h o u l d e r  a t  2 6 ~ 2 '  
and s i g n a l s  of  l o w  i n t e n s i t y  cor responding  t o  p e r i o d i c i t y  
lengths  i n  t h e  range 20-25 A ,  depending on t h e  chemical s t r u c -  
t u r e  ( F i g . 5 ) .  The degree of c r y s t a l l i n i t y  i s  low i n  a l l  c a s e s  
(Xc  < 3 0 % ) .  On h e a t i n g ,  t h e  smal l  a n g l e  s c a t t e r i n g  d e c r e a s e s  
and the s i g n a l s  become p r o g r e s s i v e l y  more i n t e n s e ,  c o n s i s t e n t  
wi th  t h e  a n n e a l i n g  of s t r u c t u r a l  deLects  above t h e  glass 
t r a n s i  t i u n  tempera ture .  

0 
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X-RAY STUDY OF POLY(ESTER-P-SULPHIDE)S 157 

2 CJ--4 2' 5' 10' 15' 20' 25. 

FIGURE 4 .  X-ray diffraction patterns of polymer 
C9S3: semicrystalline at 25°C (a) and 90°C ( b ) ;  
nematic (c); (monotropic) smectic ( d ) ;  melt-cry- 
stallized (e). 

Above 69"C, polymer C9S6' presents X-ray profiles typical 
of a disordered smectic phase ( D e  4 . 5  1) (Fig.5b). The sharp 
signal at 20" 3.7" corresponds to a Bragg interlayer distance 
of 23.Y A .  Two other broad and weak signals suggest the oc- 
currence of periodicities of $18.5 and $40 .5  b ,  both of  which 
characterized by a low degree of positional correlation. 
While it may be not fortuitous that the two combined lengths 
correspond to the overall length of the repeating unit in its D
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4 *  

A. S .  ANGELONI, et al 

c I I 1 I I 1 

- L L  A 

-40.5i  
i - 2 3 9 A  

I 1  I -L.5 A 
T=90'C 

PlGIIKk: 5 .  X-ray d i f f r a c t i o n  p a t t e r n s  of polymer 
C9S6. : v i r g i n  s e m i c r y s t a l l i n e  ( a ) ;  smect ic  ( b ) ;  
c h o l e s t e r i c  ( c ) .  

f u l l y  extended conformation ( L ' 5 9  A ) ,  t h e  former l e n g t h  
should be c o r r e l a t e d  w i t h  a bis(p-0xybenzoate)-containing 
moiety and t h e  l a t t e r  l e n g t h  wi th  t h e  r e s t  of t h e  r e p e a t i n g  
u n i t  i n  t h e  most extended conformation.  Above 1 0 3 O C ,  t h e  
smect ic  o r d e r  i s  d i s r u p t e d  and t h e  X-ray p a t t e r n s  main ta in  
the same two broad i n n e r  r e f l e c t i o n s  a t  2 8 =  4 . 8  and 2 . 2 "  
( F i g . 5 ~ ) .  T h i s  s u g g e s t s  t h e  e x i s t e n c e  o f  a c h o l e s t e r i c  phase 
which may have a somewhat layered  s t r u c t u r e ,  analogous t o  
what has  a l s o  been observed f o r  some c h o l e s t e r i c  s ide-cha in  
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polymers!' On the contrary, polymers C6S6' and C7S6' 
possess only a cholesteric phase, with quite similar diffrac- 
tion profiles in the small angle region (Fig.6). It i s  
interesting to note that, while the reflection corresponding 
tG 18.5 A remains unaffected by varying the chemical structu- 
re, the second signal corresponds to a Bragg length1' 
236.7 and 238.0 A, in the two polymers respectively. Such 
differences in the three chiral polymers are coherent with 
the incremental variations of the number - m of methylene 

0 

of 

I I I I I 

a 

T =12O'C 
1.36.7 r 

I 1  I 1 1 I I 

2" 5" 10" 15" 20" 25" 28'--. 

FIGURE 6. X-ray diffraction patterns of the 
cholesteric phase of polymers: C9S6' (a); 
C7S6* ( b ) ;  C6S6' (c). 
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160 A. S .  ANGELONI, et al. 

u n i t s  i n  t h e  a l k y l e n e  segment in t h e  e x t e n d e d  c o n f o r m a t i o n  
p a r a l l e l  t o  t h e  l o n g  m o l e c u l a r  a x i s .  

CONCLUSIONS 

The n a t u r e  o f  t h e  mesophases  o f  some t h e r m o t r o p i c  p o l y ( e s t e r -  
B - s u l p h i d e ) ~  has  been e l u c i d a t e d  by X-ray a n a l y s i s  as a fun -  
c t i o n  of  t e m p e r a t u r e .  A s t r u c t u r a l  model o f  t h e i r  s m e c t i c  and 
c h o l c s t e r i c  p h a s e s  s h o u l d  acconunoddte t h e  e x i s t e n c e  of p e r i o -  
d i c i t i c s  o f  v a r i o u s  l e n g t h s  a s s o c i a t e d  w i t h  d i f f e r e n t  f r a g -  
ments  of  t h e  r e p e a t i n g  u n i t .  I t  i s  a n t i c i p a t e d  t h a t ,  w h i l e  
s u b t l e  chdnges i n  t h e  po lymethy lene  segment  r e s u l t  i n  pronoun- 
ced d i f f e r e n c e s  o f  mesomorphic b e h a v i o r ,  v a r i a t i o n s  of t h e  
l e n g t h  o f  t h e  d i t h i y l  segment  may p roduce  r e g u l a r  and p r e d i c -  
t a b l e  a l t e r n a t i o n s  of t h r  l i q u i d  c r y s t a l  p r o p e r t i e s  o f  the  
po lymers .  
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