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Summary 

PET ol igomers with d i f f e r en t  deg rees  of polymer iza t ion  con t a in ing  PHB 
as end  g r o u p s  were s y n t h e s i z e d  by  melt c o n d e n s a t i o n  of b i s ( 2 - h y d r o x y e t h y l )  
t e r e p h t h a l a t e  (BHET) in  the  p r e s e n c e  of e thy l  p - h y d r o x y b e n z o a t e  (EtPHB). 
Coupling the  ol igomers with t e r e p h t h a l o y l  chlor ide ,  a se r ies  of block 
copolymers  with iden t ica l  t r i ad  aromatic  e s t e r  "hard"  segments  as mesogen a nd  
d i f f e r e n t  l e n g t h s  of PET "soft" segments  as space r  were ob ta ined .  Obse rva -  
t ion  with a c r o s s - p o l a r i z e d  opt ical  microscope shows tha t  t hese  copolymers  are  
the rmot rop ic  in  a c e r t a i n  r a n g e  of the  spacer  l e n g t h  (n). As n i nc r ea se s ,  the  
mel t ing po in t  (Tin) of the  copolymer  also i nc reases ,  following the  i n c r e a s i n g  
molecular  weight .  The isot ropic  t r a n s i t i o n  t e m p e r a t u r e  (Ti) a nd  the  LC phase  
r a n g e  (AT), on the  o the r  hand ,  decrease  with the  i n c r e a s i n g  n. When n 
exceeds a c r i t ica l  va lue ,  the  LC phase  d i sappea r s .  

I n t r o d u c t i o n  

The most n a t u r a l  app roach  from low molecular  weight  l iquid  c r y s t a l s  
(LC's) to liciuid c r y s t a l l i n e  po lymers  (LCP's) is, p r oba b l y ,  to c onne c t  the  small 
molecules,  which u sua l l y  con ta in  a r ig id  mesogenic  "core" with flexible "tai ls" 
a t  e i t he r  or  bo th  s ides ,  t o g e t h e r  to form a polymer  backbone .  The r e s u l t e d  
macromolecule has a semi - r ig id  main cha in  with flexible s egmen t s  as spa c e r s  
be tween  mesogenic  g roups .  A mesophase  above mel t ing po in t  was theore t i ca l ly  
p r ed i c t ed  for  these  polymers  [1]. Since Roviello a nd  S i r igu  exper imenta l ly  
s y n t h e s i z e d  the  f i r s t  of such  k ind  LCP in 1975 [2], ex tens ive  s t ud i e s  followed 
[3-9]. I t  was found  t h a t  with i n c r e a s i n g  spacer  l eng th ,  the  i so t ropic  
t r a n s i t i o n  t e m p e r a t u r e  (Ti) dec reases  and  the  t e m p e r a t u r e  r a n g e  of nematic  
s ta te  (AT) becomes nar row.  This c lass  of polymers  p r o v i d e s  a poss ib i l i ty  for  
molecular  de s ign  to ob ta in  a the rmot rop ic  LCP with a des i r ed  mel t ing po in t  
and  hence  a p r o c e s s i n g  t e m p e r a t u r e  r a n g e  well below the  decomposi t ion 
temperature. 

A well-known phenomenon observed in these LCP's is the odd-even 
effect of the spacer length, which implies the flexible chain segments are not 
completely random coils in the LC state. Entropy study from DSC analysis 
confirmed that the nematic state in a LCP is more ordered than in a small LC 
with similar structure [7,10]. Moreover, it is observed that only two para 
conjoined benzene rings are sufficient to be a mesogen, which has an aspect 
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ra t io  x~3, fa r  less  t h a n  what  F lo ry ' s  la t t ice  t h e o r y  p r e d i c t e d  x_>6.42 for  small 
LC [111. 

In this work, a series of block copolymers (referred as Pn) with 
s t r u c t u r e s  showed below are  p r e p a r e d :  

0 

0 

I 0 ~ 0  ~ (I) 

0 

in  which,  a se r ies  of po ly ( e thy l ene  t e r e p h t h a l a t e )  (PET) ol igomers (Sn) with 
n ~ 1, 2, 3, 6, or  10 a re  used  as spacers .  The PET space r  in  these  s y n t h e -  
sized LCP's may con t ro l  the  t r a n s i t i o n  t e m p e r a t u r e s  as r e p o r t e d  in p r e v i o u s  
works.  However, the  main p u r p o s e  to i n t r o d u c e  PET segments  in to  the  LCP 
cha in  l ies on ou r  i n t e r e s t  in  " ln - s i t u  composite" of th i s  LCP's with PET: I t  
is be l ieved  t h a t  the  a l ignmen t  of LCP molecules in a flow field can be u t i l ized  
for  so-ca l led  s e l f - r e i n f o r c e d  composite,  where  the  r e i n f o r c e me n t  comes from 
the  f ib r i l s  of LCP formed in s i tu  d u r i n g  p r o c e s s i n g ,  e.g. e x t r u s i o n  or i n j ec t i on  
molding. I f  the  LCP is pa r t i a l ly  compatible with the  o the r  component  (say, 
matrix) in a b lend ,  like PET space r s  with PET matrix in th i s  specif ic  case,  a 
f ine  phase  s epa ra t i on  morphology with on ly  l i t t le  voids  at  the  i n t e r f ace  is 
expected.  Therefore ,  e f f i c ien t  s t r e s s  t r a n s f e r  and  t h u s  good mechanical  
p r o p e r t i e s  can be achieved .  If  the  more or less  a l igned  PET space r s  in  the  
LCP can induce  the  o r i en t a t i on  of PET matrix molecules,  i t  will e n h a n c e  the  
performance further more. 

This pape r  de l ive r s  some s y n t h e t i c  r e s u l t s  br ief ly .  F u r t h e r  i n v e s t i g a -  
t ion on the  r e s u l t e d  mater ia ls  is u n d e r  way. 

Experiments] 

Materials The monomer of PET, bis(2-hydroxyethyl) terephthalate (BHET), was 
prepared by controlled transesterification between dimethyl terephthalate and 
ethylene glycol [12]. Pure product was obtained after recrystallization from 
hot water (yield 70%). Terephthaloyl chloride was prepared by terephthalic 
acid with thionyl chloride in the presence of catalyst amount of DMF [13] 
(yield 90%). The purity was about 94% according to element analysis of CI. 
Other reagents were used as received without special treatment. 

Oligomers A series of oligomers with structures (If) were synthesized by melt 
condensation of BHET in the presence of ethyl p-hydroxybenzoate (EtPHB). 
The degree of condensation was controlled by the feed ratio of BHET/EtPHB, 
suppose EtPHB acts as a mono-functional reactant and forms end-groups in 
the products. 
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Typica l  expe r imen ta l  p r o c e d u r e  is as follows fo r  Sl: BHET 10.16g (0.04 
tool), EtPHB 9.28g (0.08 tool), t o g e t h e r  wi th  c a t a l y s t s  of Mn(OAc)2-4H20 45.6mg 
and  Sb203 3.ling were  hea t ed  in N2 for  30 rain at  160~ 60 rain at  200~ 30 
rain a t  220"C, 120 rain a t  240~ and  in vacuum for  60 rain a t  240~ to g ive  a 
c lea r  melt  which  sol id i f ied  a f t e r  p o u r e d  into  ice water .  I t  was t h e n  c a r e f u l l y  
g r o u n d ,  washed  wi th  wate r ,  f i l t e r e d  and  vacuum dr i ed  a t  room t e m p e r a t u r e .  
Resu l t s  a r e  l i s t ed  in Table 1. 

Po lymer iza t ion  Block copo lymers  with s t r u c t u r e s  (I) were  p r e p a r e d  by  
S c h o t t e n - B a u m a n n  r eac t i on  of the  r e s p e c t i v e  o l igomers  with equ imola r  
t e r e p h t h a l o y l  ch lo r ide  in 1 ,1 ,2 ,2 - t e t r ach lo roe thane  solut ion.  Two folds  p y r i d i n e  
was a d d e d  as c a t a l y s t  and  HCt accep to r .  The r eac t i on  mix tur~  was r e f l uxed  
a t  140~ o v e r  24 h o u r s  be fo re  p r e c i p i t a t e d  in e x c e s s i v e  methanol.  The 
p r o d u c t s  were  washed  s u c c e s s i v e l y  wi th  3% Na2CO3, 3% HC1, wa t e r  and ace tone .  
Resul t s  a r e  l i s t ed  in Table 2. 

Measuremen t s  I n h e r e n t  v i s c o s i t i e s  Wmh. of t he  copo lymers  were  m e a s u r e d  a t  
25~ with  an  Ubbe lhode  t y p e  v i s c o m e t e r  on so lu t ions  of 0.5 g / d l  in 1:1 (wt) 
p h e n o l / o - d i c h l o r o b e n z e n e .  1H-NMR s p e c t r a  were  r e c o r d e d  in d e u t e r i z e d  
t r i f l u o r o a c e t i c  acid  so lu t ion  on a Varian UNITY200 s p e c t r o m e t e r .  The opt ica l  
t e x t u r e  was o b s e r v e d  on a h o t - s t a g e  with  a Car l -Zeiss  PHMK 80/2603 c r o s s -  
po la r i zed  microscope .  The the rmal  b e h a v i o r s  were  s t ud i ed  on a P e r k i n - E l m e r  
DSC7 d i f f e r en t i a l  s cann ing  ca lor imeter .  

Resul t s  and  Discuss ion  

C h a r a c t e r i z a t i o n  

Table 1. C h a r a c t e r i z a t i o n  of  the ol igomers  

Feed ratio a) End grcep  racy  Cceversivn Po]ymerizati~ T =  b) 
Sample BHET]EtPHB n phelm]~ak~chol c~ EtPHB (~) ~ EtPHB (~) ( ' C )  

Sz 1 : 2 1.7 8.7 : 1 - 100 0 72 

Sz 1 : 1 2.2 6.0 : 1 ~ 100 0 82 

Sa 3 : 2 2.4 2.1 : 1 ~ 100 0 88 

$6 3 : 1 4.4 2,2 : 1 - 100 0 195 

Szo 5 : 1 7.7 1.2 : 1 - 75 0 235 

a) Ca]cu~ted from end groups  ~1 quant~ative  llt-NI4R spectra, 
b) Visual meesurement c~ a hot-stage. 

The o l igomers  were  c h a r a c t e r i z e d  as shown in Table 1. Quan t i t a t ive  
r e s u l t s  a r e  mainly ca l cu la t ed  from ZH-NMR a n a l y s e s  (F igu re  1). Chemical sh i f t  
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a s s i g n m e n t s  come  f r o m  s p e c t r a  of  m o n o m e r s  i n  a n  i d e n t i c a l  e n v i r o n m e n t  (i .e.  
s o l v e n t ,  c o n c e n t r a t i o n ,  t e m p e r a t u r e ,  e t c . ) .  

5.1 4.8 4.5 DP@ 

J 

9 8 7 6 5 4 3 2 0 

Figure 1. 1H-NMR s p e c t r u m  of  $1 in  d e u t e r i z e d  t r i f l u o r o a c e t i c  ac id .  

I t  i s  f a i r l y  s a t i s f a c t o r y  t h a t  t h e  e n d  g r o u p s  of  t h e  o l i g o m e r s  a r e  r a t h e r  
d o m i n a t e d  b y  PHB, e x c e p t  f o r  t h o s e  in  $10 w h i c h  w a s  p r e p a r e d  o v e r  a s h o r t e r  
r e a c t i o n  t ime.  T h e  r e a c t i o n  t e m p e r a t u r e  w a s  l i m i t e d  to  240~ i n  a l l  c a s e  to  
r e s t r a i n  t h e  p o l y m e r i z a t i o n  of  EtPHB. T h e  r e s u l t s  s h o w  n o  PHB s e g m e n t s  e x i s t  
i n  t h e  m i d d l e  of  t h e  c h a i n s  in  a l l  c i r c u m s t a n c e s .  B u t  u n d e r  s u c h  c o n d i t i o n s ,  
t h e  c o n v e r s i o n  of  EtPHB is  n o t  c o m p l e t e d , a s  i n d i c a t e d  b y  t h e  r e s i d u a l  p e a k s  
a t  8~1.5 in  t h e  NMR s p e c t r a  (Fig .  1). I t  s e e m s  t o  i n c r e a s e  t h e  u l t i m a t e  
t e m p e r a t u r e  to  250-260~ is  f a v o r a b l e  to  a s s u r e  a b e t t e r  r e s u l t .  

T h e r m o t r o p i c  b e h a v i o r s  

Table 2. P r o p e r t i e s  o f  t h e  b l o c k  c o p o l y m e r s  

inh. a) 
Sample (dl/g) 

PI 0.108 

P2 0.155 

P3 0.181 

Ps 0.239 

P ~  0.142 

I 
I Visual ('C) b) 

I 
I Tm Ti 
i 

110 >300 

130 240 

160 230 

205 - - -  

2 3 5  - - -  

T h e r m a l  A n a l y s e s  (~ c) 

Tg T m ( l s t )  Tc Tm(2nd)  

69 100 . . . . . .  

74 130 . . . . . .  

71 170 . . . . . .  

74 2O5 160 199 

71 230 181 226 

a) 0.5 g / d l  in  1:1 (w't) p h e n o l / o - d i c ~ b e n z e n e  a t  25"C. 
b) Observed in o p ~ : a l  m~c~cope .  
c) DSC-Ist scan is hea~ng at 20"C/rain, cooling at 10"C/rain; 2nd scan is heal/ng at SO'C/rain, 

T h e  t e x t u r e  of  o l i g o m e r s  a n d  r e s u l t e d  p o l y m e r s  w e r e  o b s e r v e d  u n d e r  a 
cross-polarized optical microscope on a hot stage. None of the oligomers are 
thermotropic. For the polymers of PI-P3, a birefringence appears above the 
melting temperature (Tin). It is a typical bi-phase state, which is composed 
of bright domains of mesophase in the dark background of isotropic melt. The 
fraction of the birefringent domain decreases with the increasing temperature 
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until the  i so t rop ic  t e m p e r a t u r e  (Ti) is r eached ,  when  the  melt  becomes to ta l ly  
i so t rop ic .  

The p r o p e r t i e s  of the  block copo lymers  a re  l i s t ed  in Table 2. When the  
l e n g t h  of PET s p a c e r  in t he  copolymer  i n c r e a s e s ,  Ti d e c r e a s e s  as expec t ed  
from o v e r  300~ fo r  Pi to 230~ fo r  Pc. But the  mel t ing po in t  is s t ead i ly  
i nc r ea sed .  A r ea sonab l e  i n t e r p r e t a t i o n  c o n t r i b u t e s  th i s  i n c r e a s e  of mel t ing 
po in t  to the  i n c r e a s e  of the  molecular  we igh t  when  Mw<10,000 [9], as r e f l e c t e d  
from the  v i s c o s i t i e s  (~inh.). When the  s p a c e r  l e n g t h  i n c r e a s e s  f u r t h e r  on, the  
Ti and Tm meet  each  o t h e r  and no mesophase  forms from P6 and  Pi0 (Fig. 2). 

300 
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,..., 

E 

\ 
\ 

\ 
\ 

\ 

�9 ,. 1 

. t t "  

Spacer length (n) 
~~176 ~ ~ lo 

Figure 2. Phase diagram of block copolymers containing triad aromatic ester 

mesogens and PET spacers 

Thermal  a n a l y s e s  of DSC g ive  a good complement ,  b u t  the  ava i lab le  
in format ion  is r a t h e r  limited. The f i r s t  hea t ing  scan  g i v e s  a too complex 
t he rmogram due to t he  compl ica ted  the rma l  h i s t o r y  of the  a s - s y n t h e s i z e d  
samples.  The fol lowing scans ,  however ,  a re  l i t t le  i n fo rma t ive  excep t  the  Tg, 
b e c a u s e  the  c ry s t a l l i z a t i on  window (Tm-Tg) is too na r row for  t hose  with  low 
melt ing po in t  (i.e. P1 - Pc) to r e c r y s t a l h z e  from the  melt in t he  time scale of 
-10~ on DSC. Moreover ,  because  the  mesophase  d i s a p p e a r s  g r a d u a l l y  
o v e r  the  whole r a n g e  from Tm to Ti, t he  endo the rma l  peaks  c o r r e s p o n d i n g  to 
Ti fa i led to be de t ec t ed .  

Conclus ion  

The block copolymer  with t r i ad  aromat ic  e s t e r  h a r d  s egmen t s  as mesogen  
and  PET segmen t s  as s p a c e r  can be t h e r m o t r o p i c  in a c e r t a i n  r a n g e  of t he  
s p a c e r  l eng th .  With i n c r e a s i n g  l e n g t h  of PET, the  T| i n c r e a s e s  while the  Ti 
dec r ea se s .  For  f u r t h e r  s t ud i e s  in t he  f u t u r e ,  i t  is c r i t i ca l  to f ind  an 
a p p r o p r i a t e  way to i n c r e a s e  t he  molecular  w e i g h t  of the  copolymers .  
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