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ON THERMOTROPIC L IQUID CRYSTALLINE 
POLYMERS COMBINED WITH LOW MOLECULAR 
WEIGHT MESOGENS 

ERIC R. GEORGE and ROGER S. PORTER 
Mater ia I s Re search Laboratory 
Polymer Science and Engineer ing Department 
Un ive rs i t y  o f  Massachusetts 
Amherst, Massachusetts 01003 USA 

A.C. GRIFF IN  
Department o f  Chemistry 
Un ive rs i t y  o f  Southern Mississippi 
Hatt iesburg,  Mississippi 39401 USA 

The  phase behavior f o r  each o f  two l inear thermo- 
t rop i c  liquid crys ta l l ine  polyesters w i t h  a correspond- 
ing low molecular weight liquid c rys ta l  o f  similar 
s t ruc tu re  have been investigated. Two d is t inc t  types  
o f  phase diagrams have been obtained fo r  b ina ry  mix- 
t u res  o f  a polymer, one containing a n  in-chain azoxy- 
benzene moiety mixed w i t h  para-azoxyanisole and one 
containing a naphthalene unit mixed w i t h  a dimethyl-  
ester liquid c rys ta l .  
studied by DSC, polarized light microscopy and x - ray  
di f f ract ion.  
mix tu res  a t ransester i f icat ion reaction incorpora t ing  
the  bi funct ional  low molecular weight liquid c rys ta l  
by a solid-state reaction i n to  the  naphthalene-contain- 
ing polyester was undertaken. 
viewed as a potential new processing technique for 
polymers. T h e  thermal s tab i l i t y  of an interreacted 
blend was shown t o  be  super ior  to  that  o f  e i ther  indi- 
v idual  component by thermogravimetr ic analysis. 
Thus, t h e  potent ia l  new processing technique features 
a lower melting, lower v iscosi ty b lend followed by the  
incorporat ion o f  t he  dimethylester liquid c rys ta l  in to  
the  polyester main chain p roduc ing  a more rigid, 
more stable polymer backbone. 

These phase diagrams were 

From th i s  unders tand ing  o f  the  physical  

T h i s  reaction may be  

27 
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28 E .  R.  GEORGE, R. S. PORTER AND A. C. GRIFFIN 

INTRODUCTION 

Thermotropic liquid crystal l ine polymers (TLCP) are now 

synthesized by step reaction polymerization w i t h  a wide 

range of rigid mesogenic and f lexible spacer groups. This  

invest igat ion considers phase studies o f  two major types o f  

nematic TLCP t h a t  have been received from two research 

teams . 1,2 

One t ype  o f  nematic TLCP incorporates a 2 , 6  subs t i tu ted  

naphthalene moiety. T h e  general p roper t ies  o f  t h i s  t y p e  of 

TLCP have been described by Calundann and Jaffe . T h i s  

s tudy  concerns specif ical ly BPE /I /N20, 

3 

where the  designation represents the  monomers bisphenol E 
diacetate, isophthal ic acid, and 2 , 6  naphthalene d icarboxy l i c  

acid respect ively.  

t he  naphthalene moiety. 

mechanical p roper t ies  and i t s  rheology and melt temperature 

are suitable fo r  indus t r ia l  processing. 

T h e  "N20" re fe rs  to  20% acid equivalent o f  

T h i s  polymer exh ib i ts  super ior  

The  seond t ype  o f  nematic TLCP consists of a regu la r  

a l te rna t ing  rigid mesogenic and a hydrocarbon f lexible spacer 

group. The  specific leng th  o f  t he  f lexible spacer i s  7 carbon 

atoms, and the  mesogen i s  4,4' azoxy 2,2'-methylbenzene. 

I t  has been described as exh ib i t i ng  o rd ina ry  nematic o rde r  . 
It is designated AZAS,  

4 

{ Q N ~ N - p - O - p ~ - " t  

CH-3 CH3 
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PHASE DiAGRAMS OF LIQUID CRYSTAL POLYMERS 29 

T h i s  t ype  o f  TLCP exh ib i ts  phase transi t ions d i f f e r i ng  from 

those o f  i t s  low molecular weight homologs such as the  4,4' 

a lkoxy  azoxybenzenes. T h e  crystal-nematic t rans i t ion  

( T K - N )  heat i s  general ly much lower and the  nernatic-iso- 

t rop ic  t rans i t ion  (T,,-,) heat la rger  and much broader. 

These dif ferences can be a t t r i bu ted  to  the  low degree of 

c r y  s t a  I I i nit y , mol ecu I a r weight d is t r ibu t ion ,  sm a I I c r y  s t  a I I i t e  

size, and c rys ta l l ine  defects typ ica l  of semicrystal l ine poly-  

mers. T h e  broad nematic-isotropic t rans i t ion  narrows w i t h  

increasing molecular weight 

d i s t r i bu t i on  . 
the  total en t ropy  change from c rys ta l  to  isotropic state has 

been shown t o  p rov ide  a thermodynamic measure o f  o rde r  in 

the  nematic phase . T h i s  ra t io  fo r  low molecular weight 

liquid c rys ta ls  (LMWLC) i s  typ ica l l y  0.02+1 - and for TLCP 

a f te r  extrapolat ion t o  100% c rys ta l l i n i t y  range from 0.08 t o  

0.20. 

isotropic t rans i t ion  is general ly more than in LMWLC. 

5 and decreasing molecular weight 
6 The  rat io o f  t he  en t ropy  change at TN-I t o  

7 

These values suggest tha t  t he  o rde r  near the  nematic- 

T h e  purpose o f  t h i s  invest igat ion i s  to  s tudy  the  change 

in t rans i t ion  behavior for  two major types  o f  TLCP and upon 

the  addi t ion o f  similar LMWLC di luents.  

was blended w i t h  para-azoxyanisole and BPEI I  iN20 w i t h  a 

dimethylester liquid c rys ta l  [DMELC) . 

T h e  A Z A 9  polymer 

0 0 0 

T h i s  LMWLC exh ib i ts  polymorphism inc lud ing  smectic B, 
smectic A ,  and nematic forms. 

functional w i t h  the potent ia l  f o r  t ransester i f icat ion w i t h  

BPEI I  /N20. 

en t i re  compositional range fo r  b o t h  systems aod the  

Note tha t  the  DMELC i s  bi- 

Phase diagrams were constructed across the  
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30 E. R. GEORGE, R. S. PORTER AND A. C. GRIFFIN 

8 miscibi l i ty  ru les  o f  Demus and Sackmann were considered . 

EXPERl MENTAL 

Phase transi t ions were determined by d i f fe ren t ia l  scanning 

calorimetry (Perk in  Elmer, DSC-2) equipped w i t h  a thermal 

analysis data stat ion and by a polar iz ing microscope (Zeiss) 

equipped w i t h  a var iable temperature programmer (Valley 

Forge).  

o f  1O0/min.  

scope observations fo r  the  TN- [  and TK-,, t ransi t ions.  

camera us ing  N i  f i l te red  CuKa  radiat ion. 

f i l m  photographic technique was used a t  a sample t o  f i l m  dis-  

tance o f  51.55 mm. 

in-house heat ing cell monitored by a Mett ler  thermocouple. 

Thermogravimetr ic analyses were performed w i t h  a 

A l l  DSC measurements were taken a t  heating rates 

T h e  peak maxima correspond well w i t h  micro- 

X- ray  d i f f rac t ion  pa t te rns  were obtained w i t h  a Stat ton 

A standard f lat- 

The  Stat ton camera i s  equipped w i t h  an  

Perk in  Elmer TCS-2 equipped w i t h  a System 4 Microprocessor 

control ler .  

The  b ina ry  mix tu res  fo r  phase diagram studies were pre-  

pared fo r  t h e  AZASIPAA system by freeze drying at 

T o r r  from 1,1,2,2 tetrachloroethane and by melt m ix ing  d i r -  

ec t ly  in t h e  DSC pan. 

physical  m ix tu res  were prepared by heat ing fo r  4 hours  at  

80° in a 60/  40 phenol -1, 1,2,2 tetrachloroethane polyester 

solvent followed by coprecipitat ion i n to  methanol. T h e  co- 

p rec ip i ta te  was f i l tered, r insed w i t h  warm methanol, a n d  re- 

f luxed in methanol an addit ional 5 hours.  T h e  coprecipitate 

was a g a i n  r i nsed  w i th  warm methanol and d r ied  in vacuo at  

100°C fo r  48 hours .  

For  the  BPE/I/NZO-DMELC system the  

PAA, BPE/I /N20, and DMELC were used as control  

samples o f  b lend ing  procedures. T h e  freeze-drying tech- 

n ique removed impuri t ies from PAA, increasing i t s  total  heat 
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PHASE DIAGRAMS OF LIQUID CRYSTAL POLYMERS 31 

of t ransi t ion.  The  coprecipi tat ion technique fo r  p repar ing  

blends lowers t h e  total  heat o f  t rans i t ion  in BPE/ I /N20 but 

the  t rans i t ion  temperature remained the same. 

t h a t  on ly  the degree of c rys ta l l i n i t y  was altered. 

mained relatively the same in total  heat of t rans i t ion  and the  

formation of smectic modifications remained unal tered as evi-  

denced by polar ized light microscopy. 

Th is  indicates 

DMELC re-  

RESULTS 

T h e  t rans i t ion  temperatures f o r  t he  TLCP and LMWLC used in 

th i s  s tudy  are  l is ted in Table 1 .  

TABLE I 

Component Phase Trans i t ions  ("C) 

Phase Trans i t ions  f o r  Pure  Components 

AZA9 K 107 N 144 I 

BPE/ I /N20 K 282 N 

PAA 

DhlELC 

K 118 N 134 I 
K 233 S 248 N 

The  nematic-isotropic t rans i t ion  was not observed o n  

heat ing fo r  BPE/ I  /N20 o r  DMELC be ing  intervened by the on-  

set of thermal degradation. T h e  DMELC exh ib i ts  a t rans i t ion  

to  the smectic B phase at  -233OC as evidenced by a mosaic 

t e x t u r e  which persisted to  24OOC. 

to a Schl ieren tex tu re  ind ica t ive  of t he  nematic state at  254OC. 

It has been observed t h a t  smectic B phases are  of ten followed 

by smectic A and i t  i s  presumed that a smectic A modif icat ion 
8 i s  intermediate between the  smectic B a n d  nematic phases . 

Table I I  i s  a summary of t he  x - ray  d i f f rac t i on  data f o r  

The  smectic B transforms 

DMELC a t  the temperatures indicated. 
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32 E. R. GEORGE, R. S. PORTER AND A. C. GRIFFIN 

TABLE I I  X-Ray D i f f rac t ion  Peaks o f  DMELC 

25OC 255OC 265OC 

X-Ray 24 .0  ( s t r )  24.0 ( s t r )  3 .9  ( v  wk )  

d-spacings 11.9 (wk )  11.9 (wk )  3.1 ( w k )  

(1) 4.6 ( v  s t r )  5 . 4  ( s t r )  

7.9 ( w k )  8 . 0  ( w k  2.5 ( v  wk )  

3.9 ( v  wk)  3.9 ( v  s t r )  

3.4 ( v  wk )  3.1 (wk)  

3.1 ( v  wk)  

DMELC i s  a rigid molecular o f  - 2 5 x  in leng th  and the  d- 

spacing o f  2413 indicates bo th  a layered s t r u c t u r e  in the  c rys -  

t a l  and smectic modifications. 

a re  a t t r i bu ted  t o  h igher  o r d e r  ref lect ions. T h e  d-spacings 

a t  4.6% in the  c rys ta l  and 5.4%, a t  255OC are  a t t r ibu tab le  t o  

lateral distances between rigid molecules in t h e  layers. 

h ighe r  angle ref lect ions are  thought  t o  be  intramolecular 

distances in t h e  aromatic s t ruc tu re .  DSC indicates tha t  the  

phase t rans i t ion  to  the  nematic state i s  complete at  25OOC 

and a Schl ieren tex tu re  forms at  254OC. However, x - ray  

d i f f rac t i on  reveals a layered s t r u c t u r e  pers is t ing  t o  263OC 

which i s  evidence f o r  a cybotact ic nematic-phaselo. T h i s  

phenomenon i s  important when consider ing miscibi l i ty  w i t h  

BPE 1 I I N  20. 

The  d-spacings at  121 and 8%, 

The  

T h e  phase diagram fo r  BPE/ I /N20 - DMELC (F igu re  1) 

indicates miscibi l i ty  in the  nematic state. 

represents t h e  reg ion  o f  thermal degradat ion as evidenced by 

thermogravimetric analysis and DSC. 

t rans i t ion  ( 0 )  o f  DMELC remains constant across the  en t i re  

compositional phase diagram ind ica t ing  t h a t  t he  smectic phase 

o f  DMELC i s  phase separated from the  semicrystal l ine poly-  

mer. T h i s  was ve r i f i ed  by microscope observations as welf 

T h e  hatched area 

The  crystal-smectic D
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PHASE DIAGRAMS OF LIQUID CRYSTAL POLYMERS 33 
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a s  x-ray diffraction. 

I 
_/ 
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/ 

/ 
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i 
I 

J 
L--- 

d-- .-- 
MIXED NEMATIC 0 

0 " . smectic 
0 - a 

a 

SEPARATE CRYSTALS 

8 -  200 , 
20 40 60 80 IOC 

WEIGHT % BPE/I /N20 

F I G U R E  1 Phase Diagram BPE/I/N20 - DMELC 

The  phase diagram (see Figure 1)  exhibits eutectic-type 
behavior above 40% polymer as  evidenced by the  depression 

of the  transition into t h e  mixed nematic phase. 
diffraction at  temperatures just below the  nematic transition 

give d-spacings characteristics of p u r e  BPEII /N20 crystals.  
Compositions above 50% polymer showed a fan-shape texture  

for DMELC which was not observed in p u r e  DMELC. 

temperature range of this  smectic A modification increased 

slightly with increasing polymer concentration. 
thermograms for this  region a r e  given in Figure 2. 

higher temperature peak represents  t h e  transition into an 
ordinary nematic phase. X-ray diffraction pat terns  taken 

above this  transition gave no evidence o f  cybotatic groups. 

X-ray 

The  

Sample DSC 
T h e  
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34 E. R. GEORGE. R. S. PORTER AND A. C. GRIFFIN 

t 
0 
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I .. ,..' I.. . ,. .._. .. , .... . ... .. .. ..... ...." 

, , , , 1 1 

200 240 280 320 

TEMPERATURE "C 

FIGURE 2 DSC Thermograms o f  BPE/ I /N20 Blends w i t h  
DMELC 

T h e  phase behavior of t h e  BPE/ I /N20 b ina ry  systems in- 

dicates a nematic phase tha t  i s  pa r t i a l l y  miscible w i t h  t he  cy -  

botactic nematic phase of DMELC. 

shows phase transi t ions similar t o  those o f  p u r e  DMELC. 

Optical microscopy shows a t rans i t ion  t o  a smectic B phase 

separate from the  BPE/I/N20. Upon f u r t h e r  heating, t h e  

BPE/I  /N20 and smectic B modification o f  DMELC simultan- 

eously form a mixed nematic phase which appears miscible. 

Thus, a t  low polymer concentrat ion the  nematic phase o f  

BPE i I /N20  a n d  cybotact ic nematic phase o f  DMELC comeso- 

phase. 

T h e  14.6 wt .% b lend 

T h i s  invest igat ion represents an evaluation fo r  a new 

concept fo r  the  processing o f  thermotropic polyesters. His- 

tor ical ly polyesters a re  general ly processed a t  low molecular 

weight ( < l o ,  000) followed by post-treatment in the  solid- 

state at  temperatures where t ransester i f icat ion can increase 

the  molecular weight". For  a TLCP the  melt temperature i s  
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PHASE DIAGRAMS OF LIQUID CRYSTAL POLYMERS 35 

often near tha t  f o r  s igni f icant thermal a n d / o r  ox ida t ive  deg- 

radation. The eutectic t y p e  o f  phase diagram w i th  a b i func-  

t ional  LMWLC t h u s  provides a method to  s igni f icant ly de- 

crease the  t rans i t ion  temperature, t o  decrease viscosity, and 

t o  subsequent ly incorporate the LMWLC dimethylester i n to  

the polyester backbone by transester i f icat ion.  

T h e  reaction o f  DMELC w i t h  BPE/ I  /N20 was invest igated 

by thermogravimetr ic analysis and DSC. To demonstrate the  

reaction, t he  76 w t . %  blend was chosen since it i s  high poly-  

mer content and the  crystal-nematic t rans i t ion  was depressed 

2OoC for t h e  phys ica l  b lend w i t h  DMELC. 
t ra tes  the thermogravimetr ic analysis of t he  two p u r e  compo- 

nents, t he  76% physical  blend, a n d  the  76% b lend reacted fo r  

5 hou rs  a t  22OOC in vacuo. T h e  physical  b lend exh ib i ts  deg- 

radat ion character ist ic o f  p u r e  components while the  reacted 

b lend exh ib i ts  similar weight loss t o  tha t  o f  BPE/ I /N20  but 

w i t h  super ior  thermal stabi l i ty .  The  reaction takes place at  

t h e  end groups  o f  the BPE/ I  IN20 a n d / o r  randomly along the 

chain as i l l us t ra ted  in F igu re  4. Note t h a t  the reaction tem- 

pe ra tu re  o f  22OoC i s  in the sol id physical  blend. A s  the r e -  

act ion proceeds between DMELC and BPE/ I  /N20, t he  c rys ta l -  

smectic t rans i t ion  systematically disappears by change in 

area since there are  no u n i t s  in the system remaining which 

can organize smectic layers. 

be monitored by the disappearance of  the crystal-smectic 

phase t rans i t ion  character ist ic of DMELC. 

of the 76% blend increased to 281OC a f te r  reac t ing  fo r  5 hours  

and to  284OC a f te r  7 hours.  

t h e  new liquid c rys ta l  polyester formed in the  reaction and 

i t s  physical  characterization w i l l  be presented l a t e r .  

F igu re  3 i l lus- 

. 
Indeed the reaction can actual ly 

The  melt ing po in t  

A more detai led invest igat ion o f  
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36 E. R. GEORGE, R. S. PORTER AND A. C. GRIFFIN 

1 L L I I I 

ZOO 300 400 500 600 700 800 

TEMPERATURE “C 

FIGURE 3 Thermogravimetric Analysis BPEI I  /NZO-DMELC 

0 
End Group 

- G O - t - C H ,  + C H j O - d o  

0 1 0 
O O - ? ~  + CH,O-;-CH, 

Exchange 
0 ? P ! 

CH, - 0 - C  , .  e C - O G O - C  ~ ~ - O - C H ,  
H H  , .  

-c -0 G L - 6  ......... 
A A  

I 

H H  O F I  F I P  
OC-C e 0 - t  ~ C - O G O - C - ( @ C - O - C H ,  

H H  

FIGURE 4 Reactions o f  BPE/I/N20-DMELC 
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PHASE DIAGRAMS OF LIQUID CRYSTAL POLYMERS 

T h e  b i n a r y  phase diagram for t h e  AZAS/PAA system 

31 

(F igu re  5 )  indicates mutual miscibi l i ty  in bo th  the  nematic 

and isotropic phases over  the  en t i re  range o f  composition. 

T h i s  c r i t e r i on  i s  the  basis o f  the miscibi l i ty  ru les8 conf i rming 

t h e  nematic o rde r  present in the  AZA9 mesophase. The  t ran -  

s i t ion temperatures T 

across t h e  en t i re  phase diagram. 

crystal l izat ion i s  l i ke ly  in the  sol id state. 

pa t te rns  were taken fo r  p u r e  components and the  52 wt .% 

b lend  a t  room temperature. 

were not present in e i ther  pure component. 

(a) and TK-N ( 0 )  remain constant 

X-ray d i f f rac t ion  

N-l  
T h i s  indicates tha t  co- 

Several d-spacings in the  b lend 

ISOTROPIC 

I 
W 8 
LL m .  I .  

NE M ATlC $ 1201 LL: e e  
[L * . -  
w t I+-va------ 0 

0 
Q -y--- CRYSTAL 
I +-.: + NEMATIC --. -. -. 

coc rys t a I --. v'.g 

40' 0 20 40 60 80 IOC 

WEIGHT % POLYMER 

FIGURE 5 Phase Diagram AZA-9/PAA 

T h e  lower c u r v e  in F igu re  5 ( 8 )  represents the  broad- 

en ing  o f  t h e  crystal-nematic t rans i t ion  w i t h  increasing poly-  

mer concentrat ion, Melt-mixed blends exh ib i ted  much 

broader TK-,, t ransi t ions whereas the  freeze-drying method 

produced thermal t ransi t ions resembling those o f  p u r e  PAA. 

T h i s  can be a t t r i bu ted  to  the  di f ference in crystal l izat ion 

conditions, i.e., solvent g rown  versus melt g rown  crystals.  

F igu re  6 i s  t he  DSC thermogram fo r  t h e  52.6% AZA9/PAA 

b lend prepared by freeze-drying. T h e  temperature of t h e  
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38 E. R. GEORGE, R. S. PORTER AND A. C. GRIFFIN 

phase transi t ions (TK-,, and TN-l) were no t  dependent upon  

the  b lend ing  technique as observed by the  formation o f  

Schl ieren tex tu res  a n d  isotropic states by polarized light mi- 

croscopy. 

--60°C which i s  a t t r i bu ted  to  recrystal l izat ion. 

i s  thought  t o  suppress the  crystal l izat ion o f  PAA upon cool- 

ing at 10°/min. 

T h e  melt mixed blends exh ib i ted  exotherms a t  

T h e  polyester 

1 I I I I 1 

70 90 I10 130 150 

TEMPERATURE "C 

FIGURE 6 52.6% AZA-9 /PAA Freeze-Dried 

Table I 1  i s  a summary o f  t he  calorimetr ic data fo r  

A Z A 9 / P A A  b ina ry  blends. 

heat o f  t rans i t ion  than AZA9.  

in b i n a r y  blends. 

g ive  a re la t i ve  measure o f  t he  alignment o f  PAA w i t h  A Z A 9  

near t h e  nematic-isotropic t ransi t ion.  A H  (LC- I )  increases 

as the  polymer content increases and reaches a value larger 

than fo r  e i ther  p u r e  component. T h e  ra t io  A H  [LC- I ) /H  [ to t )  

is approximately equal t o  the  corresponding en t ropy  ra t io  

defined ear l ier .  

PAA exh ib i ts  a much la rger  total  

T h i s  dominates the  t ransi t ions 

Thus, t he  ra t io  AH(LC- I ) /H ( to t )  should 

T h e  ra t io  reaches 0.12 at  82.2 w t . %  
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PHASE DIAGRAMS OF LIQUID CRYSTAL POLYMERS 

It i s  in te res t ing  t o  note t h a t  Blumstein12 obtained 

39 

polymer. 

f o r  t h e  same polymer an equivalent ra t io  o f  0.14 assuming 

A H( to t )  f o r  a 100% crys ta l l ine  polymer. I f  th i s  calorimetr ic 

method i s  rel iable it would indicate tha t  AZAS has a h igher  

degree o f  o rde r  than PAA near the  nematic-isotropic t rans i -  

t ion  and provides information w i thout  knowledge o f  a 

AH( to t )  value fo r  a 100% crys ta l l ine  AZAS. 

TABLE I l l  Thermal Data fo r  AZA-9/PAA Blends 

% AZA-9 

P A A  

6 9  

10 2 
30 0 

5 2 6  
7 6 4  

8 2 2  

, 100 0 

CONCLUSION 

27  4 

2 2  3 

2 3  4 
18 I 

I 6  5 
10 6 

9 4  

16 

A H(LC-I) 
(cal / g )  

0 85 

0 65 

0 67 
0 70 
0 75 
I 06 

I 12 

0 99 

A H (LC - I  
AH( to t )  

0 0 3  

0 0 3  

0 0 3  
0 04 

0 0 5  
0 10 

0 12 
- 

Two d is t inc t  types  o f  phase diagrams have been presented 

for b ina ry  mix tu res  o f  TLCP in LMWLC. A new processing 

technique utilizing the  melt ing po in t  depression o f  a eutectic- 

t ype  phase d i a g r a m  was demonstrated. 

features a lower melting, lower v iscosi ty physical  b lend fo r  

melt processing followed by the  sol id-state transesteri f ica- 

t ion  o f  t he  LMWLC in to  the  polymer backbone. 

T h e  technique 
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