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GELATION I N  THE POLY(y-BENZYL-L-GLUTAMATE) - 
BENZYL ALCOHOL SYSTEM 

ALYSON H I L L  AND ATHENE M .  DONALD 

Cavendish Laboratory,  Madingley Road, Cambridge 

CB3 OHE, England 

A b s t r a c t  G e l s  formed from l i q u i d  c r y s t a l l i n e  
s o l u t i o n s  of po ly  (y-benzyl -L-g lu tamate)  i n  
benzyl  a l coho l  have been s t u d i e d  by a v a r i e t y  
of t e c h n i q u e s .  I t  seems t h a t  t h e  j u n c t i o n  
p o i n t s  i n  t h e  g e l s  a r e  c r y s t a l l i n e  i n  n a t u r e ,  
p o s s i b l y  from a c r y s t a l l o s o l v a t e  phase .  These 
c r y s t a l l i t e s  a r e  s o  smal l  t h a t  t hey  a r e  we l l  
below t h e  r e s o l v i n g  power of  t h e  o p t i c a l  
m i c r o s c o p e .  Hence o b s e r v a t i o n  under  t h e  
p o l a r i s i n g  microscope shows behaviour  i n  broad 
accord with t h e  F lory  p r e d i c t i o n s ,  and with no  
c o r r e l a t i o n  betweeen t h e  o p t i c a l  t r a n s i t i o n s  
and t h e  gel-sol t r a n s i t i o n .  Add i t iona l ly ,  a t  
h i g h  t e m p e r a t u r e s ,  c o e x i s t e n c e  o f  two 
a n i s o t r o p i c  phases i s  seen .  

INTRODUC T I O N  

The problem of t h e  n a t u r e  of t h e  network in 
f l e x i b l e  polymeric  g e l s  has  had a long h i s t o r y .  

Recent ly  a t t e n t i o n  has  a l s o  been focussed on g e l s  

from r i g i d  rod polymers, which can form g e l s  which 

a r e  o p t i c a l l y  a n i s o t r o p i c .  Much of t h i s  work has  

c o n c e n t r a t e d  o n  t h e  p o l y m e r  p o l y  

(y-benzyl-L-qlutamate) (PBLG)  . However a consensus 

on t h e  s t r u c t u r e  of t h e  g e l  has not been reached, 
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396 A. HILL AND A. M. DONALD 

b o t h  c r y s t a l l o s o l v a t e  phases  and s p i n o d a l  decom- 

p o s i t i o n  hav ing  been p r ~ p o s e d l - ~ .  I n  t h i s  p a p e r  w e  

r e p o r t  on a s t u d y  of gels  of PBLG i n  b e n z y l  a l c o h o l  

(BA) u s i n g  t h r e e  main t e c h n i q u e s :  DSC,  r i g i d i t y  

m o d u l u s  m e a s u r e m e n t s  a n d  p o l a r i s e d  l i g h t  

microscopy.  Some p r e l i m i n a r y  Xray expe r imen t s  have 

a l s o  been c a r r i e d  o u t .  

EXPERIMENTAL 

S o l u t i o n s  of c o n c e n t r a t i o n s  5,  8 ,  1 0 ,  15 and 1 5 . 7  

volume % were made up, u s i n g  PBLG of MW 3 4 5 0 0 0  

from Sigma Chemical ,  and s p e c t r o s c o p i c  g r a d e  B A .  

S o l u t i o n s  were s t o r e d  a t  2 5 O C ,  f o r  a minimum o f  

t h r e e  w e e k s  t o  a l l o w  e q u i l i b r a t i o n  t o  o c c u r .  

R i g i d i t y  modulus measurements  were c a r r i e d  o u t  

u s i n g  t h e  method of  Ward and S a u n d e r s 5 .  The D S C  

u s e d  was a M e t t l e r  2 0 0 0  o p e r a t e d  a t  a h e a t i n g  o r  

c o o l i n g  ra te  of I°C/minute. O p t i c a l  microscopy w a s  

pe r fo rmed  on a C a r l  Zeiss J e n a p o l  w i t h  a S t a n t o n  

Redc ro f t  h e a t i n g  s t a g e .  

RESULTS 

When t h e  r i g i d i t y  modulus i s  p l o t t e d  as a f u n c t i o n  

o f  t e m p e r a t u r e ( e . 9 .  F i g u r e  l), it i s  found t h a t  a 

s h a r p  d r o p  o c c u r s  o v e r  a n a r r o w  r a n g e .  The 

t r a n s i t i o n  t e m p e r a t u r e  i s  i d e n t i f i e d  a s  t h e  

t e m p e r a t u r e  a t  which a s t r a i g h t  l i n e  t h r o u g h  t h e  

lower  t e m p e r a t u r e  p o i n t s  c r o s s e s  a s t r a i g h t  . l i n e  

th rough  t h e  h i g h e r .  

Measurements of  t h e  modulus a s  a f u n c t i o n  of 
t e m p e r a t u r e  were c a r r i e d  o u t  on b o t h  h e a t i n g  and  

c o o l i n g  f o r  a l l  t h e  g e l s .  For t h e  5 %  s o l u t i o n  a 
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GELATION IN THE POLY(y-BENZYL-L-GLUTAMATE) 397 
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F I G U R E  1. R i g i d i t y  modulus of  1 0 %  g e l  

s i n g l e  t r a n s i t i o n  was obse rved  b o t h  on r a i s i n g  and 

l o w e r i n g  t h e  t e m p e r a t u r e ,  w i t h  t h e  l a t t e r  b e i n g  

some 8OC l ower  t h a n  t h e  f o r m e r .  Fo r  t h e  h i g h e r  

c o n c e n t r a t i o n  s o l u t i o n s ,  two t r a n s i t i o n s  ( i . e .  

changes  i n  s l o p e )  were o b s e r v e d  on h e a t i n g ,  b u t  

a g a i n  o n l y  a s i n g l e  on one on c o o l i n g  l y i n g  a few 

d e g r e e s  b e l o w  t h e  l o w e r  o f  t h e  two h e a t i n g  

t r a n s i t i o n s .  The t r a n s i t i o n  t e m p e r a t u r e s  a r e  
l i s t e d  i n  Table  1. 

These r e s u l t s  c o r r e l a t e  w e l l  w i t h  t h e  t r a n s -  

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

c a l o r i m e t r y ;  h e r e ,  t o o ,  t h e  h i g h e r  c o n c e n t r a t i o n s  
y i e l d  two h e a t i n g  t r a n s i t i o n s  and  a l l  s o l u t i o n s  

show a s i n g l e  c o o l i n g  t r a n s i t i o n .  T h e  a c t u a l  
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398 A. HILL AND A. M. DONALD 

TABLE 1 Transition temperatures 

~~ 

DSC 
conc. ave.smal1 mass large mass modulus 

T1 T2 T3 T1 T2 T3 T1 T2 T3 

5 43.6 - 32.6 54.8 - 30.5 45 - 37 

8 -  - 33.9 49.6 56* 35.2 45 53 41 

10 50.6 - 41.7 50.8 60.039.0 47 54 41.5 

15 48.5 57.5 43.1 48.0 57* 46.0 - - - 

15.747.9 57.1 45.8 50.6 59.247.4 - - 50 

* k 2% 
T1 and T2 are the transitions observed on heating; 
T3 is that seen on cooling. 

transition temperatures measured ( s e e  Table 1) , 
also agree well. Additionally, using DSC, one is 
able to explore readily the effect of time on the 
magnitudes of the endo- (exo-) therms. Preliminary 
results show the higher (or only, for the 5%) 
heating transition peak was substantially reduced 
in magnitude if the experiment was immediately 
repeated; the cooling transition was not affected. 

Optically, the behaviour of the samples is 
very complex, and it is extremely difficult to be 
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GELATION IN THE POLY(y-BENZYL-L-GLUTAMATE) 399 

s u r e  t h a t  equ i l ib r ium i s  maintained throughout any 

p a r t i c u l a r  hea t ing  cyc le .  A t  room temperature ,  t h e  

samples  a r e  b i p h a s i c  - one i s o t r o p i c  and one 

a n i s o t r o p i c  phase being p r e s e n t .  I t  i s  a l s o  found 

t h a t  an i s o t r o p i c  l i q u i d  i s  "exuded" which c o a t s  

t h e  su r faces  of t h e  con ta ine r .  This i s  thought t o  

be pure s o l v e n t .  I n f r a r e d  spectroscopy has  f a i l e d  

t o  i d e n t i f y  any polymer present  i n  t h e  l i q u i d ;  t h i s  

cou ld  mean t h a t  a v e r y  low c o n c e n t r a t i o n  was 

n e v e r t h e l e s s  conta ined  wi th in  t h e  s o l v e n t ,  bu t  i n  

t h i s  case  one would not  expect  t h e  l i q u i d  t o  be 

a b l e  t o  coa t  t h e  t o p  su r face  of t h e  con ta ine r  w e l l  

above t h e  l e v e l  of t h e  g e l ,  a s  it does.  

Upon hea t ing  t h e  5% g e l ,  t h e  i s o t r o p i c  d r o p l e t s  

grow u n t i l  t h e  whole sample becomes i s o t r o p i c  a t  a 

t e m p e r a t u r e  (-65OC) which i s  w e l l  above t h e  

t r a n s i t i o n  t empera tu re  obse rved  by DSC/modulus 

measurements. The more concent ra ted  samples never 

become f u l l y  i s o t r o p i c ,  a s  i n  acco rd  wi th  t h e  

t h e o r e t i c a l  p r e d i c t i o n s  o f  F l o r y 6 .  For  

concen t r a t ions  of 8% and above, t h e  most s t r i k i n g  

f e a t u r e  i n  t h e  p o l a r i s i n g  microscope  i s  t h e  

appearance a t  e l eva ted  temperatures  of a t h i c k  dark 

boundary sepa ra t ing  two a n i s o t r o p i c  phases (Figure 

2 )  . The " inne r"  phase ( i . e .  i n s i d e  t h e  boundary) , 
des igna ted  LC2,  i s  present  a t  a l l  temperatures ,  and 

over  p a r t  of t h e  tempera ture  range e x h i b i t s  t h e  

f i n g e r p r i n t  t e x t u r e  ( F i g u r e  3 ) .  O u t s i d e  t h i s  

boundary, which forms a t  t empera tu res  upward of 

- 5  5 O C  depend ing  on c o n c e n t r a t i o n ,  a second  

a n i s o t r o p i c  phase L C 1  forms, which never shows any 

s i g n  of f i n g e r p r i n t i n g .  Typica l ly  LC1 appears  t o  

be black and white,  while LC2 appears  coloured.  
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400 A. HILL AND A.  M. DONALD 

FIGURE 2 Coexisting phases in a 10% sample 
at 102°C(crossed polars) 

FIGURE 3 LC1 and LC2 in a 15% sample at 62OC 

There seems to be a region where three phases 
coexist - isotropic and two anisotropic - but this 
may simply reflect the long time required to reach 
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GELATION IN THE POLY(y-BENZYL-L-GLUTAMATE) 40 1 

equi 1 ibr ium . 
A microdensitometer scan across Xray photo- 

graphs of the 5 and 15% gels shows that in the 
latter a sharp peak is observed superimposed and 
just inside the diffuse innermost ring (Figure 4). 
This is indicative of some highly ordered phase in 
the higher concentration. This view is 
substantiated by Xray work on oriented 15% gels 
(Poliks and Samulski, Private Communication). 

FIGURE 4 Microdensitometer scan of Xray 
photographs of 5 ( - - - I  and 15% (-) gels. 

DISCUSS I ON 

The DSC and modulus measurements give transition 
temperatures in good agreement with one another, 
but these transitions do not correlate with those 
seen optically. It seems likely that there are two 
phenomena being observed, each with its own set of 
transitions. The polarising microscope is sens- 
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402 A. HILL AND A. M. DONALD 

i t i v e  t o  t h e  l i q u i d  c r y s t a l  t r a n s i t i o n s  p r e d i c t e d  

by Flory ,  and our  obse rva t ions  a r e  i n  accord  wi th  
t h e  Flory phase diagram, inc luding  what seems t o  be 

t h e  f i r s t  d i r e c t  o b s e r v a t i o n  of two c o e x i s t i n g  

l i q u i d  c r y s t a l l i n e  phases .  

On t h e  o t h e r  hand, t h e  modulus measurements 

a r e  p rob ing  t h e  g e l - s o l  t r a n s i t i o n .  I f  t h i s  

t r a n s i t i o n  can be a s s o c i a t e d  wi th  some kind of 

c r y s t a l l o s o l v a t e  phase a s  sugges ted  by Papkov’, 
t h e n  t h e  good agreement w i t h  t h e  DSC measured 

t r a n s i t i o n s  i s  r e a d i l y  e x p l i c a b l e :  t h e  D S C  i s  

monitoring t h e  melt ing of t h e  c r y s t a l l i t e s ,  and it 

i s  these  junc t ion  p o i n t s  t h a t  make up t h e  junc t ion  

p o i n t s  of t h e  g e l .  However t h e  c r y s t a l l i t e s  (which 

w i l l  be embedded i n  t h e  l i q u i d  c r y s t a l l i n e  phase)  

w i l l  be f a r  below t h e  r e so lv ing  power of t h e  l i g h t  

mic roscope ,  and hence  u n d e t e c t a b l e  b y  t h i s  

t e c h n i q u e ; t h u s  no c o r r e l a t i o n  between t h e  D S C /  

modulus and o p t i c a l  t r a n s i t i o n s  i s  t o  be expected.  

Addi t iona l  support  f o r  t h i s  model comes from 

t h e  pre l iminary  Xray work which a l s o  sugges t s  t h e  

presence  of some kind of  c r y s t a l l i t e .  One might 

expect  a l l  concent ra t ions  t o  show t h i s  r e f l e c t i o n ,  

but  t h e  t o t a l  volume of c r y s t a l l i n e  m a t e r i a l  may be 

t o o  l o w  t o  be d e t e c t a b l e .  These c r y s t a l l i t e s  can 

p r o b a b l y  be i d e n t i f i e d  w i t h  t h e  “complex  

s t r u c t u r e s ”  seen by Sasaki  e t  a1.*.  The presence of 

t h e  exuded l i q u i d  i s  a l s o  c o n s i s t e n t  wi th  t h i s  

p i c t u r e ,  as  it could a r i s e  from so lven t  r e j e c t i o n  

during c r y s t a l  thickening’.  

However some u n c e r t a i n t i e s  remain. F i r s t l y ,  

both t h e  D S C  and modulus measurements show 
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GELATION IN THE POLY(7-BENZYL-L-GLUTAMATE) 403 

t r a n s i t i o n s  on hea t ing  i n  t h e  h igher  concen t r a t ion  

g e l s .  One of t h e s e  ( t h e  h i g h e r )  i s  s e n s i t i v e  t o  

k i n e t i c s ,  s o  t h a t  it reduces  i n  magnitude i f  a 

second hea t ing  r u n  i s  c a r r i e d  out  immediately a f t e r  

t h e  f i r s t .  One t e n t a t i v e  explana t ion  i s  t h a t  t h i s  

i s  due t o  a c r y s t a l  phase a s s o c i a t e d  with t h e  PBLG 

molecules a lone3 .  

Secondly t h e r e  i s  t h e  ques t ion  of i d e n t i f y i n g  

t h e  two a n i s o t r o p i c  phases .  Of p a r t i c u l a r  note  i s  

the  r a t h e r  l i m i t e d  temperature  range over  which w e  
s e e  f i n g e r p r i n t i n g  i n  L C 2 .  Two p o s s i b l e  

e x p l a n a t i o n s  f o r  t h i s  can  be  p u t  f o r w a r d .  

F inge rp r in t ing  i s  only poss ib l e  i f  long range 

x c o r r e l a t i o n s  of t h e  d i r e c t o r  e x i s t .  These may be 

s u f f i c i e n t l y  d i s r u p t e d  by t h e  p r e s e n c e  o f  
c r y s t a l l i t e s  t o  p r e v e n t  t h e  f o r m a t i o n  of  a 

macroscop ica l ly  i d e n t i f i a b l e  p i t c h ,  even though 

l o c a l l y  t h e  phase i s  c h o l e s t e r i c .  Addi t iona l ly  it 

has been shown f o r  t h i s  system t h a t  f i n g e r p r i n t i n g  

i s  only seen a t  r a t h e r  high concen t r a t ions  (>20% 
f o r  a MW of 130000)8. This  i s  probably  why we 

never s e e  f i n g e r p r i n t i n g  i n  L C 1 ,  which w e  b e l i e v e  

is t h e  lower concen t r a t ion  of t h e  two a n i s o t r o p i c  

phases .  A t  h igh  temperatures ,  t h e  work of  Sasaki '  

shows t h a t  t h e  p i t c h  i n c r e a s e s  u n t i l  t h e  sense  of 

t h e  h e l i x  a c t u a l l y  r e v e r s e s  nea r  1 0 0 ° C .  A s  t h e  

th i ckness  of t h e  sample (-25pm) becomes comparable 

wi th  t h e  p i t c h  f i n g e r p r i n t i n g  i s  a l s o  l i k e l y  t o  

d i sappea r .  Thus t h e  l i m i t e d  range of tempera tures  
over  which f i n g e r p r i n t i n g  i s  observed need not  

imply t h a t  LC2  i s  not everywhere c h o l e s t e r i c .  
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CONCLUSIONS 

The PBLG-BA system forms a gel at room temperatures 
which appears to be liquid crystalline. However 
the phase transitions in the liquid crystalline 
phases, and the sol-gel transition are distinct; 
the former are in accord with the Flory phase 
diagram, including the observation of coexisting 
liquid crystalline phases. It is thought that the 
gel structure arises from a crystallosolvate phase. 
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