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LIQUID CRYSTALLINE STRUCTURE I!< AQUEOUS HYDROXY- 
PROPYL CELLULOSE SOLUTIONS 

R I T A  S .  WERBOWYJ AND DEREK G .  G R A Y  
Pulp and Paper  Research I n s t i t u t e  o f  Canada and 
Department of  Chemistry,  McGill U n i v e r s i t y ,  
Mont rea l ,  P.Q. H3C 3G1, Canada. 

(Submitted for publication October 7, 1976) 

Concen t ra t ed  aqueous s o l u t i o n s  of hydroxypropyl 
c e l l u l o s e  form l y o t r o p i c  mesophases d i s p l a y i n g  a 
r ange  of i r i d e s c e n t  c o l o r s .  Evidence from l i g h t  
microscopy and o p t i c a l  r a t a t o r y  d i s p e r s i o n  
s u g g e s t s  t h a t  t h e  mesophase h a s  h e l i c o i d a l  s t r u c -  
t u r e ,  resembling i n  some r e s p e c t s  t h a t  o f  c h o l e s -  
t e r i c  l i q u i d  c r y s t a l s .  

Recen t ly ,  renewed i n t e r e s t  h a s  developed i n  t h e  
s t r u c t u r e  and p r o p e r t i e s  o f  macromolecular mesophases , 
s p u r r e d  i n  p a r t  by t h e  commerc ia l i za t ion  of h igh  
s t r e n g t h  f i b r e s  spun from a n i s o t r o p i c  polymer s o l u t i o n s 1 .  
The macromolecular component i n  such  s o l u t i o n s  i s  gen- 
e r a l l y  s t i f f  and r o d - l i k e ;  
c e n t r a t e d  s o l u t i o n  o f  r o d - l i k e  s p e c i e s  i n t o  o rde red  and 
d i s o r d e r e d  phases  has  been i n t e r p r e t e d  i n  a l a t t i c e  
model2. 
t e r i c  mesophase formed by p o l y p e p t i d e s  i n  c e r t a i n  o r -  
g a n i c  s o l v e n t s 3 - 4 .  I n  t h i s  l e t t e r ,  we r e p o r t  t h e  f i n d -  
i n g  o f  a second t y p e  of polymer which forms a l y o t r o p i c  
c h o l e s t e r i c  mesophase, i n  t h i s  case w i t h  water  as t h e  
s o l v e n t .  T h i s  mesophase was f i r s t  a c c i d e n t a l l y  observed 
when a d r o p  o f  f a i r l y  c o n c e n t r a t e d  aqueous hydroxypropyl 

t h e  s e p a r a t i o n  o f  a con- 

Perhaps t h e  b e s t  known example i s  t h e  c h o l e s -  
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98 R. S. WERBOWYJ and D. G. GRAY 

c e l l u l o s e *  s o l u t i o n  was placed between g l a s s  p l a t e s ,  
and t h e  water  allowed t o  evaporate  from t h e  o u t e r  
edges of t h e  drop. The s o l u t i o n  d r i c d  t o  a c l e a r  
f i l m  a t  t h e  ou t s ide .  J u s t  i n s ide  t h i s  f i l m ,  an 
i r i d e s c e n t  ra inbow-l ike r i n g  developed, ranging  i n  
co lo r  from v i o l e t  a t  t h e  ou t s ide  through b lue  and 
green t o  r ed  a t  t h e  in s ide .  A cloudy grey  area 
developed between t h e  i r i d e s c e n t  r i n g  and t h e  c l e a r  
s o l u t i o n  a t  t h e  c e n t r e  of t he  sample. 

aqueous s o l u t i o n s  of hydroxypropyl c e l l u l o s e  were pre-  
pared,  and t h e  r e s u l t a n t  i r i d e s c e n t  m a t e r i a l s  were 
examined by o p t i c a l  microscopy and o p t i c a l  r o t a t o r y  
d i spe r s ion .  Samples ranging from 20% t o  50% water 
were both  f l u i d  and b i r e f r i n g e n t .  The microscopic  
t e x t u r e s  observed between crossed p o l a r i z e r s  var ied  
somewhat with t h e  MW and concent ra t ion  of  t h e  hydroxy- 
propyl  c e l l u l o s e ,  and with time, A b i r e f r i n g e n t  p a t -  
t e r n  of smooth curves was i n i t i a l l y  v i s i b l e ,  presum- 
ab ly  r e f l e c t i n g  t h e  flow p a t t e r n  induced i n  t h e  aniso-  
t r o p i c  f l u i d  when prepar ing  t h e  s l i d e .  On s tanding  
f o r  s e v e r a l  hours ,  p repa ra t ions  with h ighe r  water  
conten ts  developed a s t r i a t e d  g r i d - l i k e  p a t t e r n  of 
b i r e f r i n g e n c e  enc los ing  dark apparent ly  i s o t r o p i c  
a r e a s ,  which suggested t h a t  such samples c o n s i s t  of 
a mixture  o f  t h e  true mesophase and an i s o t r o p i c  
s o l u t i o n  of  t h e  polymer. (Some confirming evidence 
was obtained by c e n t r i f u g a t i o n ;  a p a r t i a l  s epa ra t ion  
i n t o  a c l e a r  upper  l aye r  and a cloudy lower l a y e r  
was achieved.)  The i s o t r o p i c  a r e a s  were l e s s  i n  
evidence a t  lower mois ture  con ten t s ,  which d isp layed  
a more uniform g ra iny  b i r e f r ingence .  On long s tand-  
i n g  i n  a moist  atmosphere, t h e  g r a i n i n e s s  sometimes 
became reso lved  i n t o  t h e  moasic of da rk  d i s t o r t e d  

To t r y  and exp la in  t h i s  phenomenon, concent ra ted  

* 
A cornmercially a v a i l a b l e  

I n c . j ,  r epor t ed  t o  have a 
and t o  con ta in  about fou r  
per g lucose  cha in  r e s idue  

product ,  "Klucel L" (Hercules 
molecular weight of  100,000 
hydroxypropyl s u b s t i t u e n t s  
was used. ( S u b s t a n t i a l l y  

simiiar phenomena have been observed on "Klucel Jf'- and 
"G" grades ,  and on f r a c t i o n a t e d  m a t e r i a l ) .  For f u r t h e r  
d e t a i l s ,  s e e  t h e  product  l i t e r a t u r e  and E.D.  Klug i n  
Encyclopedia of Pblymer Sc ience  and Technology, i o l .  15,  
N.M. B ika les ,  Ed. (Wiley-Interscience,  New York, 1971) 
p.  307. 
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AQUEOUS HYDROXYPROPYL CELLULOSE SOLUTIONS 99 

c rosses  shown i n  Figure 1. In  t h i n  samples,  
( % l O p p ) ,  it was a l s o  p o s s i b l e  t o  observe ex tens ive  
homeotropic r eg ions .  

FIGIJRE 1. Microscopic t e x t u r e  exh ib i t ed  between 
crossed  p o l a r i z e r s  by a f l u i d  mesophase of hydroxy- 
p ropry l  c e l l u l o s e  conta in ing  30% (by weight) water .  

The i r i d e s c e n t  c o l o r s  r e f l e c t e d  by l a y e r s  of t h e  
mesophase i n  white  l i g h t  ranged from a red-orange a t  
%45% water  conten t  through orange and g r e e n  t o  a 
s t r i k i n g  v i o l e t  a t  <30% water.  A t  any given composi- 
t i o n  t h e  r e f l e c t e d  c o l o r  depended t o  some exten t  on 
viewing angle  and temperature;  t h e  complementary 
c o l o r  was t r ansmi t t ed  by t h e  m a t e r i a l .  The samples 
exh ib i t ed  marked o p t i c a l  a c t i v i t y ,  w i t h  t h e  s ign  
and magnitude dependent on t h e  wavelength of t h e  
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100 R. S. WERBOWYJ and D. G .  GRAY 

i n c i d e n t  l i g h t .  The o p t i c a l  r o t a t o r y  d i s p e r s i o n  of 
samples with a range of water  con ten t s  is  shown i n  
F ig .  2 .  The r e f l e c t e d  co lo r  of each sample cor re-  
sponds approximately t o  t h e  wavelength a t  which the  
s i g n  of t h e  o p t i c a l  a c t i v i t y  changes from p o s i t i v e  
t o  nega t ive .  C h o l e s t e r i c  l i q u i d  c r y s t a l s  have sim- 
i l a r  o p t i c a l  p rope r t i e s5 ,  which a r e  explained by 
assuming a layer -  l i k e  s t r u c t u r e ,  where each l l l ayer"  
i s  a p l ane  s e c t i o n  of t h e  mesophase i n  which t h e  
c o n s t i t u e n t  molecules a r e  i n  a predominantly p a r a l l e l  
o r i e n t a t i o i i ,  bu t  with each l aye r  r o t a t e d  s l i g h t l y  

WAVELENGTH / nm 

FIGURE 2 .  Op t i ca l  r o t a t i o n  as a func t ion  of wave- 
length  f o r  hydroxypropyl c e l l u l o s e  mesophases. 
Curves 1-5 correspond t o  samples conta in ing  respec-  
t i v e l y  42%, 40%, 34%, 33% and 30% by weight water .  
Spec t r a  were obtained on samples vary ing  i n  t h i c k -  
ness  from 10um t o  50um us ing  a J a s c o  Model ORD/UV-5 
spec t rometer .  
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AQUEOUS HYDROXYPROPYL CELLULOSE SOLUTIONS 101 

wi th  r e s p e c t  t o  i t s  neigh'scurs about an a x i s  perpen- 
d i c u l a r  t o  t h e  l a y e r s .  The t w i s t  i n  t h e  super -  
molecular  s t r u c t u r e  i s  ascr ibed  t o  t h e  c h i r a l i t y  of 
t h e  c o n s t i t u t e n t  molecules ,  and r e s u l t s  i n  a per iod-  
i c i t y  i n  t h e  d i s t a n c e  between two l a y e r s  having 
i d e n t i c a l  o r i e n t a t i o n .  The dinlensions o f  t h e  per iod  
correspond t o  t h e  wavelength of t h e  s c a t t e r e d  l i g h t ,  
which g ives  c h o l e s t e r i c  ma te r i a l s  t h e i r  c h a r a c t e r i s -  
t i c  i r i d e s c e n t  c o l o r s .  

Aqueous hydroxypropyl c e l l u l o s e  thus  appa ren t ly  
forms a l y o t r o p i c  mesophase wi th  a c h o l e s t e r i c  s t r u c -  
t u r e .  Presumably, on reaching  s u f f i c i e n t l y  high vol -  
ume f r a c t i o n s ,  t h e  bulky hydroxypropyl c e l l u l o s e  cha ins  
s e p a r a t e  from t h e  i s o t r o p i c  phase as  an ordered  phase 
with predominantly p a r a l l e l  o r i e n t a t i o n 2 .  ( I t  i s  not  
known whether t h e  s t i f f n e s s  of t he  molecules i s  en- 
hanced by a h e l i c a l  conformation of t h e  i n d i v i d u a l  
molecules i n  s o l u t i o n ,  similar t o  t h a t  proposed f o r  
t h e  c r y s t a l l i n e  s o l i d 6 . )  The c h i r a l i t y  of  t h e  mole- 
c u l e s ,  which may be due e i t h e r  t o  a h e l i c a l  molecular  
conformation, o r  simply t o  t h e  presence of  o p t i c a l l y  
a c t i v e  centres along t h e  c e l l u l o s e  cha in ,  r e s u l t s  i n  
t h e  h e l i c o i d a l  supermolecular s t r u c t u r e ,  wi th  t h e  a x i s  
of t h e  h e l i x  normal t o  t h e  d i r e c t i o n  of cha in  o r i en -  
t a t i o n .  The dimensions o f  t h e  s t r u c t u r e  may be e s t i -  
mated approximately us ing  t h e  model of t h e  c h o l e s t e r i c  
s t a t e  proposed by d e  VriesS.  
w h i c h  t h e  r o t a t i o n  angle  i s  zero (which corresponds 
t o  t h e  wavelength o f  t h e  r e f l e c t e d  c i r c u l a r l y  po la r -  
i zed  l i g h t )  i s  simply r e l a t e d  t o  t h e  p i t c h  E of  t h e  
supermolecular  h e l i x  by A. = np/2 where n i s  an 
average r e f r a c t i v e  index  of t h e  mesophase. Consider 
f o r  example sample 3 ,  F igure  2 ,  which con ta ins  about 
11 water  molecules f o r  every anhydroglucose e t h e r  
chain u n i t .  W i t h  X = 510 nm and n = 1.43 t h e  d i s -  
t ance  p/2 between pyanes having p a r a l l e l  o r i e n t a t i o n  
of t h e  c o n s t i t u e n t  molecules ,  o r  molecular  aggrega te s ,  
i s  360 nm. The sample th ickness  i s  S l u m ,  so  it may 
con ta in  a maximum of  140 such p lanes ,  between micro- 
scope s l i d e  and cover  g l a s s ,  assuming p e r f e c t  o r i en -  
t a t i o n  i n  t h e  p lane  of  t h e  sample. Furthermore,  p re-  
l iminary X-ray experiments show a d i f f u s e  r i n g  co r re -  
sponding t o  a spacing i n  t h e  mesophase of  1 .2  nm. I f  
t h i s  i s  taken  as t h e  d i s t a n c e  between ad jacen t  " layers"  
then t o  achieve  t h e  r equ i r ed  180' r o t a t i o n  i n  360 nm, 
the  long axes of t h e  s p e c i e s  i n  ad jacent  l a y e r s  must 

The wavelength X o  a t  
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be d i s p l a c e d  from p a r a l l e l  by an  a v e r a g e  of 0.6'.  
The maximum r o t a r y  power o f  t h i s  s ample  e x p r e s s e d  
c o n v e n t i o n a l l y  as s p e c i f i c  r o t a t i o n  [a], i s  o f  t h e  
o r d e r  o f  2 4 x lo3 ( d e g r e e  ml. d e c i m e t r e - 1 ,  p e r  g .  
hydroxypropyl  c e l l u l o s e ) .  ?'his i s  lower t h a n  t h a t  
of  many t h e r m o t r o p i c  c h o l e s t e r i c  l i q u i d s ,  b u t  i s  two 
o r d e r s  o f  magni tude  l a r g e r  t h a n  t h e  s p e c i f i c  r o t a t i o n  
of i s o t r o p i c  aqueous hydroxypropyl  c e l l u l o s e  s o l u -  
t i o n s ,  which was de t e rmined  t o  b e  [a] -30 i n  t h e  
wave leng th  r a n g e  i n  q u e s t i o n .  As t h e  w a t e r  c o n t e n t  
o f  t h e  mesophase i s  i n c r e a s e d ,  t h e  wave leng th  o f  t h e  
r e f l e c t e d  l i g h t  moves t o  t h e  r e d  end o f  t h e  spec t rum,  
1Gith a c o r r e s p o n d i n g  change i n  t h e  o p t i c a l  r o t a t o r y  
d i s p e r s i o n  ( F i g u r e  2 ) .  The r e l a t i o n s h i p  between Xo 
and t h e  w a t e r  c o n t e n t  i s  a p p r o x i m a t e l y  l i n e a r  f o r  
wave leng ths  i n  t h e  v i s i b l e  r e g i o n .  T h i s  may r e f l e c t  
a d e c r e a s e  i n  t h e  a v e r a g e  a n g l e  be tween t h e  long  
axes of t h e  s p e c i e s  i n  a d j a c e n t  l a y e r s ,  or  an i n c r e a s e  
i n  t h e  d i s t a n c e  be tween l a y e r s ,  as t h e  w a t e r  c o n t e n t  
i s  i n c r e a s e d .  

Al though hydroxypropyl  c e l l u l o s e  i s  t h o u g h t  t o  
b e  a r e l a t i v e l y  s t i f f  molecu le7 ,  t h e  p h a s e  s e p a r a t i o n  
a p p e a r s  t o  t a k e  p l a c e  a t  a volume f r a c t i o n  of  po ly -  
mer h i g h e r  t h a n  t h a t  p r e d i c t e d  by t h e  F l o r y  t h e o r y 2 y 4 .  
T h i s  may b e  due  t o  some c h a i n  f l e x i b i l i t y ,  o r  t o  s i d e  
group i n t e r a c t i o n s 8 .  I t  should however be  n o t e d  t h a t  
hydroxypropy l  c e l l u l o s e  i s  somewhat a m p h i p h i l i c  i n  
c h a r a c t e r  and i s  a s u r f a c t a n t  i n  aqueous  s o l u t i o n s ,  
s u g g e s t i n g  a n  a n a l o g y  w i t h  l y o t r o p i c  soap  mesophases,  
and a l s o  w i t h  c e r t a i n  b lock  copolymer sys t ems9 ,  
where p h a s e  s e p a r a t i o n  i s  a p p a r e n t l y  n o t  r e l a t e d  t o  
t h e  r o d - l i k e  n a t u r e  o f  one component. I t  i s  e v i d e n t  
t h a t  f u r t h e r  work on c a r e f u l l y  f r a c t i o n a t e d  m a t e r i a l  
i s  r e q u i r e d  t o  e l u c i d a t e  t h e  r e a s o n  f o r  t h e  phase  
s e p a r a t i o n .  N e v e r t h e l e s s ,  t h e  s p o n t a n e o u s  deve lop -  
ment o f  a h e l i c o i d a l  s t r u c t u r e ,  i n  w a t e r ,  by  a 
d e r i v a t i v e  of c e l l u l o s e  a p p e a r s  o f  i n t e r e s t  i n  
s e v e r a l  f i e l d s .  
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