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PHOTOPOLYMERIZATION I N  CHOLESTERIC MESOPHASES 

P. J .  SHANNON 
Armstrong World I n d u s t r i e s ,  I n c .  
Research and Development 
L a n c a s t e r ,  Pennsylvania  17604 USA 

C h o l e s t e r i c  l i q u i d  c r y s t a l l i n e  monomers undergo e f -  
f i c i e n t  photopolymer iza t ion  t o  " f r e e z e  i n "  t h e  p l a n a r  
t e x t u r e  c h a r a c t e r i s t i c  of  low molar  mass 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 .  The monomers c o n s i s t  of polymeriza- 
b l e  m o i e t i e s  s e p a r a t e d  from t h e  c h o l e s t e r y l  mesogens 
by f l e x i b l e  s p a c e r  groups.  I n d i v i d u a l  monomers and 
m i x t u r e s  g i v e  homopolymers and copolymers, r e s p e c t i v e  
l y ,  t h a t  e x h i b i t  c h o l e s t e r i c  t e x t u r e s  t o  w i t h i n  10 t o  
1 5 ° C  of t h e  i s o t r o p i c  t r a n s i t i o n .  

1. INTRODUCTION 

The h e l i c o i d a l  s t r u c t u r e  of c h o l e s t e r i c  mesophases r e s u l t s  

i n  unusual  o p t i c a l  p r o p e r t i e s ,  i n c l u d i n g  t h e  s e l e c t i v e  re- 
I f l e c t i o n  of v i s i b l e  l i g h t  and c i r c u l a r  d ichro ism . Poly- 

m e r s  e x h i b i t i n g  c h o l e s t e r i c  o p t i c a l  p r o p e r t i e s  have been 

prepared  and e l e g a n t l y  c h a r a c t e r i z e d  by Finkelmann i n  col-  

l a b o r a t i o n  w i t h  Ringsdorf and Rehage2-7. 

proach w a s  t o  p r e p a r e  t h e  polymers i n  s o l u t i o n  (by r a d i c a l  

po lymer iza t ion  o r  a d d i t i o n  of mesogens t o  a polymer back- 

bone) ,  and t h e n  t o  a l i g n  t h e  polymers t o  o b t a i n  t h e  d e s i r e d  

p l a n a r  c h o l e s t e r i c  t e x t u r e s .  T h i s  works w e l l  f o r  polymers 

w i t h  t w i s t e d  nematic  s t r u c t u r e s  b u t ,  w i t h  one e x c e p t i o n  , 

The g e n e r a l  ap- 
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136 P. J .  SHANNON 

monomers c o n s i s t i n g  of  o n l y  c h o l e s t e r y l  ester mesogens have 

f a i l e d  t o  g i v e  polymers w i t h  c h o l e s t e r i c  o p t i c a l  proper-  

t i es  . I n  a l l  c a s e s  smect ic  s t r u c t u r e s  have dominated 

t h e  mesophases of  t h e s e  polymers. 

An a l t e r n a t i v e  approach t o  polymers w i t h  c h o l e s t e r i c  

8-12 

p r o p e r t i e s  is t o  a l i g n  mesogenic material i n  a d e s i r e d  

o r i e n t a t i o n  and t h e n  perform t h e  polymer iza t ion ,  hoping 

t h a t  t h e  p r o c e s s  does n o t  a l t e r  t h e  o r d e r  i n  t h e  mesophase. 

L i e b e r t  and S t r z e l e c k i  l 3 ' I 4  showed t h a t  t h e  c h o l e s t e r i c  

s t r u c t u r e  of t w i s t e d  nematic  phases  could be " f rozen  i n "  by 

r a p i d  polymer iza t ion  i n  t h e  presence  of c r o s s l i n k e r s ,  and 

l y o t r o p i c  mesophases c o n s i s t i n g  of poly(y-butyl-L-gluta- 

mate) have been  photopolymerized w i t h o u t  d e s t r u c t i o n  of t h e  

c h o l e s  t e r ic  o p t i c a l  p r o p e r t i e s 1 5 .  However, po lymer iza t ions  

i n i t i a t e d  i n  t h e  mesophases of c h o l e s t e r y l  ester mesogens 

have more f r e q u e n t l y  l e d  t o  phase s e p a r a t i o n  and t h e  forma- 

t i o n  of amorphous o r  s m e c t i c  polymers . 1 6  

We show h e r e  t h a t  c h o l e s t e r y l  carbonates  -. 2 and esters 

- 3 undergo e f f i c i e n t  photopolymer iza t ion  t o  " f r e e z e  i n "  t h e  

p l a n a r  t e x t u r e  c h a r a c t e r i s t i c  of low molar m a s s  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 .  

2.  RESULTS AND DISCUSSION ---_ 
The s y n t h e s i s  and phase t r a n s i t i o n s  of c h o l e s t e r y l  carbon- 

ates 2 and esters - 3 have been 

t r a n s f e r  c o n d i t i o n s  w e  used t o  i n c o r p o r a t e  t h e  a c r y l a t e  

moiety i n t o  esters 3 make a wide v a r i e t y  of t h e s e  materials 

r e a d i l y  a v a i l a b l e .  

The phase 

C h o l e s t e r i c  mesophases are  c h a r a c t e r i z e d  by t h e i r  

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

v i s i b l e ,  and u l t r a v i o l e t  r e g i o n .  The wavelength of maximum 
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PHOTOPOLYMERIZATION IN CHOLESTERIC MESOPHASES 137 

9 
B r  ( CH2) GCOChol 

1 - 

\;,,co2K 

( NBu) 4 N B r  

CHC13/H20 

8 ? 4 8 
R , c C O (  CH2);COChol R,( CO ( CH2) -0dOChol n 

CH 2 CH 2 

Chol = c h o l e s t e r y l  

n R n R 

cH 3 

CH3 

CH 3 

2a 6 3a 10 

2b 2 3b 5 

2c 6 H 3c 3 

2d 2 H 3d 10 H 

3e 5 H 

- cH 3 

CH 2 

- 

- - 

- - 

- - 

- 

3f 3 H - 

r e f l e c t i o n  (A,) i s  r e l a t e d  d i r e c t l y  t o  t h e  h e l i c a l  p i t c h  

(p) and t h e  mean index of r e f r a c t i o n  (n) o f  t he  c h o l e s t e r i c  

mesophase by XR = Tip . 
i n  temperature  o r  composition of t he  mesophases so A 

be  c o n t r o l l e d  wi th  these  func t ions .  The mesophases a lso 

1 The p i t c h  i s  s e n s i t i v e  t o  changes 

R can 

Light  impinging on a cho- R ’  are c i r c u l a r l y  d i c h r o i c  a t  X 

l e s t e r i c  mesophase is s p l i t  i n t o  two c i r c u l a r l y  po la r i zed  

components; one i s  t o t a l l y  t r ansmi t t ed  and the  o t h e r  i s  

t o t a l l y  r e f l e c t e d  by the  mesophase a t  AR. 
The c h o l e s t e r i c  co lo r  response of monomers 2 and 2 and 

s e l e c t e d  mixtures  of t he  monomers a r e  l i s t e d  i n  Tables I 

and 11. A l l  monomers e x h i b i t  a t  l eas t  monotrqpic choles- 

t e r ic  phases and genera l  t rends  i n  the  co lo r  response of 
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138 P. J. SHANNON 

TABLE I Temperature ranges f o r  the  c h o l e s t e r i c  co lo r  re- 
sponses of monomers 2 and 2. 

b Monomer n R Temp. Range (°C)a Color Response 

c 3a 10 cH3 55.8 - 55.3 v - r  

- 3d 10 H 59.2 - 57.8 v - r  

- 3e 5 H  48.5 - 33.0 v - 0  

c 3f 3 H  c o l o r l e s s  

- 2a 6 CH3 51 - 0 V 

- 2b 2 CH3 c o l o r l e s s  

%easured i n  a cool ing  cyc le  

bv = v i o l e t ;  o = orange; r = red 

TABLE I1 Temperature ranges f o r  c h o l e s t e r i c  c o l o r  re- 
sponses of mixtures  of  monomers 2 and ?. 

~ ~~ ~ ~ 

a C Monomers n R Temp. Range (°C)b Color Response 

- _  3a: 3d 10,lO CH3,H 56.5 - 55.9 v - r  

3d: 3f 10 ,3  H 68 - -15 ’ v - 0  -- 
-- 3d:3fd 1 0 , 3  H 65.5 - -15 v - o r  

-- 3a: 2b 10 ,2  CH3 37 - 0 g - r  

a Mixtures are 1:l by weight 

bMeasured i n  a cool ing cyc le  

C v = v i o l e t ;  o = orange; g = green; r = red  

dl% Irgacure  651 added 
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PHOTOPOLYMERIZATION IN CHOLESTERIC MESOPHASES 139 

t he  monomers are observed. Monomers wi th  long a l k y l  cha ins  

r e f l e c t  l i g h t  of t he  e n t i r e  v i s i b l e  spectrum over  narrow 

temperature  ranges.  Monomers of i n t e rmed ia t e  a l k y l  cha in  

length  e x h i b i t  nea r ly  f u l l  c o l o r  responses  i n  r e l a t i v e l y  

broad temperature  ranges,  and monomers wi th  s h o r t  a l k y l  

cha ins  r e f l e c t  on ly  i n f r a r e d  l i g h t .  Exceptions are carb- 

ona tes  & and &, which e x h i b i t  on ly  v i o l e t  co lo r re sponses .  

Mixtures of  two monomers wi th  the  same a l k y l  cha in  

l eng th  have c h o l e s t e r i c  co lo r  ranges s imi la r  t o  the  ind i -  

v i d u a l  monomers. However, a mixture  of monomers having 

d i f f e r e n t  a l k y l  cha in  l eng ths  e x h i b i t s  co lo r  responses  over  

s i g n i f i c a n t l y  broader  temperature  ranges (Table 11). Ad- 

d i t i o n  of I rgacure  651 (1% by wt.)  t o  a monomer mixture  

decreases  the  temperature  range of t he  co lo r  response as 

expected, bu t  t h i s  i s  of l i t t l e  consequence f o r  composi- 

t i o n s  wi th  broad c o l o r  response ranges.  

The photopolymerizat ion w a s  most convenient  t o  study 

wi th  mixtures  of two monomers having broad c h o l e s t e r i c  

mesophases. Some mesophases der ived  from s i n g l e  monomers 

could be  photopolymerized but  o t h e r s  underwent c rys  t a l l i z a -  

t i o n  o r  exh ib i t ed  narrow co lo r  responses .  Samples of t h e  

monomers w e r e  prepared by hea t ing  the  monomer components 

and p h o t o i n i t i a t o r  (1% by w t . )  t o  a m e l t  and a l i g n i n g  the  

r e s u l t i n g  v iscous  f l u i d  between g l a s s  p l a t e s  s epa ra t ed  by a 

0.6 mm spacer .  The f i lms  w e r e  placed i n  a thermosta t ted  

water ba th  and i r r a d i a t e d  wi th  a 450 W Hg arc lamp. 

cases  t h e  polymerizat ion w a s  r a p i d ;  30 seconds i r r a d i a t i o n  

gave 70 to 80% conversion t o  polymer as determined by 

monomer recovery.  Most of t h e  polymers are s o l u b l e  i n  

te t rahydrofuran;  and M as determined by GPC (based on a 

narrow d i s t r i b u t i o n  polys tyrene  s t anda rd ) ,  is  about 1.5 x 

I n  a l l  

W’ 
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140 P. I. SHANNON 

5 10 

(methacry la tes )  . 
f o r  t h e  p o l y ( a c r y 1 a t e s )  and 7.0 x l o 5  f o r  t h e  poly- 

The composi t ions of s e v e r a l  c h o l e s t e r i c  mesophases and 

t h e  dimensions of t h e i r  c h o l e s t e r i c  r e f l e c t i o n  bands b e f o r e  

and a f t e r  photopolymer iza t ion  a r e  l i s t e d  i n  Table  111. A l -  

though o n l y  a c r y l a t e  monomers are l i s t e d ,  m e t h a c r y l a t e  

monomers have been shown t o  perform i n  a s imi la r  manner. 

Polymers w i t h  h R  ranging  throughout  t h e  v i s i b l e  r e g i o n  were 

prepared  by photopolymer iza t ion  of v a r i o u s  composi t ions.  

O p t i c a l  microscopy showed v i r t u a l l y  no change i n  t h e  p l a n a r  

c h o l e s t e r i c  t e x t u r e ,  and most composi t ions e x h i b i t e d  no 

change i n  h upon polymer iza t ion  of  wel l -a l igned  c h o l e s t e r -  

i c  mesophases. I n  some cases, t h e  p e r c e n t  t r a n s m i t t a n c e  ( %  

T) and t h e  wid th  of  t h e  r e f l e c t i o n  band i n c r e a s e d  s l i g h t l y .  

Most mesophases are found t o  e x h i b i t  somewhat less than  t h e  

expected 50% t r a n s m i t t a n c e  a t  AR ( c i r c u l a r  dichroism) 

because o u t s i d e  t h e  r e f l e c t i o n  band t h e  mesophases e x h i b i t  

less than  100% t r a n s m i t t a n c e .  Changing t h e  tempera ture  of 

t h e  c h o l e s t e r i c  mesophase b e f o r e  polymer iza t ion  gave a con- 

comi tan t  s h i f t  of  X R  i n  t h e  polymer. 

-- 3d:3€ ( 1 : l )  was photopolymerized a t  18, 2 7 ,  and 40°C t o  

g i v e  polymers e x h i b i t i n g  X a t  580, 517, and 500 nm, re- 

s p e c t i v e l y .  F i g u r e  1 shows a c h o l e s t e r i c  r e f l e c t i o n  band 

of  & b e f o r e  and a f t e r  photopolymer iza t ion  of  t h e  mesophase. 

R 

A composi t ion of 

R 

Table  I V  l i s t s  t h e  p e r c e n t  convers ions ,  g l a s s  t r a n s i -  

t i o n s  and c h o l e s t e r i c - i s o t r o p i c  t r a n s i t i o n s  of  a c r y l a t e  

polymer f i l m s .  I t  should  b e  noted t h a t  t h e  polymer f i l m s  

a r e  a c t u a l l y  m i x t u r e s  of  polymer and unreac ted  monomer. 

S i n c e  t h e  monomer may a c t  as a p l a s t i c i z e r ,  t h e  g l a s s  

t r a n s i t i o n s  and i s o t r o p i c  p o i n t s  may v a r y  w i t h  t h e  degree  

of po lymer iza t ion .  Extending t h e  i r r a d i a t i o n  t ime t o  f i v e  
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PHOTOPOLYMERIZATION IN CHOLESTERIC MESOPHASES 141 

TABLE I11 Choles t e r i c  r e f l e c t i o n  bands f o r  monomer compo- 
s i t i o n s  be fo re  and a f t e r  photopolymerizat ion.  
-I_ - __ ___.______ 

Monomer Film Polymeric Film 
Temp * Amax ~ - 9 0 '  xmax W-90 

Compositiona (OC)  (nm) % T (nm) (nm) % T (nm) 

- 2c 26 428 49 23 426 48 24 

- 3e 35 C 482 47 50 

-- 3d:3f (1:l) 27 516 44 31 517 46 35 

-- 3d:2d (1:l) 24 648 49 52 648 50 52 

a 

bWidth of r e f l e c t i o n  band a t  90% of band h e i g h t  

A l l  compositions con ta in  1% Irgacure  

C Not measured 
__c___I__- 

TABLE T V  Glass t r a n s i t i o n s  and c h o l e s t e r i c - i s o t r o p i c  
t r a n s i t i o n s  of c h o l e s t e r i c  polymers. 

_I__-___-. 

DS C Micros copy 
Tg c- I C  c- I 

(%I ( " 0  ("C) ("0 
b Conversion a Composition 

2c 

3e 
- 
- 

70 25 144d 152 

77 28 180 188 

3d:3f (1:l) 69 33 14 2 150 -- 
3d:2d (1:l) 67 23 118 120 

%onomer compositions con ta in  1% Irgacure  651 

bDetermined by i s o l a t i o n  of unreacted monomer a f t e r  30 

I- 

seconds i r r a d i a t i o n  

Temperature given corresponds t o  t h e  minimum of the  endo- 
thermal  curve i n  t h e  i n i t i a l  h e a t i n g  cyc le  

C 

dA weak endotherm a t  80-120°C a l s o  w a s  obserGed 
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FIGURE 1 Choles t e r i c  r e f l e c t i o n  band of & befo re  
(-) and a f t e r  (---) photopolymerizat ion.  

minutes inc reases  t h e  pe rcen t  conversion,  b u t  t h e  polymeri- 

z a t i o n  l e v e l s  o f f  a t  about  85% conversion.  The i s o t r o p i c  

t r a n s i t i o n s  inc rease ,  bu t  t he  e f f e c t  i s  no t  always l a r g e .  

For example, i r r a d i a t i o n  of a c r y l a t e  & f o r  30 and 300 sec- 

onds g ives  70 and 85% conversion to  polymer and C - I  t r ans -  

i t i o n s  of 152 and 155'C, r e s p e c t i v e l y .  DSC and o p t i c a l  

microscopy i n d i c a t e  t h a t  t he  remaining monomer probably 

undergoes f u r t h e r  po lymer iza t ion  a t  e l eva ted  temperatures .  

The i s o t r o p i c  t r a n s i t i o n  i s  always 5 t o  10 degrees  h igher  

i n  t h e  r e h e a t  cyc le  than  i n  t h e  i n i t i a l  hea t ing  cyc le .  

The c h o l e s t e r i c  o p t i c a l  p r o p e r t i e s  o f  t he  polymershave 

remained unchanged f o r a y e a r  under ambient condi t ions .  The 

polymer f i lms  can be hea ted  t o  100°C wi th  l i t t l e  change i n  

h over  s h o r t  per iods  of t i m e .  About l0'C below t h e  i so -  

t r o p i c  t r a n s i t i o n ,  t h e  polymers r a p i d l y  l o s e  t h e i r  c o l o r .  
R 
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When t h e  c l e a r  i s o t r o p i c  l i q u i d ,  ob ta ined  on hea t ing  t h e  

polymers above the  c h o l e s t e r i c - i s o t r o p i c  t r a n s i t i o n ,  is  

cooled,  a nondescr ip t  t e x t u r e  usua l ly  forms t h a t  does n o t  

s e l e c t i v e l y  r e f l e c t  v i s i b l e  l i g h t .  The t e x t u r e s  are r e m i -  

n i s c e n t  of t hose  of Shibaev 's  smect ic  polymers t h a t  were 

prepared by s o l u t i o n  polymerizat ion 11y12. This  sugges ts  

t h a t  t h e  c h o l e s t e r i c  s t r u c t u r e  is  metas tab le ,  and h e a t i n g  

t o  t h e  i s o t r o p i c  t r a n s i t i o n  a l lows  the  polymer t o  reorganize  

t o  a more ordered  smect ic  s t r u c t u r e  upon cool ing .  This  i s  

supported by X-ray d i f f r a c t i o n  da ta .  The i n i t i a l  polymer 

f i l m  derived from a c r y l a t e  2 shows no r e f l e c t i o n s  o t h e r  

than  a broad peak a t  5.5 8. Afte r  cool ing  from t h e  i so-  

t r o p i c  m e l t ,  t h e  d i f f r a c t i o n  p a t t e r n  of  t h e  polymer f i l m  

shows two new peaks: a sharp ,  i n t e n s e  peak a t  30 A and a 

weaker one a t  1 9  A. These r e f l e c t i o n s  correspond w e l l  w i th  

those  observed by Shibaev i n  h i s  smect ic  polymers 

There are except ions t o  t h i s  behavior .  The polymer der ived 

from - _  3d:3f (1:l) a f t e r  f i v e  minutes '  i r r a d i a t i o n , w h e n c o o l -  

ed from t h e  i s o t r o p i c  m e l t ,  s t i l l  e x h i b i t s  a p l ana r  t e x t u r e  

and r e f l e c t s  v i s i b l e  l i g h t .  However, t h e  polymer a l s o  i s  

i n s o l u b l e  i n  organic  so lven t s ,  sugges t ing  t h a t  t h e  r e t e n t i o n  

of t he  c h o l e s t e r i c  p l ana r  t e x t u r e  upon cool ing  may be  a 

func t ion  of t he  degree of c r o s s l i n k i n g  i n  t h e  f i lm.  

11 , 1 2  

To summarize, c h o l e s t e r i c  mesophases have been photo- 

polymerized t o  " f reeze  in"  t h e  c h o l e s t e r i c  p l ana r  t e x t u r e .  

The r e s u l t i n g  f i l m s  are mixtures  of polymer and monomers 

t h a t  have maintained s t a b l e  o p t i c a l  p r o p e r t i e s  f o r  a yea r  

under ambient condi t ions .  I n  the  absence of c ros s l ink ing  

the  p l ana r  t e x t u r e  d i s s i p a t e s  i r r e v e r s i b l y  when the  f i lms  

are heated p a s t  t he  C-I  t r a n s i t i o n .  The photopolymeriza- 

t i o n  of mesophases may be a n  a t t r a c t i v e  method t o  f i x  o rde r  
i n  o t h e r  polymer systems. 
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