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FACTORS A F F E C T I N G  T H E  ANISOTROPIC A N D  
D Y N A M I C  SCATTERING CHARACTERISTICS O F  A N  
ESTER M I X T U R E  

J. D A V I D  M A R C E R U M ,  A N N A  M .  L A C K N E R ,  
HONG S .  L I M ,  A N D  J O H N  E .  JENSEN 
H u g h e s  R e s e a r c h  L a b o r a t o r i e s  
3011  M a l i b u  C a n y o n  R o a d  
M a l i b u ,  C a l i f o r n i a  9 0 2 6 5  USA 

V a r i o u s  f a c t o r s  a f f e c t i n g  t h e  a n i s o t r o p i c  
a n d  d y n a m i c  s c a t t e r i n g  ( D S )  c h a r a c t e r i s t i c s  
o f  a 3 - c o m p o n e n t  e u t e c t i c  m i x t u r e  o f  p h e n y l  
b e n z o a t e s  a r e  i n v e s t i g a t e d  i n  d e t a i l .  T h e  
e f f e c t s  o f  d o p a n t ,  s u r f a c e  a l i g n m e n t ,  
s i g n a l ,  c e l l  t h i c k n e s s ,  a n d  t e m p e r a t u r e  a r e  
s t u d i e d .  D i f f e r e n t  d o p a n t  s t r u c t u r e s  g i v e  
c o n d u c t i v i t y  a n i s o t r o p y  v a l u e s  i n  t h e  1 . 0 1  
t o  1 . 6 0  r a n g e  a n d  t h i s  h a s  t h e  l a r g e s t  
e f f e c t  o n  t h e  DS t h r e s h o l d  v o l t a g e  a t  r o o m  
t e m p e r a t u r e .  H o w e v e r ,  c e l l  t h i c k n e s s  a l s o  
c h a n g e d  t h e  t h r e s h o l d  s l i g h t l y  a n d  h a s  a 
l a r g e  e f f e c t  o n  t h e  m a g n i t u d e  o f  t h e  
s c a t t e r i n g  o b t a i n e d  a b o v e  t h r e s h o l d .  
T h i n n e r  c e l l s  g i v e  h i g h e r  DS l e v e l s ,  h i g h e r  
m u l t i p l e x i n g  c a p a b i l i t i e s ,  a n d  g r e a t e r  o f f -  
a n g l e  s c a t t e r i n g .  T h e  o p t i c a l  d e n s i t y  o f  
s c a t t e r i n g  i n c r e a s e s  l i n e a r l y  w i t h  t h e  
r e c i p r o c a l  o f  c e l l  t h i c k n e s s .  A t  e l e v a t e d  
t e m p e r a t u r e s  t h e  c o n d u c t i v i t y  a n i s o t r o p y ,  
v i s c o s i t y  a n d  e l a s t i c  c o n s t a n t  v a l u e s  a l l  
d e c r e a s e .  H o w e v e r ,  w i t h  t h e  i n c r e a s i n g  
t e m p e r a t u r e  t h e  DS t h r e s h o l d  v o l t a g e  
d e c r e a s e s ,  i n d i c a t i n g  t h a t  c h a n g e s  i n  
v i s c o s i t y  a n d  e l a s t i c  c o n s t a n t s  w i t h  
t e m p e r a t u r e  a r e  more s i g n i f i c a n t  t h a n  t h e  
d e c r e a s e  i n  c o n d u c t i v i t y  a n i s o t r o p y .  

135 
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136 J .  D. MARGERUM el al. 

1 .  I N T R O D U C T I O N  

We a r e  i n t e r e s t e d  i n  u s i n g  t h e  d y n a m i c  

s c a t t e r i n g  (DS) m o d e l  i n  l i q u i d  c r y s t a l  (LC) 
d e v i c e s  s u c h  a s  p i c t o r i a l  m a t r i x  d i ~ p l a y s ~ , 3 9 ~ ,  

r e t i c l e  d e v i c e s 5 P 6 ,  a n d  a u t o m o b i l e  d a s h b o a r d  

d i s p l a y s i r .  P h e n y l  b e n z o a t e  e s t e r  m i x t u r e s  o f  

n e g a t i v e  d i e l e c t r i c  a n i s o t r o p y  a r e  of i n t e r e s t  

f o r  DS,  b e c a u s e  t h e y  a r e  c o l o r l e s s ,  c a n  b e  

p u r i f i e d  a d e q u a t e l y  f o r  c o n t r o l l e d  d o p i n g 8 ,  s h o w  

g o o d  d c  s t a b i l i t y  w h e n  u s e d  w i t h  r e d o x  

d o p a n t s 9 p 1 0  a n d  h a v e  r e l a t i v e l y  g o o d  t h e r m a l  

s t a b i l i t y  a t  e l e v a t e d  t e m p e r a t u r e s 1 ’ .  I n  many 

o f  t h e s e  a p p l i c a t i o n s  i t  i s  d e s i r a b l e  t o  h a v e  a 

l o w  t h r e s h o l d  v o l t a g e  ( V t h )  f o r  t h e  D S  m o d e .  

T h e  p r e s e n t  s t u d y  i s  d e s i g n e d  t o  e v a l u a t e ,  i n  

d e t a i l ,  t h e  f a c t o r s  a f f e c t i n g  t h e  V t h  a n d  

s c a t t e r i n g  l e v e l s  o f  a p h e n y l  b e n z o a t e  L C  

m i x t u r e .  T h e s e  f a c t o r s  i n c l u d e  t h e  c o n d u c t i v i t y  

d o p a n t ,  r e s i s t i v i t y ,  t e m p e r a t u r e ,  s u r f a c e  

a l i g n m e n t ,  a p p l i e d  s i g n a l  a n d  c e l l  t h i c k n e s s .  A 

s i m p l e  LC e u t e c t i c  m i x t u r e  ( H R L - 2 N 2 5 )  c o n t a i n i n g  

j u s t  t h r e e  p h e n y l  b e n z o a t e  c o m p o n e n t s  i s  u s e d  

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

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

2 .  E X P E R I M E N T A L  

Most of t h e  e x p e r i m e n t a l  t e c h n i q u e s  e m p l o y e d  

h e r e  h a v e  b e e n  d e s c r i b e d 1 l 9 l 2 .  T h e  e s t e r  L C  

c o m p o n e n t s  a r e  s y n t h e s i z e d  a n d  p u r i f i e d  b y  

s t a n d a r d  m e t h o d s .  L i q u i d  c h r o m a t o g r a p h y  
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FACTORS AFFECTING DYNAMIC SCATTERING 137 

analysis indicates that these components have 
less than 0.1% impurity. The room temperature 
re.sistivity of the undoped LC mixture is greater 
than 10” ohm-em, typically about 4 x 10l1 
ohm-em. The dopants are prepared in the 
following ways: Tetracyanoethylene (TCNE) from 

Aldrich is recrystallized from methylene 
chloride and then sublimed at 7OoC. 

Tetrabutylammonium trifluoromethanesulfonate 
(TBATMS) is prepared as previously reported8. 

Ethylpyridinium tetraphenylboride (EPTPB) and 
tetrabutylammonium tetraphenylboride (TBATPB) 

are prepared in the manner described by Mannl3, 

with recrystallization from acetone/water 

sol u t i 011s before drying . D i but y If er r o cene (DBF ) 
from Research Organic Chem. is distilled at 

115OC at 0.3mm. (2,4,7 Trinitrofluoreny1idene)- 
malononitrile (TFM) from Aldrich is 
recrystallized from acetonitrile. 
(2,4,5,7-Tetranitrofluorenylidene)malononitrile 

(T4FM) is synthesized by reacting 2,4,5,7- 

tetranitro-9-fluorenone with malononitrile; the 

reactants are from Aldrich, and the product is 
recrystallized from acetonitrile. Dodecyl- 
(ethy1)dimethylammonium - p-hexyloxybenzoate 
(ZLI-235) is used as obtained from E. Merck. 

The DS is measured8 in transmission at 
normal incidence and the Vth is obtained by 

extrapolation back to the baseline of no 
scattering, using unpolarized green light 

centered at 525nm. In the scattering angle 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
19

 2
0 

Fe
br

ua
ry

 2
01

3 



138 J. D. MARGERUM el a/. 

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

c e l l s ,  a n d  t h e  d e t e c t o r  s y s t e m  i s  r o t a t e d  o f f -  

n o r m a l .  W i t h  n o  DS t h e  l i g h t  i n t e n s i t y  r e a c h i n g  

t h e  d e t e c t o r  i s  1% o f  n o r m a l  t r a n s m i s s i o n  
i n t e n s i t y  a t  f 4 . 5 O .  S e v e r a l  d i f f e r e n t  s u r f a c e  

a l i g n m e n t  t e c h n i q u e s  a r e  u s e d .  C e l l s  w i t h  

s u r f a c e - p a r a l l e l  L C  a l i g n m e n t  a r e  made by 

r u b b i n g  I T 0  ( i n d i u m  t i n  o x i d e )  e l e c t r o d e  

s u r f a c e s ,  o r  by r u b b i n g  _i t h i n  c o a t i n g  o f  

p o l y v i n y l  a l c o h o l  ( P V A )  o n  IT0  a f t e r  d r y i n g  i n  
a n  o v e n ,  o r  b y  s h a l l o w  a n g l e  i o n  beam e t c h i n g  o f  

ITO. o r  b y  m e d i u m  a n g l e  d e p o s i t i o n  ( M A D )  o f  S i O  

on  I T O 1  4. The s u r f a c e - p e r p e n d i c u l a r  L C  

a l i g n m e n t  i s  made b y  b o n d i n g  a l o n g  c h a i n  

a l c o h o l  ( C  , ~ H ~ ~ o H )  o n t o  a t h i n  (1508) c o a t i n g  
o f  MAD-SiO o n  I T O ,  e x c e p t  i n  t h e  f i e l d  e f f e c t  
m e a s u r e m e n t s  ( n o  DS) where  t h e  C 1 8  a l c o h o l  

t r e a t m e n t  i s  u s e d  o n  a S i 0 2  ( 8 0 0  8 )  c o a t i n g  i n  

o r d e r  t o  m i n i m i z e  t h e  t i l t  a n g l e ’ 5 .  C e l l  

t h i c k n e s s  v a r i a t i o n s  a r e  made u s i n g  v a r i o u s  
M y l a r  f i l m s  a s  p e r i m e t e r  s p a c e r s  f o r  n o r m a l  

t h i c k n e s s .  T h e  a c t u a l  t h i c k n e s s  of t h e  t h i n n e r  

L C  c e l l s  i s  c a l c u l a t e d  f r o m  t h e  r e s i s t a n c e  

m e a s u r e m e n t s  o f  e a c h  c e l l  a n d  t h e  r e s i s t i v i t y  o f  
e a c h  L C  s a m p l e  i n  t h i c k e r  c e l l s  ( 5 0 . 8  o r  1 2 7  

p in) .  T h e  w i d t h  o f  t h e  W i l l i a m s  d o m a i n s 1 6  i s  

m e a s u r e d  w i t h  a Z e i s s  S t a n d a r d  WL p o l a r i z i n g  

m i c r o s c o p e ,  u s i n g  m i n i m u m  a p p l i e d  v o l t a g e s  i n  

t h e  r a n g e  o f  1.04 t o  1 . 2 3  t i m e s  V t h .  D
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FACTORS AFFECTING DYNAMIC SCATTERING 139 

3 .  RESULTS A N D  DISCUSSION 

3 . 1  L C  E u t e c t i c  M i x t u r e  

A t h r e e  c o m p o n e n t  e u t e c t i c  e s t e r  m i x t u r e ,  

i d e n t i f i e d  a s  HRL-2N25,  i s  f o r m u l a t e d  u s i n g  

- p - e t h o x y p h e n y l  - p - p r o p y l b e n z o a t e  ( 2 0 - 3 1 ,  

- p - h e x y l o x y p h e n y l  - p - b u t y l b e n z o a t e  (60-4), 
a n d  p - h e x y l o x y p h e n y l  p - m e t h o x y b e n z o a t e  (60-01) 

a s  s h o w n  i n  T a b l e  I .  T h e  r a t i o  of c o m p o n e n t s  i s  

c a l c u l a t e d  w i t h  t h e  S c h r o e d e r - v a n  Laar  e q u a t i o n .  

T h e  a c t u a l  n e m a t i c  r a n g e ,  o b s e r v e d  by 

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 a s  b o t h  a 

l o w e r  m e l t i n g  p o i n t  a n d  c l e a r p o i n t  t h a n  t h e  

c a l c u l a t e d  v a l u e s .  S e v e r a l  o t h e r  p r o p e r t i e s  o f  

t h e  m i x t u r e  a r e  a l s o  s u m m a r i z e d  i n  T a b l e  I ,  

i n c l u d i n g  t h e  a v e r a g e  m o l e c u l a r  l e n g t h  ( L )  

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

m o l e c u l a r  m o d e l s  i n  t h e  e x t e n d e d  

 onf figuration'^. The d i e l e c t r i c  a n i s o t r o p y  ( A € )  

i s  m o r e  n e g a t i v e  t h a n  m i x t u r e s  of 1 0 0 %  R O - R f  

( e . g  2 0 - 3 ,  6 0 - 4 ,  e t c . )  c o m p o n e n t s 1 2  d u e  t o  t h e  

R O - O R f  ( 6 0 - 0 1 )  c o m p o n e n t .  T h e  c a p i l l a r y  f l o w  

v i s c o s i t y  ( 1 1 )  i s  r e l a t i v e l y  h i g h  d u e  t o  t h e  

m e d i u m  s i z e  C a n d  t h e  p r e s e n c e  o f  60-01  a s  

s h o w n  b y  o t h e r  s t u d i e s  o f  RO-R'/RO-OR' 
m i x t u r e s l 7 .  T h e  v i s c o s i t v  d a t a  f i t  t h e  

e x p r e s s i o n  rl = A e x p ( E  /RT) q u i t e  w e l l .  

- - 

ri 

3 . 2  D o p a n t s  a n d  C o n d u c t i v i t y  A n i s o t r o p y  

P u r i f i e d  m i x t u r e s  a r e  u s u a l l y  n o t  c o n d u c t i v e  a n d  

w i l l  s how DS e f f e c t s  o n l y  i f  i o n i c  s p e c i e s  a r e  
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140 J .  D. MARGERUM et al. 

Table I. HRL-2N25 Eutectic Mixture 

mP Clpt. An Mole 
("C) kcal7mole Fraction Component 5 

Code ( A )  ("C) 

20-3 19.67 76 68 6.72 -132 

60-4 25.78 29 48 4 . 2 0  -640 

60-01 23.60 55 80 6.19 .228 

Properties 

Calc. nematic range: 13' to 57'C 

Obs. nematic range: 0" to 54°C 

Av. molecular length: L = 24.48 A 

Dielectric anisotropy: A E  = -0.39 (24OC, IkHz) 

Birefringence: An = 0.14 ( 2 3 O ,  589nm) 

Freedericks transition: 

Density: d = 1.059 g / m l  (25'C) 

Flow viscosity: II = 48.5 CP (25'C) 

Viscosity activation energy: 

- 0 

VFT = 7 .0  V (23'C) 

Eli = 9.3 kcal/mole 

p r e s e n t  o r  a r e  g e n e r a t e d  by  t h e  a p p l i e d  f i e l d .  

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

d e p e n d  u p o n  t h e  s t r u c t u r e  o f  d o p a n t  a s  w e l l  a s  

t h e  L C 8 * 1 8 e 1 9 .  

a r e  c h o s e n  t o  p r o v i d e  a w i d e  r a n g e  o f  

c o n d u c t i v i t y  a n i s o t r o p y  ( o , , / o l ) v a l u e s .  I n  t h i s  

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

TBATMS i s  n e a r l y  i n d e p e n d e n t  o f  c o n c e n t r a t i o n ,  

a s  i n d i c a t e d  i n  F i g u r e  1. E x c e p t  f o r  E P T P B  a n d  

TQFM, t h e s e  d o p a n t s  h a v e  b e e n  s t u d i e d  i n  v a r i o u s  

o t h e r  L C s  a n d  s i m i l a r  r e s u l t s  a r e  f o u n d  h e r e .  

I n  H R L - 2 N 2 5  a t  2 5 O C  t h e  O , ~ / O ~  v a l u e  i s  4 t o  6 %  
h i g h e r  f o r  TBATMS, T B A T P B ,  a n d  DBF/TFM t h a n  i n  

T h e  s e v e n  d o p a n t s  i n  t h i s  s t u d y  

I1 1 
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7592-3R1 
, , 

I . 2L1-235 (7) 
0 

1 T4FM (6  
0 

I - *DBF/TFM (5: 

w -  e - TBATPB (4) . - . EPTPB (3) 

TBATMS (2) 

L 
I TCNE (I), 

1 .o 
8.6 9.0 9.5 10.0 

F I G U R E  1 Conductivity anisotropy of dopants 
in HRL-2N25 at 23OC as a function 
of resistivity (PI at 1 0 0  H z ) .  

t h e  HRL-2N10 e s t e r  m i x t u r e 8 ,  i s  55 l o w e r  f o r  

Z L I - 2 3 5  t h a n  i n  a S c h i f f  b a s e - e s t e r  m i x t u r e 2 0 ,  

a n d  i s  3% l o w e r  t h a n  T C N E  i n  a n  a z o x y  L C 2 1 .  

A l t h o u g h  c h a n g e s  i n  t h e  d o p a n t  s t r u c t u r e  o f t e n  

h a v e  a l a r g e r  e f f e c t  o n  t h e  c o n d u c t i v i t y  

a n i s o t r o p y  o f  n e m a t i c  m i x t u r e s  t h a n  c h a n g e s  i n  
t h e  L C  s t r u c t u r e ,  much l a r g e r  v a r i a t i o n s  o f  o I I / o l  

a r e  o b s e r v e d  i n  o t h e r  L C  m i x t u r e s  i n  w h i c h  

c y b o t a c t i c  n e m a t i c  c h a r a c t e r i s t i c s  a r e  

p r e s e n t 1 1 * 1 2 9 2 2 .  
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142 J .  D. MARGERUM et al. 

Figure 2 shows plots Of Vth for ac-DS ( 3 0  Hz for 
both surface-perpendicular and surface-parallel 
cells) and for dc-DS (surface-parallel), each as 
a function of the conductivity anisotropy of the 
seven dopants in H R L - 2 N 2 5 .  The dopants are 
identified by the number indicated in Figure 1. 
In these samples the DS cutoff frequency is 
greater than 250 Hz, so that approximately cons- 
stant ‘th values are observed for dopants 2-7 in 
the 10-30 Hz range. In dopant 1 (TCP.”) the value 
of Vth is proqressive1.y lower in y o i n ?  from 3 3 H 2  
t o  20 Hz and to 10 Hz,  ind.icatiny t h a t  in this 

case some electrochemical reactions are lowering 

the Vth value at the low frec:uencies. T h e  condue- 
tivity anisotropy has a very large effect on Vth 
in both types of surface alignments and with 
dc-DS as well as ac-DS. (The dc-DS measurements 
are less reproducible, but typical Vth values 
are shown here. The relatively high dc-Vth f o r  
dopant 7 may be due partly to its strong ten- 
dency to cause surface- alignment). For a 
given dopant the DS thresholds here follow the 

pattern: ac-Vth(l) > aC-Vth((1) > dC-Vth(ll). 
This supports earlier observations discussed 
regarding other LC/dopant systems23. Charge 
injection effectslO appear to play a dominant 
role in the dc-activated cells. In contrast to 
ac-activation, the microscopic patterns of the 
instability under dc-activation vary with the 
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7532-1 R2 

40 

30 

"th 20 

10 

0 
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 

FIGURE 2 Dynamic s c a t t e r i n g  t h r e s h o l d  
v o l t a g e  as  a f u n c t i o n  of t h e  con- 
d u c t i v i t y  a n i s o t r o p y  and s u r f a c e  
a l i g n m e n t  of  HRL-2N25 c o n t a i n i n g  
t h e  d o p a n t s  i n  Table  1. (23OC, 
p l  = 2 x 109 R-cm, m-sur face-1 ,  
0 and A-sur face- l l  1 .  
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144 J .  D. MARGERUM et al. 

i n d i v i d u a l  d o p a n t s .  T h e  g e n e r a l  a p p e a r a n c e  o f  

t h e s e  p a t t e r n s  a r e  s i m i l a r  t o  a w a l l p a p e r  

p a t t e r n  w h i l e  t h e  a c - a c t i v a t e d  Wi l l i ams  d o m a i n s  

c o n s i s t  o f  many p a r a l l e l  l i n e  d o m a i n s .  T h e  d c -  

' t h  d e c r e a s e s  w i t h  i n c r e a s i n g  a l o l  , b u t  t h e  
v a l u e s  d o  n o t  f i t  t h e  c o r r e l a t i o n  d e r i v e d  b y  

H e l f r i ~ h ~ ~  for t h e  W i l l i a m s  d o m a i n  t h r e s h o l d  

v a r i a t i o n  w i t h  o / a  e v e n  t h o u g h  t h e  e x p r e s s i o n  

was d e r i v e d  f o r  d c  f i e l d s .  I t  s h o u l d  b e  n o t e d  

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

o b t a i n e d  w i t h  a c  m e a s u r e m e n t s  a t  1 0 0  Hz. T h i s  

g i v e s  t h e  a I l / o l  f o r  t h e  i o n i c  s p e c i e s  p r e s e n t  i n  

t h e  b u l k  o f  t h e  L C  f r o m  t h e  d o p a n t  u n d e r  

e q u i l i b r i u m  c o n d i t i o n s .  I t  d o e s  n o t  m e a s u r e  t h e  

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

g e n e r a t e d  i o n i c  s p e c i e s  w h i c h  a r e  f o r m e d  by  d c  

a c t i v a t i o n ,  a n d  s u c h  i o n s  c o u l d  h a v e  a l a r g e r  

a n i s o t r o p y  t h a n  t h e  i n i t i a l  d o p a n t s .  T h i s  i s  

t h e  c a s e  f o r  T4FM, w h o s e  ' t h  v a l u e s  ( b o t h  a c  a n d  
d c )  d e c r e a s e  a f t e r  p e r i o d s  of  d c - a c t i v a t i o n .  I f  

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

by b o t h  d o p a n t  i o n s  a n d  d c - g e n e r a t e d  i o n s  o f  

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

e x p l a i n  t h e  o b s e r v e d  d c  r e s u l t s .  

I I  

I1 1' 

T h e  q u a l i t a t i v e  e x p r e s s i o n s  d e r i v e d  by 

H e l f r i ~ h ~ ~  f o r  t h e  V t h  o f  w i l l i a m s  d o m a i n s  

( c o r r e s p o n d i n g  h e r e  t o  t h e  ac-Vth of DS) 
i n d i c a t e  t h a t  t h e  c o r r e l a t i o n s  s h o w n  i n  

e q u a t i o n s  1 a n d  2 s h o u l d  b e  f o l l o w e d  i f  sma l l  

a m o u n t s  of  c o n d u c t i v i t y  d o p a n t s  i n  HRL-2N25 

c h a n g e  o n l y  i t s  o / O  a n d  d o  n o t  a f f e c t  t h e  II I' 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
19

 2
0 

Fe
br

ua
ry

 2
01

3 



FACTORS AFFECTING DYNAMIC SCATTERING 

v a l u e s  o f  A ,  B ,  C a n d  D .  

145 

K E  

3 
1 (A. - F);  B = 1 s  where, A = -- . 3  

4rr k33 4a 5 3  3 

5% 
where, C = (A. + 'e) ; D = - 3 

4* k l l  4n k l l  n2 

T h e  e x p r e s s i o n s  o f  V t h  w i t h  a c  

a c t i v a t i o n 2 5 7 2 6  c o n t a i n  e x t r a  t e rms  o f  f r e q u e n c y  

d e p e n d e n c e .  H o w e v e r ,  t h e s e  terms d r o p  o u t  i f  

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

c u t - o f f  f r e q u e n c y ,  w h i c h  i s  t h e  c a s e  i n  t h e  

p r e s e n t  s t u d i e s .  U s i n g  t h e  a c  d a t a  f r o m  F i g u r e  

2 ,  t h e r e  i s  a g o o d  f i t  of t h e  s u r f a c e - p a r a l l e l  

d a t a  w i t h  E q u a t i o n  1 ,  a n d  o f  t h e  s u r f a c e -  

p e r p e n d i c u l a r  d a t a  w i t h  E q u a t i o n  2 ,  a s  s h o w n  b y  

t h e  l e a s t - s q u a r e  p l o t s  i n  F i g u r e  3 .  T h e s e  

r e s u l t s  i n d i c a t e  t h a t  i n  e a c h  o f  t h e s e  s u r f a c e  

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

v a r i o u s  d o p a n t s  o n  t h e  a C - V t h  is d e t e r m i n e d ,  

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

d o p a n t  i n  t h e  L C .  
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0.02 
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> € 
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J .  D. MARGERUM et al. 

7532-7Al  
7532-8 

( Ql1’01) - ’ 
0.6 0.1 0.8 0.9 

I I I I 

3 
/ 

I 

/- Vth-’ = C (oll/ul) + D 

I I I I L’ I 
1.1 

FIGURE 3 Helfrich equation plots f o r  s u r -  
face-dependence of ac dynamic 
scattering Vth on CI I~ oI 

th 3 , 4  Effects of Resistivity on V 

S o m e  effects of LC resistivity ( p )  on the ac a n d  

d c  values o f  V t h  are shown in Figure 4 for 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
19

 2
0 

Fe
br

ua
ry

 2
01

3 



FACTORS AFFECTING DYNAMIC SCATTERING 147 

14 

12 

10 

8 

5 > 
6 

4 

2 

0 
8 

-'.# \ AC(10Hz)  

\ 

9 10 11 
LOG PI 

FIGURE 4 Effect of resistivity (pI at 1 0 0  Hz) 
on dynamic scattering V of doped 
HRL-2N25 in 1 2 . 7  p m  thigf: cells 
with surface-11 alignment, rubbed ITO. 

0,. - TBATPB (4) : A,A - TBATMS ( 2 )  ; 
0 , ~  - DBF/TFM (5). 

d o p a n t s  2 ,  '1, a n d  5 .  I n  e a c h  c a s e  t h e  ac-Vth 

i n c r e a s e s  as  p i n c r e a s e s .  I n  t h e  T B A T M S  

s a m p l e s ,  t h e  c h a n g e  i n  a c - V t h  i s  p a r t i a l l y  

a c c o u n t e d  f o r  b y  t h e  c h a n g e s  of  i t s  c o n d u c t i v i t y  
a n i s o t r o p y  w i t h  p , w h i c h  a r e  s h o w n  i n  F i g u r e  1 .  

H o w e v e r ,  s i n c e  t h e  o i , / o i  v a l u e s  o f  TBATPB and 
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148 J .  D. MARGERUM et al. 

DBF/TFM a r e  c o n s t a n t  w i t h  p some o t h e r  ( u n k n o w n )  

f a c t o r  c a u s e s  t h e i r  V t h  t o  c h a n g e  w i t h  p .  T h e  

d c - V t h  e f f e c t s  v a r y  w i t h  t h e  e l e c t r o c h e m i c a l  
p r o p e r t i e s  o f  t h e  d o p a n t s .  T h e  d c - V t h  o f  

TBATMS-doped s a m p l e s  d e c r e a s e s  m a r k e d l y  a s  p 

i n c r e a s e s .  T h i s  d o p a n t  i s  more 

e l e c t r o c h e m i c a l l y  s t a b l e  t h a n  t h e  L C ,  a n d  t h e  L C  

p r o b a b l y  r e a c t s  u n d e r  a d c  f i e l d  t o  g i v e  LC '  a n d  

L C -  s p e c i e s 9 * 1 0  w h i c h  may h a v e  r e l a t i v e l y  h i g h  

c o n d u c t i v i t y  a n i s o t r o p y .  A t  a p o f  lo9 ohm-em 

t h e  L C  c o n t a i n s  a b o u t  10-4M TBATMS, g i v i n g  a n  

i o n i c  c o n c e n t r a t i o n  o f  a p p r o x i m a t e l y  1 0 - 5 ~ .  A S  

t h e  i o n i c  c o n c e n t r a t i o n  i s  d e c r e a s e d ,  t h e  

c o n c e n t r a t i o n  o f  t h e  p o s i t i v e  i o n s  i n  t h e  

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

n e g a t i v e  i o n s  i n  t h e  v i c i n i t y  o f  t h e  n e g a t i v e  

e l e c t r o d e  w i l l  be  d e c r e a s e d  as a r e s u l t  o f  

c o u l o m b i c  i n t e r a c t i o n .  T h u s  d c  g e n e r a t e d  L C  

i o n s  w o u l d  be  e x p e c t e d  t o  c o n t r i b u t e  t o  t h e  

i o n i c  t r a n s p o r t  c u r r e n t ,  a n d  t h i s  b e c o m e s  m o r e  

s i g n i f i c a n t  a s  p i s  i n c r e a s e d .  T h e  p o f  t h e  

TBATMS-doped c e l l s  u n d e r  c o n t i n u o u s  d c - D S  

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

a c t i v a t i o n g ,  p r e s u m a b l y  d u e  t o  i r r e v e r s i b l e  

r e a c t i o n s  o f  t h e  LC '  a n d  L C -  s p e c i e s .  On t h e  

o t h e r  h a n d ,  t h e  p o f  TBATPB-doped s a m p l e s  

c h a n g e s  f a i r l y  r a p i d l y  ( i n  1 0  m i n u t e s )  w i t h  d c -  

a c t i v a t i o n ,  i n d i c a t i n g  t h a t  t h e  d o p a n t  i t s e l f  

r e a c t s  r e a d i l y  a n d  i r r e v e r s i b l y  a t  t h e  

e l e c t r o d e s .  T h e s e  r e a c t i o n s  o f  TBATPB a p p e a r  t o  

r e s u l t  i n  s p e c i e s  o f  h i g h  o , , / o l ,  g i v i n g  l o w  d c -  
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FACTORS AFFECTING DYNAMIC SCATTERING 149 

'th values f o r  the short lifetime period of the 
samples. The DBF/TFM dopant pair is a redox 
system chosen to protect the LC by reacting 
readily and reversibly at the electrodes9 s ' o .  
F o r  a p of lo9 ohm-cm the neutral DBF and TFM 
compounds are each added in about 3 x l O - * M ,  so 
that there are larger concentrations of these 
redox dopants present than in the case with the 
salt dopants. Because of their electrochemical 
stability and the amounts of DBF and TFM 

present, the dc-Vth is relatively stable f o r  
very long periods of dc activation. The 

variations of dc-Vth for DBF/TFM in Figure 4 may 
be due to some differences in the surface 
adsorption of these dopants on the electrodes. 

3.5 Effects of Cell Thickness 

The ac-Vth of DS is not constant with the thick- 
ness of the cell, as shown by the upper plot in 
Figure 5 -  There is a Vth minimum at thicknesses 
of approximately 25 urn. In thicker cells the 

'th increases appreciably, possibly due to the 
increase in the R / h  term as shown by equation 3 
and the lower curve in Figure 5 (where 11 i s  the 

"th = 

cell thickness and h is the Williams domain 
periodicity). However, in cells thinner than 
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I .  D. MARGERUM et al. 

1.5 

4 

-3 
1.0 

0.5 

I I I I k 9 0 PIX 

HRL-2N25 
SURFACE- II,25OC 
TBATPB DOPANT 

I I I I I 1 
0 25 50 75 100 125 150 

CELL THICKNESS,P(pm) 

FIGURE 5 Effect of cell thickness on DS-Vth 
and on domain periodicity ( A )  , 30Hz. 
Orubbed PVA on IT0 
Arubbed I T O ,  or ion-beam etched IT0 

25 pm the Vth also increases while the L / h  term 
d e c r e a s e s .  We d o  no t  know t h e  r e a s o n  f o r  t h e  

i n c r e a s e d  V t h  i n  t h i n  c e l l s .  C e l l s  w i t h  and 
w i t h o u t  P V A  c o a t i n g s  f o r  surface-11 a l ignment  
gave t h e  same r e s u l t s ,  so t h e  e f f e c t  does n o t  
a p p e a r  t o  be an a r t i f a c t  r e l a t e d  t o  a v o l t a g e  
drop a c r o s s  t h e  PVA. Also  t h e  r e s i s t i v i t y  
changes have l i t t l e  e f f e c t  in t h e  range used 
w i t h  p between 6 .15  x l o 8  and 1 . 3 6  x lo9 ohm-em. 

The s c a t t e r i n g  l e v e l  of  DS (where 
% S = 100 - % T ,  f o r  c e l l s  measured i n  
t r a n s m i s s i o n  w i t h  l i g h t  a t  normal i n c i d e n c e )  i s  
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15 
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z 

F I G U R E  6 The e f f e c t  of c e l l  thickness on %S 
and on Nmax at 7 0 % S  ( 2 3 O C ) .  

h i g h e r  i n  t h i n n e r  c e l l s .  T h i s  i s  s h o w n  i n  

F i g u r e  6 ,  w h e r e  t h e  $ S i s  p l o t t e d  v e r s u s  c e l l  

t h i c k n e s s  a t  2 x ' t h  f o r  e a c h  t h i c k n e s s .  T h e  % 
S i n c r e a s e s  s h a r p l y  i n  t h i n  c e l l s  (we d i d  n o t  
u s e  c e l l s  t h i n  e n o u g h  t o  o b s e r v e  t h e  e x p e c t e d  

d e c r e a s e  i n  v e r y  t h i n  c e l l s ) .  We f i n d  a l i n e a r  

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

s c a t t e r i n g  a n d  t h e  r e c i p r o c a l  o f  t h e  c e l l  

t h i c k n e s s  as  s h o w n  i n  F i g u r e  7 .  I n  F i g u r e s  6 
a n d  7 t h e  maximum m u l t i p l e x i n g  c a p a b i l i t y 2 7  

( N m a x )  f o r  7 0 %  S i s  a l s o  s h o w n .  

i n c r e a s e s  g r e a t l y  i n  t h i n  c e l l s ,  w h i c h  of  c o u r s e  
a l s o  h a v e  t h e  a d v a n t a g e s  o f  h a v i n g  much f a s t e r  

r e s p o n s e  t i m e s .  

T h e  N m a ,  
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152 J. D. MARGERUM et a1 

FIGURE 7 Reciprocal length plots f o r  the optical 
density of scattering (-log T) and the 
maximum multiplex capability. 

The d a t a  i n  F i g u r e s  6 a n d  7 a r e  f r o m  

m e a s u r e m e n t s  made w i t h  n o r m a l  i n c i d e n t  l i g h t  

s c a t t e r e d  by DS a t  r e l a t i v e l y  s m a l l  o f f - a n g l e s  

( a b o u t  ? 4 ' ) .  The e f f e c t  o f  c e l l  t h i c k n e s s  on 

l i g h t  s c a t t e r e d  a t  l a r g e r  o f f - a n g l e s  i s  a l s o  

e x a m i n e d .  A s  shown i n  F i g u r e  8 ,  t h e  i n t e n s i t y  

o f  o f f - a n g l e  s c a t t e r e d  l i g h t  i n  t h e  4-15O r a n g e  

i s  h i g h e r  f o r  a t h i n  c e l l  t h a n  f o r  t h i c k e r  

c e l l s .  ( H e r e  t h e  r e l a t i v e  i n t e n s i t i e s  a r e  g i v e n  

a s  t h e  v a l u e s  m e a s u r e d  a t  2 x V t h  d i v i d e d  by t h e  

i n t e n s i t y  a t  t h a t  a n g l e  f r o m  a o n e - h a l f  

L a m b e r t i a n  p l a t e . )  T h u s ,  t h e  r e s u l t s  f r o m  

F i g u r e  8 i n d i c a t e  t h a t  t h e  DS e f f i c i e n c y  o f  t h i n  

c e l l s  i s  s u p e r i o r  t o  t h a t  o f  t h i c k  c e l l s  f o r  

l i g h t  s c a t t e r e d  a t  l a r g e r  (4-151~) a n g l e s  a s  w e l l  

a s  a t  s m a l l  a n g l e s .  
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FACTORS AFFECTING DYNAMIC SCATTERING 153 

SCATTERING ANGLE, DEGREES OFF NORMAL 

F I G U R E  8 Cell thickness effect on off-angle DS 
intensity. 
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154 J .  D. MARGERUM et al. 

3 . 6  T e m p e r a t u r e  E f f e c t s  

T h e  e f f e c t s  o f  t e m p e r a t u r e  o n  s e v e r a l  

a n i s o t r o p i c  a n d  e l e c t r o - o p t i c a l  p r o p e r t i e s  o f  

HRL-2N25 a r e  s h o w n  i n  F i g u r e s  9 a n d  1 0 .  T h e  

F r e e d e r i c k s  t r a n s i t i o n  i n  F i g u r e  9 r e f e r s  t o  t h e  

f i e l d  e f f e c t  t h r e s h o l d  i n  a s u r f a c e - 1  c e l l .  T h e  

v a l u e s  o f  ( ' t h ' ) F T  a n d  A €  i n  ~ i g u r e  9 a r e  u s e d  

t o  c a l c u l a t e  t h e  k 3 3  e l a s t i c  c o n s t a n t  s h o w n  i n  
F i g u r e  1 0 .  T h e  o l l / o l  a n d  V t h  v a l u e s  o f  DS a r e  
m e a s u r e d  u s i n g  T B A T P B  a s  a c o n d u c t i v i t y  d o p a n t .  

T h e  m o s t  i n t e r e s t i n g  r e s u l t  i n  F i g u r e  1 0  i s  t h a t  

t h e  DS-Vth v a l u e s  d e c r e a s e  w i t h  i n c r e a s i n g  
t e m p e r a t u r e  ( a t  l e a s t  u p  t o  5 O o C )  w h i l e  t h e  

o l l / o l  a l s o  d e c r e a s e  i n  t h e  same t e m p e r a t u r e  

r a n g e .  T h i s  is  s u r p r i s i n g  c o n s i d e r i n g  t h e  l a r g e  

e f f e c t  t h a t  o l l / o l  h a s  o n  t h e  V t h  ( s e e  F i g u r e  2 ) .  

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

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

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

t h e  o p p o s i t e  d i r e c t i o n ,  t o  o f f s e t  t h e  d e c r e a s e  

o f  O ~ l / C l L *  T h i s  i s  c o n s i s t a n t  w i t h  t h e  l a r g e  

d e c r e a s e s  o b s e r v e d  i n  k 3 3  a n d  ,, w i t h  i n c r e a s i n g  

t e m p e r a t u r e .  

4 .  CONCLUSIONS 

I n  b r i e f ,  o u r  s t u d i e s  w i t h  t h i s  p h e n y l  b e n z o a t e  

L C  m i x t u r e  s h o w  t h e  f o l l o w i n g  c o r r e l a t i o n s :  

1 .  T h e  V t h  f o r  DS i s  s t r o n g l y  a f f e c t e d  by 

t h e  c h o i c e  o f  c o n d u c t i v i t y  d o p a n t ,  L C  s u r f a c e  

a l i g n m e n t ,  a n d  t h e  a p p l i e d  v o l t a g e  f r e q u e n c y .  
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FIGURE 9 Temperature effects on dielectric pro- 
perties and Freedericks transition of 
HRL-2N25 (undoped) . 
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FIGURE 10 Temperature e f f e c t s  on properties of 
HRL-2N25, with TBATPB dopant. 

T h e  e f f e c t  o f  d o p a n t  c o n d u c t i v i t y  a n i s o t r o p y  o n  

' t h  i s  w e l l  c o r r e l a t e d  o v e r  a wide  r a n g e  by  
H e l f r i c h ' s  e q u a t i o n s  f o r  b o t h  s u r f a c e - p a r a l l e l  

a n d  s u r f a c e - p e r p e n d i c u l a r  LC a l i g n m e n t  a t  l ow a c  

f r e q u e n c i e s .  A s i m i l a r  t r e n d  i s  o b s e r v e d  w i t h  

d c  s i g n a l s ,  b u t  t h e  c o r r e l a t i o n  i s  o b s c u r e d  by  

e l e c t r o c h e m i c a l  e f f e c t s .  I n  g e n e r a l ,  t h e  l o w e s t  

' t h  v a l u e s  a r e  o b t a i n e d  w i t h  h i g h  c o n d u c t i v i t y  
a n i s o t r o p y ,  s u r f a c e - p a r a l l e l  a l i g n m e n t ,  a n d  d c  

s i g n a l s .  
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FACTORS AFFECTING DYNAMIC SCATTERING 157 

2 .  I n  t h i s  L C  t h e  ' t h  i s  a l s o  a f f e c t e d  by  
t h e  L C  r e s i s t i v i t y ,  c e l l  t h i c k n e s s ,  a n d  

t e m p e r a t u r e .  S m a l l e r  ac-Vth values a r e  o b t a i n e d  

w i t h  l o w e r  r e s i s t i v i t y ,  w i t h  a c e l l  t h i c k n e s s  o f  

a b o u t  2 5  p m ,  a n d  a t  h i g h e r  t e m p e r a t u r e s  u p  t o  

a b o u t  5OoC.  A t  t h e s e  e l e v a t e d  t e m p e r a t u r e s  t h e  

' t h  i s  l e s s  a f f e c t e d  by t h e  d e c r e a s e  i n  
c o n d u c t i v i t y  a n i s o t r o p y  t h a n  b y  t h e  o f f s e t t i n g  

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

o f  t h e  L C .  

3 .  When c o m p a r e d  a t  a n  a p p l i e d  v o l t a g e  o f  

' t h ,  t h i n n e r  c e l l s  s h o w  h i g h e r  s c a t t e r i n g  
l e v e l s ,  h i g h e r  m u l t i p l e x i n g  c a p a b i l i t y  a n d  m o r e  

o f f - a n g l e  s c a t t e r i n g  t h a n  t h i c k e r  c e l l s .  B o t h  

t h e  " o p t i c a l  d e n s i t y "  o f  s c a t t e r i n g  a n d  t h e  

maximum m u l t i p l e x i n g  c a p a b i l i t y  i n c r e a s e  

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

t h i c k n e s s .  
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2 3 .  M .  J .  L I T T L E ,  H .  S .  L I M ,  a n d  J .  D .  

2 4 .  W .  HELFRICH,  J .  C h e m .  P h y s . ,  5 1 ,  4 0 9 2  

2 5 .  ORSAY L I Q U I D  CRYSTAL G R O U P , ( a )  P h y s .  R e v .  

2 6 .  E .  D U B O I S - V I O E L L E ,  P .  G .  DEGENNES a n d  

2 7 .  P .  M .  A L T  a n d  P .  P L E S H K O ,  I E E E  T r a n s .  
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