
CHAPTER II
THEORETICAL BACKGROUND AND LITERATURE REVIEW

2 . 1 .  Plastic Optical Fiber (POF)

2 .1 .1  H is t o r ic a l  E v o lu t io n
T h e  f ir s t  o p t ic a l  f ib e r s  th a t w e r e  u s e d  a s  a  c o m m u n ic a t io n  c h a n n e l  

w e r e  m a d e  o f  g la s s .  In  th e  p a s t  s e v e r a l  d e c a d e s ,  th e  s u c c e s s i v e  o f  im p r o v e m e n t  in  

g la s s  f ib e r s ,  P O F  h a v e  b e c o m e  in c r e a s in g ly  p o p u la r , o w i n g  to  th e ir  g r o w in g  u t i l i ty .  
A lt h o u g h  P O F  h a v e  b e e n  a v a i la b le  fo r  s o m e  t im e ,  t h e y  f o u n d  a p p l i c a t io n  a s  a  h ig h -  

c a p a c i t y  t r a n s m is s io n  m e d iu m , b e c a u s e  o f  th e  s u c c e s s i v e  im p r o v e m e n t s  in  th e ir  

t r a n s p a r e n c y  a n d  b a n d w id th . A t  p r e s e n t ,  t h e y  a re  a d v a n t a g e o u s l y  r e p la c in g  c o p p e r  

c a b le s  in  s h o r t -h a u l  c o m m u n ic a t io n s  l in k s .  In  a d d it io n ,  P O F  s e r v e s  a s  a  c o m p le m e n t  

fo r  g la s s  f ib e r s  in  s h o r t -h a u l  c o m m u n ic a t io n s  l in k s  b e c a u s e  t h e y  a r e  e a s y  to  h a n d le ,  
f l e x ib l e ,  a n d  e c o n o m i c a l ,  a l t h o u g h  th e y  a re  n o t  u s e d  fo r  v e r y  l o n g  d i s t a n c e s  b e c a u s e  

o f  th e ir  r e la t iv e ly  h ig h  a t te n u a t io n . T h e s e  c h a r a c t e r i s t ic s  a re  s u i t a b le  fo r  th e  

c o n n e c t io n  b e t w e e n  a  la r g e  n e t  o f  g la s s  o p t ic a l  f ib e r  a n d  a  r e s id e n t ia l  a r e a , w h e r e  

d is t a n c e s  to  c o v e r  a re  g e n e r a l ly  l e s s  th a n  1 k m . A n  e x a m p l e  w o u ld  b e  I n te r n e t  a c c e s s  

fr o m  h o m e  o r  fr o m  a n  o f f i c e .  F o r  t h is  p u r p o s e ,  P O F  h a s  b e e n  m a n u fa c tu r e d .  
N o w a d a y s ,  w i t h  th e  P M M A - c o r e  o p t ic a l  f ib e r s ,  t r a n s m is s io n s  a t 1 5 6  M b /s  o v e r  

d is t a n c e s  u p  to  1 0 0  m  c a n  b e  c a r r ie d  o u t ,  a n d  t r a n s m is s io n  s p e e d s  o f  5 0 0  M b /s  o v e r  

5 0  m  c a n  b e  r e a c h . T o  a c h i e v e  h ig h e r  t r a n s m is s io n  s p e e d s  g r a d e d  in d e x  P O F  c a n  b e  

u s e d .  In a d d it io n ,  a  s p e c ia l  t y p e  o f  P O F  m a d e  fr o m  a n  a m o r p h o u s  f lu o r in a te d  

p o ly m e r  c a l le d  C Y T O P  a n d  d e v e lo p e d  b y  K o ik e  a n d  A s a h i  G la s s  w i l l  b e  s o o n  

a v a i la b le  in  th e  m a r k e t . T h is  n e w  f ib e r  p r e s e n t s  a  c o n s id e r a b ly  l o w e r  a t t e n u a t io n  th a n  

th e  c o m m o n  P O F  ~  3 0  d B /k m .,  w h ic h  a l l o w s  th e  t r a n s m is s io n  d is t a n c e  to  b e  

in c r e a s e d  u p  to  1 k m  fo r  a  t r a n s m is s io n  s p e e d  o f  1 .2  G b / s /k m .  T a b le  1 s h o w s  th e  

m o s t  s ig n i f ic a n t  la n d m a r k s  o f  P O F  d u r in g  th e  p a s t  3 0  y e a r s .
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T a b le  2 .1  H i s t o r i c a l  E v o lu t io n  o f  th e  M o s t  I m p o r ta n t  L a n d m a r k s  R e la t e d  to  P O F  

d u r in g  th e  P a s t  3 0  Y e a r s  ( Z u b ia ,  et al., 2 0 0 0 )

Y e a r O r g a n iz a t io n L a n d m a r k

1 9 6 8 D u p o n t F ir s t  S I P O F  w it h  P M M A  c o r e
1 9 7 2 T o r a y - F ir s t  S I  P O F  w it h  P S  c o r e
1 9 8 1 N T T L o w  a t te n u a t io n  P M M A  S I P O F  ( 5 5  d B /k m  at 5 6 8  n m )

1 9 8 2 K e io  - U n iv e r s i t y  F ir st  G I  P O F  ( 1 0 7 0  d B /k m  at 6 7 0  n m )
N T T F ir s t  S I  P O F  w it h  d e u te r a t e d  P M M A  c o r e  ( 2 0  d B /k m

at 6 5 0  n m )
1 9 8 3 M it s u b is h i R a y o n  P M M A “ E s k a ”  S I P O F  ( 1 1 0  d B /k m  a t 5 7 0  n m )
1 9 8 7 F r a n c e T h e  F r e n c h  P O F  C lu b  is  e s t a b l i s h e d
1 9 9 0 K e io F ir s t  h ig h  s p e e d  t r a n s m is s io n  w i t h  a  P M M A - c o r e  G I

U n iv e r s i t y P O F  ( 3 0 0  M H z * K m  at 6 7 0  n m )
1 9 9 1 H o e c h s t C e la n e s e  S I P M M A  “ I n f o l i t e ”  P O F  ( 1 3 0  d B /k m  at 

6 5 0  n m )
1 9 9 2 K e io U n iv e r s i t y  G I d e u te r a t e d  P M M A  P O F  ( 5 5  d B  a t 6 8 8  

n m )
1 9 9 3 E s s e x T r a n s m is s io n  a t 6 3 1  M b /s  o v e r  1 0 0  m  b y  m e a n s  o f  a

U n iv e r s i t y P M M A - c o r e  S I  P O F  a n d  a n  e q u a l iz e r  c ir c u it
1 9 9 4 U S A /J a p a n T h e  h ig h  s p e e d  P O F  N e t w o r k  ( H S P N )  C o n s o r t iu m  is  

c r e a te d
K e io  U n i v e r s i t y , T h e  P O F  C o n s o r t iu m  o f  J a p a n  i s  c r e a te d
I B M T r a n s m is s io n  a t 1 G b /s  o v e r  3 0  m  b y  m e a n s  o f  a  G I
K e io  U n i v e r s i t y , P O F  a n d  a  V C S E L  at 6 7 0  n m
N E C T r a n s m is s io n  a t 2 .5  G b /s  o v e r  1 0 0  m  b y  m e a n s  o f  a
A s a h i  C h e m ic a l G I P O F  at 6 5 0  n m ;  F ir s t  m u l t i c o r e  S I P O F  fo r  h ig h  

s p e e d  t r a n s m is s io n
1 9 9 5 M it s u b is h i  R a y o n , T r a n s m is s io n  a t 1 5 6  M b /s  o v e r  1 0 0  m  b y  m e a n s  o f  a
N E C l o w  N A  S I  P O F  a n d  a  fa s t  red  L E D
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Y e a r

1 9 9 6

1 9 9 7

1 9 9 8

1 9 9 9

O r g a n iz a t io n  L a n d m a r k

K e io  U n i v e r s i t y ,  

K A S T

P O F  C o n s o r t iu m  

o f  J a p a n

K e io  U n i v e r s i t y ,

F u j i t s u ,  A s a h i  

C O B R A ,  E in d h o v e n  

U n i v e r s i t y ,  K e io  

U n iv e r s i t y ,  A s a h i  

G la s s ,  N E C  

M a t s u s h i t a

C O B R A ,  E in d h o v e n  

U n i v e r s i t y ,  K e io  

U n i v e r s i t y ,  A s a h i  

G la s s
U n iv e r s i t y  o f  U l m ,  
A s a h i  G la s s  

B e l l  L a b o r a to r ie s ,

Asahi Glass

F ir st  p e r f lu o r in a te d  ( P F )  G 1 P O F  ( 5 0  d B /k m  at 1 3 0 0
nm)
T h e o r e t ic a l  e s t im a t io n  o f  th e  l o s s e s  in  a  P F  P O F  

( 0 .3  d B /k m  at 1 3 0 0  n m )
T h e o r e t ic a l  e s t im a t io n  o f  th e  t r a n s m is s io n  s p e e d  in  a  

G I P O F  o p t ic a l  l in k  ( P M M A :  4  G b /s  o v e r  1 0 0  m ;
P F : 1 0  G b /s  o v e r  1 k m )

S t a n d a r d iz a t io n  at A T M  L A N  ( 1 5 6  M b /s  o v e r  5 0  m  

o f  S I P O F )  in  th e  A T M  F o r u m .
S t a n d a r d iz a t io n  o f  th e  n o r m  I E E E  1 3 9 4  ( 1 5 6  M b /s
o v e r  5 0  m  o f  SI P O F .
T r a n s m is s io n  at 2 .5  G b /s  o v e r  2 0 0  m  b y  m e a n s  o f  a  

P F - c o r e
G la s s  G I P O F  at 1 3 0 0  n m
T r a n s m is s io n  at 2 .5  G b /s  o v e r  3 0 0  m  b y  m e a n s  o f  a  

P F - c o r e  G I P O F  at 6 4 5  n m

T r a n s m is s io n  a t 5 0 0  M b /s  o v e r  5 0  m  b y  m e a n s  o f  a  G I  

P O F  a n d  a  fa s t  r e d - c o lo r  L E D  ( R C - L E D ;  6 5 0  n m )  

T r a n s m is s io n  a t 2 .5  G b /s  o v e r  5 0 0  m  b y  m e a n s  o f  a  

P F - c o r e  G I P O F  at 8 4 0  a n d  1 3 1 0  n m

T r a n s m is s io n  at 7  G b /s  o v e r  8 0  m  b y  m e a n s  o f  a  P F -  

c o r e  G I P O F  at 9 5 0  n m
11 G b /s  d a ta  t r a n s m is s io n  th r o u g h  1 0 0  m  o f  

p e r f lu o r in a te d
GI POF at 830 nm and 1310 nm.
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Y e a r  O r g a n iz a t io n  L a n d m a r k

2 0 0 0  A s a h i  G la s s  G I P O F  ( L u c in a )  w i t h  a n  a t t e n u a t io n  o f  1 6  d B  a t 1 3 0 0
n m  a n d  5 6 9  M H z *  k m

Note: S I , s t e p - in d e x ;  G I , g r a d e d - in d e x ;  P M M A , p o ly m e t h y l  m e th a c r y la te ;  P S ,  
p o ly s t y r e n e ;  P F , p e r f lu o r in a te d  f ib e r .

2 .1 .2  P O F  S tr u c tu r e
P O F  u s e d  f o r  o p t ic a l  c o m m u n ic a t io n s  a re  h ig h ly  f l e x i b l e  w a v e g u id e s  

c o m p o s e d  o f  n e a r ly  tr a n sp a r e n t  d ie le c t r ic  m a te r ia ls .  T h e  c r o s s - s e c t i o n  o f  t h e s e  f ib e r s  

i s  c ir c u la r  a n d , g e n e r a l ly ,  d i v i s i b le  in to  th r e e  la y e r s ,  a s  s h o w n  in  F i g .2 . 1 . T h e  th r e e  

la y e r s  a re  c a l le d  th e  c o r e ,  c la d d in g ,  a n d  j a c k e t  o r  a  p r o t e c t iv e  c o v e r .  W it h in  th e  c o r e ,  
th e  r e f r a c t iv e - in d e x  p r o f i l e  c a n  b e  u n ifo r m  ( s t e p - in d e x  f ib e r s ,  S I )  o r  g r a d e d  (g r a d e d -  

in d e x  f ib e r s ,  G I ) ,  w h i l e  th e  c la d d in g  in d e x  i s  t y p ic a l ly  u n ifo r m .

JACKET

F ig u r e  2 .1  S tr u c tu r e  o f  a  P O F .

2 .1 .3  P O F  c l a s s e s
T h e  P O F  d e v e lo p e d  s o  fa r  h a s  b e e n  d iv id e d  in t o  t w o  c l a s s e s  o f  

s tr u c tu r e :  o n e  i s  o f  s t e p - in d e x  ( S I )  a n d  th e  o th e r  i s  o f  g r a d e d - in d e x  (G I ) .  In  th e  c a s e  

o f  th e  SI P O F  w h ic h  h a s  a  c o r e  r e g io n  a n d  a  c la d d in g  a s  s h o w n  in  F ig .  2 ( a ) ,  a s  l ig h t  

i s  t r a n s m it te d  b y  r e f l e c t in g  a t th e  b o u n d a r y  o f  c o r e  a n d  c la d d in g ,  a n  i m p u ls e  in je c te d  

in to  th e  f ib e r  i s  s p r e a d  o v e r  a  t im e  in te r v a l  th a t  i s  e q u a l  to  th e  d i f f e r e n c e  o f  th e  

a rr iv a l t i m e s  o f  th e  s lo w 'e s t  a n d  fa s t e s t  m o d e s .  A f t e r  th e  p u l s e s  h a v e  tr a v e le d  a
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c e r ta in  d i s t a n c e ,  t h is  s p r e a d in g  c a u s e s  th e m  to  o v e r la p  t o  s u c h  a n  e x t e n t  th a t th e  

in f o r m a t io n  w h i c h  t h e y  c o n t a in  s c r a m b le d . T h e r e f o r e ,  th e  S I  P O F  i s  a im e d  at lo w  

d a ta -r a te  t r a n s m is s io n ,  im a g e  g u id e ,  a n d  i l lu m in a t io n .  F i g .2 .2  ( a )  s h o w s  t h e  rea l d a ta  

o f  in p u t  a n d  s p r e a d  o u tp u t  p u l s e s  fo r  th e  S I P O F  w it h  1 5 -m  le n g t h .
T h e  G I P O F , a  r e m e d y  fo r  th e  p u l s e  b r o a d e n in g  p r o b le m  in  SI P O F  

c a n  b e  fo u n d  b y  c o n s t r u c t in g  a  r e fr a c t iv e  in d e x  d is t r ib u t io n  w h i c h  is  a  p a r a b o l ic  fo r m  

in  th e  f ib e r  c o r e .  T h e  r e a s o n  w h y  th is  t y p e  o f  th e  f ib e r  e x h i b i t s  l e s s  p u l s e  b r o a d e n in g  

c a n  b e  u n d e r s t o o d  in  th e  f o l l o w i n g  w a y .  A s  th e  s h o r t e s t  ra y  p a th  o f  G I  P O F  f o l l o w s  

th e  f ib e r  a x is ,  w h i l e  lo n g e r  r a y  p a th s  o s c i l l a t e  a r o u n d  th e  r a y  a x i s  a s  s h o w n  in  F ig .2 .2  

(b ) .  H o w e v e r ,  a lo n g  m o s t  o f  th e  o s c i l l a t in g  ra y  p a th , th e  r e f r a c t iv e  i n d e x  is  s m a lle r  

th a n  th a t o n  th e  f ib e r  a x is .  A s  th e  v e l o c i t y  o f  l ig h t  is  in v e r s e l y  p r o p o r t io n a l  to  th e  

r e f r a c t iv e - in d e x  ท, th e  l ig h t  th a t t r a v e ls  a lo n g  th e  o s c i l l a t in g  p a th s  t r a v e l s  a t a  h ig h e r  

s p e e d  th a n  th e  l ig h t  th a t f o l l o w s  th e  a x is .  T h is  g r e a te r  s p e e d  p a r t ia l ly  c o m p e n s a t e s  

fo r  th e  l o n g e r  d i s t a n c e  t r a v e le d .  T h is  r e s u lt  s u g g e s t s  th a t  tr a n s it  t i m e s  fo r  th e  

o s c i l l a t in g  r a y  p a th s  a re  n o t  v e r y  d i f f e r e n t  fr o m  th e  tr a n s it  t im e  fo r  th e  a x ia l  ra y  p a th . 
S in c e  th e  p u l s e  b r o a d e n in g  is  p r o p o r t io n a l  to  th e  m a x im u m  d i f f e r e n c e  in  tr a n s it  

t im e s ,  s m a ll  p u l s e  b r o a d e n in g  is  e x p e c t e d  o f  th e  G I  P O F .

. Refractive-Index distributions

1 0 r 0"PU<) Step-Index type fiber (°utPu!>stepdndex type

F ig u r e  2 .2  S c h e m a t i c  r e p r e s e n ta t io n  o f  l ig h t  t r a n s m is s io n  th r o u g h  S I a n d  G I P O F s  

( K o ik e ,  et al. ( 1 9 9 5 ) ) .
T h e  P O F  o f  S I t y p e  w a s  d e v e lo p e d  a t D u  P o n t  fo r  th e  f ir s t  t im e  b y  

u s in g  P M M A  a s  th e  c o r e  m a te r ia l  a n d  f lu o r o p o ly m e r  a s  th e  c la d d in g  m a te r ia l.
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T h r o u g h o u t  th e  1 9 7 0 's ,  N ip p o n  T e le g r a p h  a n d  T e le p h o n e  ( N T T )  a n d  M it s u b is h i  

R a y o n  h a v e  w o r k e d  o n  th e  im p r o v e m e n t  in  th e  a t t e n u a t io n  o f  th e  P O F  b y  a d o p t in g  

th e  e x t r u s io n  m e th o d  b a s e d  o n  th e  D u  P o n t's  m e t h o d .  In  1 9 8 2 ,  K a in o  e t  al. r e p o r te d  

th a t l o w - l o s s  P O F  w it h  2 0  d B /k m  a t te n u a t io n  w a s  a c h i e v e d  b y  u s i n g  th e  a ll  
d e u te r a t e d  P M M A  ( P M M A - d 8 ) .  A l l  o f  th e m  h a v e  b e e n  o f  th e  S I  ty p e .  T h e  f ir s t  G I  

P O F  w a s  r e p o r te d  fr o m  K e io  U n iv e r s i t y  in  1 9 8 2 .  S in c e  th e  G I  P O F  at th a t  t im e  w a s  

p r e p a r e d  b y  u t i l i z in g  th e  m o n o m e r  r e a c t iv i ty  r a t io ,  th e  e x c e s s  s c a t t e r in g  l o s s  d u e  to  

th e  p h a s e  s e p a r a t io n  o f  th e  c o p o ly m e r  in c r e a s e d  th e  to ta l  a t t e n u a t io n  u p  to  1 0 0 0  

d B /k m , w h ic h  w a s  a b o u t  te n  t im e s  la r g e r  th a n  th a t  o f  th e  S I  P O F . D e v e l o p m e n t  o f  

th e  in t e r f a c ia l - g e l  p o ly m e r iz a t io n  t e c h n iq u e  e n a b le d  th e  d r a m a t ic  r e d u c t io n  in  th e  

to ta l  a t t e n u a t io n  o f  th e  G I P O F . F u r th e r , th e  h ig h  b a n d w id t h  o f  2  G F I z * k m  w h ic h  

w a s  a b o u t  4 0 0  t i m e s  la r g e r  th a n  th a t o f  th e  c o n v e n t io n a l  S I  P O F  w a s  e x p e r im e n t a l ly  

r e c o g n iz e d  b y  u s in g  5 5 - m  le n g th  G I P O F .
2 .1 .4  T o ta l  In te r n a l R e f l e c t io n

A s  r e fr a c t iv e  in d e x  o f  c o r e  m a t e r ia ls  (nCore) i s  s l i g h t ly  h ig h e r  th a n  

r e f r a c t iv e  in d e x  o f  c la d d in g  m a te r ia ls  (nciad), s o  l ig h t  is  k e p t  in  c o r e  b y  to ta l  in te r n a l  
r e f l e c t io n .  T o ta l  In te r n a l R e f l e c t io n  is  th e  p h e n o m e n o n  w h e n  th e  l ig h t  p a s s e s  f r o m  a  

m e d iu m  w it h  o n e  r e f r a c t iv e  in d e x  ( ท |)  to  a n o th e r  m e d iu m  w i t h  a  lo w e r  r e fr a c t iv e  

in d e x  (ท 2) a n d  th e  a n g le  o f  i n c id e n c e  is  in c r e a s e d  b e y o n d  th e  c r i t i c a l  a n g le  ( 9 c ) ,  l ig h t  

i s  t o t a l ly  r e f le c t e d  b a c k ,  n o th in g  i s  tr a n s m it te d  ( F i g .2 .3 ) .  It i s  t h e  f u n d a m e n t a l  o p t ic a l  

e f f e c t  fo r  l ig h t  p r o p a g a t io n  th r o u g h  o p t ic a l  f ib e r s .  T h e  c r i t ic a l  a n g l e  ( 9 c )  i s  g iv e n  b y :

F ig u r e  2 .3  T h e  r e f l e c t io n  o f  l ig h t  th r o u g h  th e  d i f f e r e n c e  m e d iu m .
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2.1.5 Numerical aperture
Numerical aperture (NA) determines the light gathering power of an 

optical fiber. A light ray (with an incidence angle 0) to be guided through the fiber is 
given by:

n - sin 0max = NA = V(ท core - n  clad) (2)

where ท is the refractive index of air and sin 6 max is the maximum incidence 
acceptance angle. It can be schematically represented as shown in Fig.2.4.

Figure 2.4 Numerical Aperture-acceptance.

2.1.6 Attenuation
Attenuation or power loss of an optical fiber is the loss of optical 

power as light rays travel along its length. It is defined as the ratio of the optical 
power input (Pi) to the optical power out put (P0). The following equation 
characterizes the attenuation as a unit of length

. , 10 1 a tten u a tio n  { a )  = —— - log 
L - X

where L is the fiber length in kilometers and a  Dis expressed in dB/km.

2.2 Materials

2.2.1 Polycarbonate
Polycarbonate (PC) is a versatile, tough plastic used for a variety of 

applications. The main advantage of PC over other types of plastic is unbeatable
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strength combined with light weight. Polycarbonate of bisphenol A (Fig.2.5) is 
transparent because its amorphous nature and having high glass transition 
temperature (Tg ~150 °C) so high mechanical properties—Young's modulus (E): 2-
2.4 GPa, Tensile strength (ot): 55-75 MPa, Elongation (e) at break: 80-150%). 
Refractive index of PC is 1.584-6. PC core POF is developed specially for high 
temperature applications. However, the optical loss of these polymers is quite high, 
especially for PC and PS based POF.

Figure 2.5 Chemical stucture of polycarbonate made from bisphenol A.

For applications with working temperatures less than 80 ° c ,  PMMA 
and PS cores are usually employed in POF fibers. In applications with temperatures 
up to 125 ° c , such as automobile data systems and sensors, PC appears to be a more 
adequate core material. Along this line, several PC optical fibers have been 
developed: Optipol by Bayer AG, FH by Mitsubishi Rayon, PC-Core by Fujitsu, and 
HMC by Asahi. In addition to their wider temperature range, PC optical fibers show 
lower infrared absorptions at the bands centered at 780 and 820 nm than PMMA and 
PS fibers. Therefore PC core fibers are more suitable for applications involving 
solid-state emitters and detectors, which are more efficient at these wave lengths than 
the devices which operate at 660 nm, where the transmission window for PMMA and 
PS optical fibers lies.

Nichiguchi, et a\. (1997) produced POF having polycarbonate AF as a 
core. An aromatic polycarbonate is excellent in optical properties, transparency, heat 
resistance and good molding properties.

Guerrero, e t al. (1998) investigated the mechanical and 
optomechanical properties under different environmental conditions on PC. They
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found that fiber properties are not sensitive to moisture cycles or low temperatures (- 
40 ๐C), but they are significantly affected by temperatures over 85 ๐c.

2.2.2 Poly (methyl methacrylate)
Poly (methyl methacrylate) (PMMA) (Fig.2.6) is a clear plastic, 

colorless polymer used extensively for optical applications. PMMA is a member of a 
family of polymers which chemists call acrylates or acrylics. The glass transition 
temperature of PMMA ranges from 85 to 165 °c. It has good impact strength, higher 
than that of glass or polystyrene, but significantly lower than that of polycarbonate or 
engineering polymers.

- f C H 2- c ( ™ J 

o'
c h 3

Figure 2.6 Poly (methyl methacrylate) (PMMA).

2.2.3 Fluorinated polymer
Fluorine containing polymers are of great interest for use in optical 

and electronic applications because of their unique properties and high temperature 
performance. They have excellent thermal and chemical stability, low dielectric 
constant and low refractive index. Due to these properties, many fluorinated 
polymers have been studied in last decades. Especially, polymers containing 
perfluorinated aromatic units have been studied extensively in the last decade 
because perfluorinated aromatic units increase thermal stability and Tg.

Kim, e t a l. (2003) synthesized and characterized a highly fluorinated 
poly (arylene ether sulfone) (FPAESO) designed from low loss optical waveguide 
materials containing ethynyl end group as thermal cross-linkable groups. To obtain 
high molecular weight ethynyl terminated fluorinated poly(arylene ether sulfone) 
(EFPAESO), EFPAESO was synthesized via nucleophilic aromatic substitution of 
4,4'-(hexafiuoroisopropylidene) diphenol (6F-BPA) with pentafluorophenyl sulfone.

Jiang, e t a l. (2006) synthesized novel low-loss optical polymers based 
on tetrafluorostyrene containing fluorinated poly(arylene ether)s as waveguide
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materials for passive devices. These polymeric materials have high thermal stability 
and easy processability, but unfortunately suffer from relatively high birefringence 
values. However the co-polymerization of these polymers with monomers containing 
fluorinated aliphatic chains can decrease. Fluorinated styrene monomers containing 
aliphatic chains have been mixed and co-polymerized with the fluorinated 
poly(arylene ether) ketone (FSt-FPAEK) or sulfone (FSt-FPASO) during the thin 
film processing. Optimization of birefringence, while controlling refractive index for 
waveguide core and cladding layers, and maintaining other desirable optical 
waveguide properties is reported birefringence.

Qi e t a l ,  (2005) synthesized fluorinated poly(arylene ether ketone)s 
(FPAEK) which have excellent thermal, mechanical, and environmental stabilities. 
The preparation of FPAEK is the reaction of 6F-BPA. and l,l-Bis(4-hydroxyphenyl) 
ethyl-1-phenyl 2,3,5,6-tetrafluorostyrol Ether (BHPFS). The cross-linkable bisphenol 
(BHPFS) is synthesized from l,l,l-Tris(4-hydroxyphenyl)ethane; 2,3,4,5,6- 
pentafluorostyrene; and jV,./V-dimethylacetamide (DMAc) in present of calcium 
hydride and cesium fluoride. Figure 2.7 show the synthesis of HPAEK and HPAES.
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Figure 2.7 show the synthesis of HPAEK and HPAES
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2.2.4 Polysiloxane
2 .2 .4 .1 C h e m is try  o f  s ilane

The polymers with silicon in the main chain have attracted the 
attention as high performance materials. These polymers have further attractive 
characteristics such as good transparency, oxygen permeability, flexibility, and so 
on.

Since chlorosilanes are readily produced by various means and 
commercially available, the efficient conversion of their reactive Si-Cl bonds to more 
hydrolytically stable bonds is of interest in order to produce a useful material. 
Nucleophilic substitution has long been shown to be a flexible route of modifying the 
properties of reactive silanes. Highly reactive Si-Cl bonds are readily attacked by a 
variety of nucleophiles, facilitating mild reaction conditions. Furthermore, these 
products are used as biomedical materials, elastomers, coatings, and fibers.

Alcoholysis reactions have long been used in the 
functionalization of chlorosilanes. Even though alcohols are considered to be mild 
nucleophiles, they still readily substitute Si-Cl bonds. Due to the acidic by-products 
of the reaction, it is common to use a soluble base, such as hindered amine or 
pyridine, as a proton acceptor.

Liaw, et al. (1997) synthesized a poly(silyl ether)s having 
chloromethyl and sulfonyl groups in their main chain. The poly(silyl ether) with a 
sulfonyl group and reactive pendant chloromethyl groups was successfully 
synthesized by the addition reaction of CPS with the diglycidyl ether of bisphenol-S 
(BPSE). The polyaddition of CPS with BPSE proceeded very smoothly in toluene 
catalysed by quaternary ammonium or phosphonium salts. Number-average 
molecular weights (M„) of the poly(silyl ether)s prepared Mn = 12,200

Minegishi, e t al. (1996) synthesized copolymers containing 
both silicon and phosphorus atoms in the polymer main chain by the polyaddition of 
dichlorosilanes and dichlorophosphates with bisepoxides using quaternary onium 
salts (tetrabutylammonium bromide (TBAB)) as catalysts. The addition reaction of 
phenyl glycidyl ether (PGE) with dichlorodiphenylsilane (CPS) proceed very 
smoothly using TBAB as a catalyst in toluene at room temperature for 48 h, and silyl 
ether was obtained in 97% yield and the addition reaction of PGE with CPS proceed
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without any side reaction. Furthermore, the competitive reaction between PGE with 
CPS and phenyldichlorophosphate (PDCP) was examined 60°c for 30 min. This 
result suggested that the addition reaction PGE with CPS occurred selectively to give 
silyl ether in 95% yield, although the any addition reaction of PGE with PDCP was 
not confirmed. The copolymers were obtained in good yields, when reactions were 
carried out at 60°c and 90°c for 48 h. Particularly, when the polyaddition was 
performed using TBAB in toluene at 6 0 °c  for 48 h, the copolymer with high 
molecular weight (Mn = 3900) was obtained in good yield (92%). However, both the 
yield and the molecular weight decreased at 72 h. It seems that the produced silyl 
ether linkage in the copolymer decomposed gradually due to stirring or heating for a 
longer time. The reaction of their work shows in Figure 2.8 and 2.9.

c i ^ t r c i  +  2  CHj -C H -C H j- o / ” )  - - - - - - —  / _  W c h 2 C H - o S ?  Û  C H -C H , 0  <  )

5  0  ๒ ' ° ๒ ene  C H 2a ? j  C H ;C I

CPS PC,F S i l y l  e t h e r  1

Figure 2.8 The reaction of CPS and PGE to produced silyl ether.
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ô  O
P D C P  PG E P h o s p h a t e  2

Figure 2.9 The reaction of PDCP and PGE to produced silyl ether.

2 .2 .4 .2  D e v e lo p m e n t o f  P  O F  w ith  p o ly s ilo x a n e
Various POF comprising PC as the core material have 

proposed but they are not put into practical use, since the light transmission loss 
through PC is large. The transmitting characteristics of an optical fiber using PC as 
the core material, reported by Tanaka et al in Japanese Electronic Correspondence 
Society, Collective, Wh Country Grand Meeting, 1985 is shown that at wavelengths 
of 775 nm, 820 nm and 948 nm, the loss is minimum (5,100 dB/km), whereas within 
a wavelength region of blue color to green color, light of 500 nm is not transmitted at



17

all. Disclosed in Japanese patent application laid-open No. 57-46204/1982, light 
transmission has been observed only within an infrared ray region of 950 nm 
wavelength.

To overcome the drawback of conventional optical fibers 
having PC the core material, and as a result have found an optical fiber having a little 
vibration in the light transmitting characteristics within a visible light region. In 
addition, in order to improve the heat resistance and heat shrinkable characteristics of 
the optical fibers, a plastic having silane-crosslink structure may be chosen and used. 
In 1988, Yamamoto T. and coworkers produce plastic optical fiber having a silane- 
crosslink structure as a cladding material. The silane-grafted-polyolefins are obtained 
by react an alkoxy silane grafted onto or copolymerized with polyethylene or 
polypropylene chain, with water or the like, to from Si-O-Si bond through 
condensation to thereby affect crosslinking. As commercial available silane-graft- 
crosslinked polyethylene or silane-graft-crosslinked polyolefin, “Linklon”, “Linklon- 
X”, etc. (tradename of products manufactured by Mitsubishi Petrochemical 
Company) are exemplified.

In Japan patent application Laid-Open No. 18606/83, to 
enhance the heat resistance by forming a three or more layer structure wherein a 
protective layer or the like having the same composition as that of the core material 
is provided additionally around the cladding.

Yamamoto T., et al. (1988) provided a POF capable of exhibit 
good light transmitting characteristic even at high temperatures, which comprise a 
core layer, a cladding layer, and a protective layer as basic constitutional unit, 
wherein the protective layer has a heat distortion temperature (HDT) of at least 120 
°c. As the base material for the protective layer laid inside the plastic coating layer 
having a silanecross-linked structure, it is desirable to use an organic polymer which 
is insoluble in the alcohols that will be produced by the water-crosslinking reaction 
and which is impermeable to alcohol and water and which does not undergo any 
chemical charge to cause decomposition or deformation.

There is a problem reported with a waveguide made with 
polydimethyl silxane cladding and a quartz glass core that is polydimethyl siloxane 
has a refractive index of approximately 1.40, while the quartz core has a refractive
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index of about 1.46. The haft angle of the “acceptance cone” or “numerical aperture” 
(NA) is a function of the core/cladding indices of refraction as follows: NA=sine 0C= 
(ท12-ท22)1/2. Therefore, it is advantageous for efficient transmission to use a 
waveguide with a high numerical aperture. The higher numerical aperture of a 
waveguide, the greater the percentage of light provide by a light emitter that enters 
the core of the waveguide. There are other problems with use of polydimethyl 
siloxane as a cladding. For example, it has limited use at low temperatures. 
Polydimethyl siloxane can crystallize at about -50°c, which can give rise to an 
increase in optical attenuation. Thus, silicon cladding generally is not use for very 
low temperature application. In 1982, Clarke R. studied an optical fiber core and a 
cross-linked polyfluorosiloxane cladding having fluorine content of from 1 to 52% 
by weight. The use of polyfluorosiloxane cladding produces a waveguide having a 
high numerical aperture. The polyfluorosiloxane can have a refractive index 
substantially lower than 1.40, the waveguide have a higher numerical aperture than 
achievable with a polydimethyl siloxane cladding on the same core material. The 
cured polyfluorosiloxane has and elastic modulus of less than 107 Newton per square 
meter (N/m2), which is desirable because at the higher elastic modulus, excessive 
microbending light loss are incurred along the waveguide.
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