
CHAPTER II 
LITERATURE REVIEW

2.1 Graphene

A c c o rd in g  to the  IU P A C  d e f in itio n  fro m  1995, G ra p h e n e  is a  s in g le  c a rb o n  
lay er o f  g ra p h ite  s tru c tu re , d e sc r ib in g  its  n a tu re  by  a n a lo g y  to a p o ly c y c lic  a ro m a tic  
h y d ro c a rb o n  o f  q u a s i- in f in ite  s ize  (F itz e r  et al. , 1995). G ra p h e n e  is th e  su b se t o f  
g ra p h ite , c a rb o n  n an o tu b e  an d  fu lle re n e  as sh o w n  in F ig u re  2 .1 . In th is  m a te r ia l, 
c a rb o n  a to m s  a re  a rran g ed  in a re g u la r  h e x a g o n a l p a tte rn . It is a o n e -a to m  th ic k  lay e r 
o f  th e  la y e red  m in e ra l g ra p h ite . T h is  tw o -d im e n s io n a l m a te r ia l c o n s ti tu te s  a n e w  
c a rb o n  in c lu d in g  lay ers  o f  c a rb o n  a to m s  fo rm in g  s ix -m e m b e re d  r in g s  (G e im  et al. 1 
2 0 0 7 ). Its in te ra c tio n  w ith  o th e r  m a te r ia ls  an d  w ith  lig h t and  its in h e re n tly  tw o -  
d im e n s io n a l n a tu re  p ro d u c e  u n iq u e  p ro p e r t ie s . G ra p h e n e  is d is tin c tly  d iffe re n t th e  
u n iq u e  p ro p e r t ie s  w h ic h  h a v e  fa sc in a te d  th e  sc ie n tif ic  c o m m u n ity  fro m  fro m  c a rb o n  
n a n o tu b e s  an d  fu lle ren es . T y p ic a lly  im p o rta n t p ro p e rtie s  o f  g ra p h e n e  a re  fra c tio n a l 
q u a n tu m  Flail e f fe c t at ro o m  te m p e ra tu re  (N o v o se lo v  et al. , 2 0 0 5 , Z h a n g  et al., 2 0 0 5 , 
N o v o se lo v  et al., 20 07 ), an  a m b ip o la r  e le c tr ic  f ie ld  e f fe c t a lo n g  w ith  b a llis t ic  
c o n d u c tio n  o f  c h a rg e  ca rrie rs  (N o v o se lo v  et al., 2 0 0 4 ), tu n  a b le  b a n d  g a p  (Flan et al., 
2 0 0 7 )  an d  h ig h  e la s tic ity  (L e e  et al., 2 0 0 8 ). A lth o u g h  g ra p h e n e  is e x p e c te d  to  b e  
p e rfe c tly  fla t, r ip p le s  o c c u r  b e c a u se  o f  th e rm a l f lu c tu a tio n s  (G e im  et al., 2 0 0 7 ).

Id e a lly  g rap h e n e  is a s in g le - la y e r  m a te r ia l, b u t g ra p h e n e  s a m p le s  w ith  tw o  
o r  m o re  la y e rs  a re  b e in g  in v e s tig a te d  w ith  e q u a l in te re s t. G ra p h e n e s  can  be d e f in e d  
in to  th ree  d if fe re n t types: s in g le - la y e r  g ra p h e n e  , b i- la y e r  g ra p h e n e  a n d  fe w -la y e r  
g ra p h e n e  (n u m b e r  o f  lay ers  <  10). A lth o u g h  s in g le - la y e r  g ra p h e n e  an d  b i- la y e r  
g ra p h e n e  w e re  f irs t o b ta in e d  b y  m ic ro m e c h a n ic a l c le a v a g e  (N o v o se lo v  et al., 2 0 0 4 ), 
s in c e  th en , g ra p h e n e s  c o n ta in in g  d iffe re n t n u m b e rs  o f  la y e rs  h a v e  b e e n  p re p a re d  
u s in g  d iv e rse  s tra te g ie s  (P a rk  et al., 2 0 0 9 , R ao  et al., 2 0 0 9 , R ao  et al., 2 0 0 9 ). 
G ra p h e n e  e x h ib its  la rg e  sp e c if ic  su rfa c e  a re a  an d  u n iq u e  e le c tr ic a l, m e c h a n ic a l an d  
th e rm a l p ro p e rtie s  (N o v o se lo v  et ai, 2 0 0 4 , G e im  et al., 2 0 0 7 , G e im , 2 0 0 9 , R ao  et 
al., 2 0 0 9 , S e g a l, 2 0 0 9 ). It sh o w s  e x c e lle n t p h y s ic a l an d  c h e m ic a l p ro p e r t ie s , w h ic h  
m a k e s  it p ro m is in g  fo r v a r ie ty  o f  a p p lic a tio n s  in th e  a re a s  su c h  as s o la r-c e lls  (W a n g
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2.2 Methods for obtaining graphene

T h e  w a y s  fo r o b ta in in g  g ra p h e n e  h a v e  been  re p o r te d  in an y  e x p e rim e n ta l 
re se a rc h e r. T h e  m e th o d s  can  be  g e ttin g  g ra p h e n e  su c h  as th e  e x fo lia tin g  b y  
m e c h a n ic a l a n d  c h e m ic a l, re d u c e d  g ra p h e n e  o x id e , sy n th e s is  o f  g ra p h e n e  from  
m o le c u la r  p re c u rs o rs , c h e m ic a l v a p o u r  d e p o s itio n  u s in g  c a ta ly s tic  m e ta l an d  
n o n m e ta l, e p i ta x ia l g ro w th  o f  g ra p h e n e  o n  S i c  and  tra n s fe r  to  a rb itra ry  su b s tra te .

Graphene

et a l ,  2007), energy storage (Stoller et a l ,  2008), field effect transistors
(Ponomarenko et a l ,  2008), catalyst support (Si et al., 2008), sensors (Schedin et al.,
2007), and nanocomposites (Stankovich et al., 2006).

Fullerene Carbon nanotube Graphite

Figure 2.1 The Structure of fullerene, carbon nanotube, graphite and graphene:
mother of all graphitic forms (Geim et a l ,  2007).
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In 2 0 0 4 , th e  f irs t p re p a ra tio n  o f  S in g le - la y e r  g ra p h e n e  w as  re p o r te d  b y  
N o v o s e lo v  a n d  c o w o rk e r . T h e y  h a v e  p re p a re d  b y  m ic ro m e c h a n ic a l c le a v a g e  f ro m  
h ig h ly  o rd e re d  p y ro ly itc  g rap h ite . In th is  p ro c e d u re , a lay e r is p e e le d  o f f  th e  h ig h ly  
o rd e re d  p y ro ly itc  g ra p h ite  c ry sta l b y  u s in g  sco tch  ta p e  an d  th e n  tra n s fe rre d  o n  to  a 
s ilic o n  su b s tra te . A f te r  2 y ears , th e  g ra p h e n e  m ill in g  w a s  p e rfo rm e d  b y  A n tisa r i an d  
c o w o rk e r  (2 0 0 6 ). T h e y  p re p a re d  c a rb o n  flak es  w ith  h ig h  re sp e c t ra tio s  and  re d u c e d  
th ic k n e ss  to  a lim ite d  n u m b e r  o f  g ra p h e n e  layer w ith  m ic ro n  s ize s . O n e  o f  th e  e a r ly  
s tu d ie d  o n  m e c h a n ic a l c le a v a g e  u s in g  an  u ltra -sh a rp  d ia m o n d  w e d g e  c o m b in e d  w ith  
u l tra so n ic  o sc illa tio n  can  p ro d u c e  fe w  la y e r 'g ra p h e n e  w ith  th ic k n e ss  10 n m  fro m  
h ig h ly  o rd e re d  p y ro ly itc  g rap h ite _ (Jay asen a  et al., 2 0 1 1 ).

C h e m ic a l e x fo lia tio n  is a g re a t m e th o d  fo r  o b ta in in g  la rg e , a m o u n ts  o f  
m ic ro n  s iz e d  g ra p h e n e  f lak es  in th e  v a r io u s  ty p es  o f  so lv en t. In  2 0 0 7 , B la c k  an d  
c o w o rk e r  re p o r te d  th e  d ire c t c h e m ic a l e x fo lia tio n  o f  g ra p h ite  in to  g ra p h e n e  w ith o u t  a 
g ra p h e n e  o x id e  step . T h e y  p la c e d  g ra p h ite  in  d im e th y lfo rm a m id e , so n ic a te d  an d  
c e n tr ifu g e d  to o b ta in  m o n o la y e r  an d  fe w  lay er g ra p h e n e  sh ee ts . A n o th e r  m e th o d  w a s  
re p o r te d  L i a n d  c o w o rk e r  (2 0 0 8 ). T h e y  p rep a red  g ra p h e n e  n a n o r ib b o n s  in s o lu tio n  
by  s o n ic a tin g  c o m m e rc ia l e x p a n d a b le  g rap h ite .

In  1985 , th e  f irs t p re p a ra tio n  o f  g ra p h ite  o x id e  w a s  a c h ie v e d  b y  o x id a tiv e  
tre a tm e n t o f  g ra p h ite  b y  e m p lo y in g  H u m m e rs  p ro c e d u re  (H u m m e rs  et ai, 1 9 58 ), 
B rie fly , th e  p ro c e ss  in v o lv e d  th e  tre a tm e n t o f  c le a n e d  g ra p h ite  f la k e s  o f  c e r ta in  s iz e  
( - 3 0 0  p m )  w ith  su lp h u ric  a c id /n itr ic  a c id  m ix tu re  to  p ro d u c e  in te rc a la te d g ra p h ite . 
T he  in te rc a la te d  g ra p h ite  w a s  g iv e n  a th e rm a l sh o c k  a t 80 0  ๐c  fo r  a b o u t a m in u te  th a t 
re su lte d  in  th e  e x fo lia tio n  o f  g ra p h ite . A fte r  o x id a tio n  s tep  u s in g  K M n 0 4 an d  H 20 2, 
the  b ro w n  c o lo re d  e x fo lia te d  g ra p h e n e  o x id e  w a s  o b ta in . A  c h e m ic a l m e th o d  to 
p re p a re  s in g le - la y e r  g ra p h e n e  in v o lv e s  re d u c tio n  o f  s in g le - la y e r  g ra p h e n e  o x id e  
d isp e rs io n  in  d im e th ly fo rm a m id e  w ith  h y d raz in e  h y d ra te  w as  re p o r te d  by  P a rk  a n d  
c o w o rk e r  (2 0 0 9 ). M o re o v e r , C h o u c a ir  an d  c o w o rk e r  (2 0 0 9 ) h a v e  p re p a re d  g ra m  
q u a n titie s  o f  s in g le - la y e r  g ra p h e n e  b y  a so lv o th e rm a l p ro c e d u re  u s in g  so d iu m  a n d  
e th an o l. A t th e  s a m e  tim e , s in g le - la y e r  g ra p h e n e  h a v e  b e e n  e x fo lia te d  in  N -  
m e th y lp y rro lid o n e  (H e rn a n d e z  et al., 2 0 0 8 ) o r a su rfa c ta n t/w a te r  so lu tio n  u s in g  
u l tra so n ic a tio n  (L o ty a  et al., 2 0 0 9 ).
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E p ita x ia l g ro w th  o f  S in g le - la y e r  g ra p h e n e  film s a re  p ro d u c e d  o n  th e  S i- 
te rm in a te d  (0 0 0 1 ) fa c e  o f  s in g le  c ry s ta l 6 H -S iC  b y  th e rm a l d e so rp tio n  o f  S i. In  th is  
p ro c e d u re , th e  su b s tra te s  are  s u b je c te d  to  e le c tro n  b o m b a rd m e n t in u ltra h ig h  v a c u u m  
to  1000  °c to  re m o v e  o x id e  c o n ta m in a n ts  an d  th en  h ea ted  to  te m p e ra tu re s  ra n g in g  
fro m  1250 to  1450 ๐c  fo r 1 -20  m in  (B e rg e r  et al., 2 0 0 4 , R o llin g s  et al., 2 0 0 6 , 
E m ts e v  et al., 2 0 0 9 ). B e s id e s , c h e m ic a l v a p o r  d e p o s i tio n  w a s  u se d  to  p re p a re  s in g le ­
la y e r  g ra p h e n e  b y  d e c o m p o s in g  a v a rie ty  o f  h y d ro c a rb o n s  o n  f ilm s  o r sh e e ts  su c h  as 
m e th a n e , e th y len e , ace ty le n e  a n d  b e n z e n e , th e  n u m b e r  o f  la y e rs  v a ry in g  w ith  th e  
h y d ro c a rb o n  an d  re a c tio n  p a ra m e te r s  o f  tra n s itio n  m eta l su c h  as N i, C u , C o  a n d  R u 
(R e in a  et al., 2 0 0 9 ).

T h e  th e rm a l e x fo lia tio n  o f  g ra p h itic  o x id e  is an  im p o rta n t m e th o d  to  p re p a re  
fe w - la y e r  g rap h e n e  a t h ig h  te m p e ra tu re s  (S c h n ie p p  et al., 2 0 0 6 , S u b ra h m a n y a m  et 
al., 2 0 0 8 ). In th is  m e th o d , is f irs t p re p a re d  b y  th e  S ta u d e n m a ie r  m e th o d  w h ic h  is as 
fo llo w s . G ra p h ite  is a d d e d  in  th e  m ix tu re  o f  su lfu r ic  ac id , n itr ic  ac id  an d  p o ta s s iu m  
c h lo ra te . T h e  s a m p le s  w ere  th e n  p re h e a te d  a t 10 50  °c. A n o th e r  m e th o d  o f  p re p a r in g  
fe w - la y e r  g ra p h e n e  is b y  re a c tin g  s in g le - la y e r  g ra p h e n e  o x id e  in w a te r  w ith  
h y d ra z in e  h y d ra te  a t  th e  re f lu x in g  te m p e ra tu re  (R a o  et al., 2 0 0 9 ) o r b y  m ic ro w a v e  
tre a tm e n t (S ta n k o v ic h  et al., 2 0 0 7 ). G ra p h e n e  can  b e  p re p a re d  b y  h e a tin g  
n a n o d ia m o n d  in  an  in e rt o r  a  re d u c in g  a tm o sp h e re . T h e  e ffe c t o f  h e a tin g  
n a n o d ia m o n d  a t d iffe re n t te m p e ra tu re s  has b e e n  s tu d ie d  b y  E n o k i a n d  c o w o rk e r  
(1 9 9 8 , 2 0 0 0 ). A n n e a lin g  o f  n a n o d ia m o n d  a t h ig h  te m p e ra tu re s  in -an  in e rt a tm o sp h e re  
p ro d u c e s  fe w -la y e r  g ra p h e n e s  (S u b ra h m a n y a m  e t a l., 2 0 0 8 , A n d e rs so n  e t a l., 1998). 
T h e  n a n o d ia m o n d  p a r tic le s  w e re  so a k e d  in c o n c e n tra te d  HC1 b e fo re  u se  in  o rd e re d  to 
a v o id  c o n ta m in a tio n  w ith  m a g n e tic  im p u ritie s  a n d  h e a te d  in  a h e liu m  a tm o sp h e re  at 
d i f fe re n t  te m p e ra tu re s  (1 6 5 0 , 1 8 50 , 2 0 5 0  an d  2 2 0 0 °C )  fo r 1 hr. th ey  fo u n d  th a t th e re  
is a s l ig h t in c re a se  in  the  n u m b e r  o f  lay ers  an d  a d e c re a se  in la te ra l d im e n s io n s  in  the  
s a m p le s  h e a te d  a t 2 2 0 0 ° c  in  c o m p a riso n  to  1 6 5 0 ° c .
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2.3 Polybenzoxazine

P o ly b e n z o x a z in e  as a n o v e l d e v e lo p e d  c la ss  o f  th e rm o se ttin g  re sin s  d e r iv e d  
fro m  p h e n o lic  re s in . It p o sse sse s  v a r io u s  g o o d  p ro p e r t ie s  like  h ig h  th e rm a l s ta b ili ty , 
easy  p ro c e s sa b ili ty , v e ry  h ig h  c h a r  y ie ld , fast d e v e lo p m e n t o f  m e c h a n ic a l p ro p e rtie s  
as a fu n c t io n  o f  c o n v e rs io n , g la ss  tra n s i tio n s  m u ch  h ig h e r  than  c u r in g  te m p e ra tu re s , 
g o o d  f la m e  re ta rd a n t a n d  e le c tro n ic  p ro p e rtie s . In a d d itio n , p o ly b e n z o x a z in e s  
p ro v id e  sp e c ia l p ro p e r t ie s  such  as lo w  w a te r  a b s o ip tio n  d e sp ite  h a v in g  m a n y  
h y d ro p h ilic  g ro u p s  an d  a lso  e x c e lle n t d im e n s io n a l s ta b ili ty  du e  to  the  n e a r  z e ro  
sh r in k a g e  a f te r  p ro c e s s in g , m a in ta in in g  e x c e lle n t m e c h a n ic a l p ro p e rtie s . A  m e th o d  
for p re p a r in g  a d e s ire d  b e n z o x a z in e  c o m p o u n d  c o m p rise s  p re p a r in g  a su b s ta n tia l ly  
h o m o g e n e o u s  re a c tio n  m ix tu re  th a t in c lu d e s  a p h e n o lic  c o m p o u n d , a p r im a ry  a m in e  
and  an  a ld e h y d e . T h e y  hav e  b een  sy n th e s iz e d  from  in e x p e n s iv e  raw  m a te r ia ls  an d  
p o ly m e r iz e d  b y  a r in g -o p e n in g  a d d it io n  re a c tio n , y ie ld in g  no re a c tio n  b y -p ro d u c t 
( Ish id a  et al. , 1996, Ish id a , 2 0 1 1 ). T h e  s im p ly  r in g -o p e n in g  p o ly m e riz a tio n  re a c tio n  
w as sh o w n  in S c h e m e  2 .1 .

Scheme 2.1 A c id  c a ta ly s t r in g  o p e n in g  p o ly m e r iz a tio n  o f  3 ,4 - d ih y d ro -2 / / - l ,3 -  
b e n z o x a z in e s  (D u n k e rs  et al. , 1999).

Benzoxazine monomers are often synthesized using phenol, formaldehyde
and amine (aliphatic or aromatic) as starting materials either using solvent or non-
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s o lv e n t m e th o d s . T h e  s o lv e n tle s s  te c h n iq u e  as v e ry  fa st te c h n iq u e  p re p a re  w ith  o th e r. 
T h e  d if fe re n t s u b s ti tu tio n  g ro u p s  o f  a m in e s  an d  p h e n o ls  h av e  b e e n  u se d  to  sy n th e s iz e  
m a n y  ty p e s  o f  b e n z o x a z in e  m o n o m e r  th a t p o ly m e r iz e d  to  p o ly b e n z o x a z in e  (G h o sh  et 
al, 2 0 0 7 ) . T h e  w a y s  o f  p ro d u c in g  b e n z o x a z in e  m o n o m e r  b a s e d  o n  th e  fu n c tio n a l 
g ro u p  o f  re a c ta n ts . T h e y  a re  m o n o -fu n c tio n a l , d i-fu n c tio n a l an d  m u ltifu n c tio n a l 
g ro u p .

2.4 Mono-Functional Group Benzoxazine Monomers

M o n o -fu n c tio n a l b e n z o x a z in e s  ty p ic a lly  re su lt to  a lin e a r  o r b ra n c h e d  
s tru c tu re  w ith  a lo w  m o le c u la r  w e ig h t  on  the o rd e re d  o f  5 0 0 -2 0 0 0  D a  (B ru n o v s k a  et 
al. , 19 99 ). T h u s , m o n o - fu n c tio n a l b e n z o x a z in e  m o n o m e rs  a re  p re c u rso rs  fo r 
p o ly b e n z o x a z in e  sh o w  lim ite d  u se fu ln e s s  as s tru c tu ra l m a te r ia ls . H o w e v e r , th e y  
m ig h t be  u se fu l as re a c tiv e  d i lu e n ts  to  fa c ilita te  th e  p ro c e ss in g  (L iu  et al. , 2 0 1 1 ). T h e  
f irs t in fo rm in g  o f  th e  c o n d e n sa tio n  re a c tio n  u s in g  p r im a ry  a m in e s  w ith  fo rm a ld e h y d e  
a n d  s u b s ti tu te d  p h e n o ls  fo r th e  sy n th e s is  o f  w e ll d e f in e d  b e n z o x a z in e  m o n o m e rs  w as 
re p o r te d  b y  H o lly  a n d  c o w o rk e r  (1 9 4 4 ) . A c c o rd in g  to  th e  in fo rm e d  p ro c e s s , th is  
r e a c tio n  w a s  p e r fo rm e d  in  a s o lv e n t in tw o -s te p s . L a te r , B u rk e  (1 9 4 9 ) fo u n d  th a t  th e  
b e n z o x a z in e  r in g  re a c ts  p re fe re n tia l ly  w ith  th e  f re e  o r th o  p o s it io n s  o f  a p h e n o lic  
c o m p o u n d  an d  fo rm s  a M a n n ic h  b r id g e . T h e  s y n th e tic  p ro c e d u re  o f  th e  M a n n ic h  
c o n d e n s a tio n  fo r  b e n z o x a z in e  sy n th e s is  w as fo u n d  b y  B u rk e  a n d  c o lle a g u e  (1 9 6 5 ) . It 
w a s  p ro d u c e d  in a so lv e n t p ro c e e d s  b y  f irs t a d d it io n  o f  a m in e  to  fo rm a ld e h y d e  at 
lo w e r  te m p e ra tu re s  to  fo rm  an N ,N -d ih y d ro x y m e th y la m in e  d e r iv a tiv e , w h ic h  th e n  
re a c ts  w ith  th e  la b ile  h y d ro g e n  o f  th e  h y d ro x y l g ro u p  an d  o r th o  p o s itio n  o f  th e  
p h e n o l a t th e  e le v a te d  te m p e ra tu re  to  f o n n  the  o x a z in e  r in g  as in  S c h e m e  2 .2 .

Scheme 2.2 S y n th e s is  o f  3 ,4 -d ih y d ro -2 L /- l ,3 -b e n z o x a z in e s  (B u rk e , 1949).
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B u rk e  an d  c o lle a g u e  (1 9 6 4 )  w e re  fo u n d  a s tro n g ly  b a s ic  a m in e  a n d  a less 
a c id ic  p h e n o l, m o re  s ta b le  in  th e  h o t a lc o h o ls  w h ic h  u se d  to  s y n th e s iz e d  
b e n z o x a z in e s . T h e  s ta b ili ty  o f  th e  b e n z o x z in e  r in g  d e p e n d s  on  th e  s u b s titu e n t. 
A n o th e r  a m in o a lk y la tio n  re a c tio n  re su lts  f ro m  th e  re s id e n c e  o f  m o re  th a n  one 
re a c tiv e  o r th o  p o s it io n  in the  in itia l p ro d u c t b y  M c D o n a g h  a n d  c o lle a g u e  (1 9 6 8 ) . T he  
P h e n o l h a v in g  an  o r th o  s u b s ti tu e n t g iv e s  th e  n e c e s s a r ily  h ig h e r  y ie ld  o f  b e n z o x a z in e . 
T h e  sy n th e s is  w ith  la rg e  a m o u n t o f  so lv e n t re su lts  th e  s lo w  re a c tio n  ra te , in  so m e  
c a se s , th e  p r in c ip le  d is a d v a n ta g e s  w h ic h  a re  th e  p o o r  s o lu b ili ty  o f  th e  p re c u rso rs  
p a r tic ip a te d  w ith  th is  p ro c e ss . T h e  sy n th esis  w ith  la rg e  a m o u n t o f  so lv e n t r e su lts  the  
s lo w  re a c tio n  ra te , in  so m e  c a se s , th e  p r in c ip le  d is a d v a n ta g e s  w h ic h  a re  th e  p o o r  
s o lu b ili ty  o f  th e  p re c u rso rs  p a r tic ip a te d  w ith  th is  p ro c e ss . T h e  in c re a s in g  c o s t o f  the 
p ro d u c ts  an d  e n v iro n m e n ta l p ro b le m s  cau se  f ro m  an o rg a n ic  so lv e n t. T h e  p ro b le m s  
d u r in g  p ro c e s s in g  o f  th e  b e n z o x a z in e  re sin s  a lso  re su lt fro m  th e  so lv e n t r e s id u e  in 
th e  p re c u rso rs . Ish id a  an d  c o w o rk e r  (1 9 9 6 ) d e v e lo p e d  a s o lv e n tle s s  s y n th e s is  in  the 
m e lt  s ta te  to  d e fe a t th ese  d e fe c ts . L iu  (1 9 9 5 ) re p o r te d  th e  re a c tio n  m e c h a n is m  and 
k in e tic  o f  th is  s o lv e n tle s s  sy n th e s is  fo r u s in g  th is  p re c u rso rs  to  p re p a re  a im m e n se  
q u a n tity  o f  b e n z o x a z in e  m o n o m e r.

2.5 Di- Functional and Multifunctional Group Benzoxazine Monomers

T h e  th e rm a lly  a c c e le ra te d  r in g -o p e n in g  p o ly m e r iz a t io n  o f  b ifu n c tio n a l 
b e n z o x a z in e  m o n o m e rs  an d  th e ir  p ro p e rtie s  w e re  f irs t ly  re p o r te d  b y  N in g  and  
c o w o rk e r  (1 9 9 4 ). T h e  b e n z o x a z in e s  w e re  c u re d  w ith  m o n o -fu n c tio n a l g ro u p  and  
p h e n o l re su lte d  in  lo w  a v e ra g e  m o le c u la r  w e ig h t th a t is th e  fo rm a tio n  o f  o n ly  
o l ig o m e ric  s tru c tu re s . B ec a u se  th e  th e rm a l d is so c ia t io n  o f  th e  m o n o m e r  th e re  is a 
race  w ith  c h a in  p ro p a g a tio n  re a c tio n  re su lte d  to  n o  m a te ra il c o u ld  b e  m a d e  f ro m  th is  
m e th o d  th a t w a s n 't  o b ta in e d  th e  h ig h  m o le c u la r  w e ig h t lin e a r  s tru c tu re s . T h e  
p o ly b e n z o x a z in e  c a n  b e  e n h a n c e d  th e  d iffe re n t p e r fo rm a n c e  in  a w id e  ra n g e  b y  u s in g  
b ifu n c tio n a l b e n z o x a z in e s  in  e sp e c ia lly  p ro v id e  g re a te r  f le x ib il i ty  in m o le c u la r  
d e s ig n  th a n  m o n o fu n c tio n a l m o n o m e rs .

T h e  c la s s if ic a t io n s  o f  b ifu n c tio n a l b e n z o x a z in e  m o n o m e rs , th e y  a re  tw o  
ty p e s . T h e  f irs t ty p e  is b isp h e n o l b a se d  b ifu n c tio n a l b e n z o x a z in e  m o n o m e r  w h ic h  is
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p ro d u c e d  b y  th e  re a c tio n  o f  b isp h e n o l w ith  e ith e r  a lip h a tic  o r  a ro m a tic  
m o n o fu n c tio n a l p r im a ry  a m in e . A n o th e r  ty p e  o f  b ifu n c tio n a l b e n z o x a z in e s  is 
d ia m in e  b a se d  b ifu n c tio n a l b e n z o x a z in e  m o n o m e rs , w h ic h  can  be  s y n th e s iz e d  by  
u s in g  a ro m a tic  o r a lip h a tic  d ia m in e s  w ith  a m o n o fu n c tio n a l p h e n o lic  s tru c tu re  o f  
o r th o -v a c a n t p o s itio n . A ll o f  th e se  tw o  ty p e s  b ifu n c tio n a l b e n z o x a z in e  m o n o m e rs  
w e re  re p o r te d  b y  G h o sh  a n d  c o lle a g u e  (2 0 0 7 ) . T h e  b ifu n c tio n a l b e n z o x a z in e  
m o n o m e rs  re a c tio n  w as  sh o w n  in S c h e m e  2 .3 .

Scheme 2.3 S y n th e s is  o f  D D M -b a se d  b e n z o x a z in e  m o n o m e r  (G h o sh  et al., 20 07 ).

2.6 Preparation of High Molecular Weight Benzoxazine Precursors

T a k e ic h i an d  c o lle a g u e  (2 0 0 5 ) s y n th e s iz e d  h ig h  m o le c u la r  w e ig h t 
p o ly b e n z o x a z in e  p re c u rso rs  fro m  a ro m a tic  o r  a lip h a tic  d ia m in e  a n d  b isp h e n o l-A  
w ith  p a ra fo rm a ld e h y d e . S o m e -o f  th e  r in g -o p e n e d  s tru c tu re  w as  s tu d ie d . O n  th e  o th e r  
h a n d  the  ra tio  o f  th e  r in g -c lo s e d  b e n z o x a z in e  s tru c tu re  w a s  h ig h . T h e se  c ro ss lin k e d  
p o ly b e n z o x a z in e s  w e re  a c h ie v e d  in th e  f ilm  p ro c e s s in g , th e rm a l s ta b il i ty , an d  
m e c h a n ic a l p ro p e rty . T h e  s tru c tu re  o f  a ty p ic a l b e n z o x a z in e  m o n o m e r  p re p a re d  from  
b is p h e n o l-A , a n ilin e  a n d  fo rm a ld e h y d e  a lo n g  w ith  th e  s tru c tu re  o f  its 
p o ly b e n z o x a z in e  are  sh o w n  in S c h e m e  2.4 .

๒ 2 0 1 0 , th e y  a lso  re p o rte d  th e  sy n th e s is  o f  h ig h -m o le c u la r-w e ig h t 
p o ly b e n z o x a z in e  p re p o ly m e rs  b y  u s in g  a ,c o -b is (a m in o p ro p y l)p o ly d im e th y ls ilo x a n e  
an d  b is p h e n o l-A  w ith  fo rm a ld e h y d e . T h e se  p o ly b e n z o x a z in e  p re p o ly m e rs  w e re  
a c h ie v e d  in free  s ta n d in g  f ilm s  b y  cas tin g . T h e y  h a d  sh o w n  go o d  m e c h a n ic a l and  
th e rm a l p ro p e rtie s . A g ag  a n d  c o w o rk e r  (2 0 0 7 )  s tu d ie d  n o v e l h ig h -m o le c u la r-w e ig h t 
p o ly b e n z o x a z in e  p re c u rso rs , n a m e ly  A B -ty p e  b e n z o x a z in e  p re c u rso rs , w e re  d e riv ed  
f ro m  ty ra m in e , p -a m in o p h e n o l in c lu d in g  c o p o ly m e r  p re c u rs o r  from  ty ra m in e  an d  p- 
a m in o p h e n o l. T h e y  w e re  s y n th e s iz e d  from  a m in o p h e n o ls  an d  fo rm a ld e h y d e . T h e y
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sh o w e d  th e  e x c e lle n t th e rm o m e c h a n ic a l p ro p e r t ie s  as w e ll as h ig h  th e rm a l s ta b ili ty  
b y  in c re a s in g  th e  c ro s s lin k in g  d en s ity . T h e  e x a m p le  o f  cu red  p o ly b e n z o x a z in e  
p re c u rso rs  w e re  sh o w n  in S c h e m e  2.5.

Scheme 2.4 T h e  re a c tio n  o f  a ty p ic a l b e n z o x a z in e  m o n o m e r  p re p a re d  fro m  
b is p h e n o l-A , a n ilin e  a n d  fo rm a ld e h y d e  (T a k e ic h i et ai, 2 0 0 5 ).

Scheme 2.5 T h e  n e tw o rk  s tru c tu re  o f  th e  cu red  p o ly b e n z o x a z in e  p re c u rso rs  
o b ta in e d  f ro m  th e  th e rm a l c u re  o f  th e  A B -ty p e  b e n z o x a z in e  p re c u rso rs  (A g a g  et al, 
2 0 0 7 )
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2.7 Two-Point Techniques for Measuring Resistivity

A  n u m b e r  d e sc r ib in g  h o w  m u ch  th a t m a te r ia l re s is ts  th e  f low  o f  e le c tr ic ity  
is c a lle d  th e  e le c tr ic a l re s is tiv ity  o f  a m a te r ia l in u n its  o f  o h m -c e n tim e te rs  ( fT c m ). 
T h e  m a te r ia l h a s  lo w  re s is tiv ity  d u e  to  e le c tr ic ity  can  flo w  e a s ily  th ro u g h  a m a te r ia l: 
In  c a se  o f  the  e le c tr ic ity  h as  g re a t d iff ic u lty  f lo w in g  th ro u g h  a m a te r ia l. It is ca lled  
th e  m a te r ia l w h ic h  is h ig h  re s is tiv ity . E le c tr ic a l re s is tiv ity  is r e p re se n te d  b y  the 
G re e k  le tte r  p, E le c tr ic a l c o n d u c tiv ity  is re p re se n te d  b y  th e  G re e k  le tte r  G, an d  is 
d e f in e d  as th e  in v e rse  o f  th e  c o n d u c tiv ity . T h is  m e a n s  a h ig h  re s is tiv ity  is th e  sam e  
as a lo w  c o n d u c tiv ity , and  a lo w  re s is tiv ity  is  th e  sam e  as a h ig h  c o n d u c tiv ity . T h e  
re la tio n  o f  e le c tr ic a l r e s is tiv ity  a n d  e lec trica l c o n d u c tiv ity  w a s  sh o w n  in e q u a tio n  2.1 '  
(M ic h a e l, 2 0 0 3 ).

P = o  (2 1 )

p . D ru d e  an d  c o lle a g u e s  re p o r te d  a s im p le  m ic ro sc o p ic  m o d e l o f  e le c tr ic ity  
f lo w in g  th ro u g h  a m a te r ia l as sh o w n  in  F ig u re  2 .2 . T h is  m o d e l is an 
o v e rs im p lif ic a t io n  an d  in c o rre c t in  sev e ra l w ay s . It is s till a  v e ry  u se fu l c o n c e p tu a l 
m o d e l fo r  u n d e rs ta n d in g  re s is tiv ity  and  m a k in g  rou g h  e s tim a te s  o f  so m e  p h y sica l 
p ro p e rtie s . A  m o re  co rre c t u n d e rs ta n d in g  o f  th e  e le c tric a l r e s is tiv ity  o f  m a te r ia ls  
re q u ire s  a th o ro u g h  u n d e rs ta n d in g  o f  q u a n tu m  m e c h a n ic s  w a s  re p o te d  b y  N . พ .  
A s h c ro ft . O n  a m ic ro sc o p ic  le v e l, e le c tr ic ity  is s im p ly  th e  m o v e m e n t o f  e le c tro n s  
th ro u g h  a m a te r ia l. T h e  s m a lle r  w h ite  c irc le  in  F ig u re  2 .2  re p re se n ts  o n e  e le c tro n  
f lo w in g  th ro u g h  th e  m a te r ia l. F o r  ease  o f  e x p la n a tio n , o n ly  o n e  e le c tro n  is sh o w n . 
T h e re  a re  u s u a lly  m a n y  e le c tro n s  f lo w in g  th ro u g h  th e  m a te r ia l s im u lta n e o u s ly . T h e  
e le c tro n  te n d s  to  m o v e  from  th e  le f t s id e  o f  th e  m a te r ia l to  th e  r ig h t s id e  b e c a u s e  an 
e x te rn a l fo rc e  a c ts  o n  it. T h e  re s is tiv ity  o f  a m a te r ia l can  v a ry  g re a tly  a t d iffe re n t 
te m p e ra tu re s . T h e  re s is tiv ity  o f  m e ta ls  u su a lly  in c re a se s  as te m p e ra tu re  in c re a se s , 
w h ile  th e  re s is tiv ity  o f  s e m ic o n d u c to rs  u s u a lly  d e c re a se s  as te m p e ra tu re  in c re a se s . 
T h e  re s is tiv ity  o f  a m a te r ia l c a n  a lso  d e p e n d  o n  th e  a p p lie d  m a g n e tic  fie ld .
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Figure 2.2 S im p le  m o d e l o f  e le c tr ic ity  f lo w in g  th ro u g h  a m a te r ia l u n d e r  an  ap p lie d  
v o lta g e . T h e  w h ite  c irc le  is a n  e lec tro n  m o v in g  from  le f t to  r ig h t th ro u g h  th e  
m a te r ia l. T h e  b la c k  c irc le s  re p re se n t the  s ta t io n a iy  a to m s o f  th e  m a te r ia l. C o llis io n s  
b e tw e e n  th e  e le c tro n  and  th e  a to m s  s lo w  d o w n  th e  e le c tro n , c a u s in g  e lec tric a l 
r e s is tiv ity  (D ru d e , 1900).

?
/ Rc

D U T

ฯ JUT \

A A V
A\v

Rr

Figure 2.3 T w o -te rm in a l re s is ta n c e  m e a su re m e n t a r ra n g e m e n t (S c h ro d e r , 2 0 0 6 ).

T w o -p o in t p ro b e  m e th o d s  w o u ld  a p p e a r  to  be  e a s ie r  to  im p le m e n t, b e c a u se  
o n ly  tw o  p ro b e s  n eed  to  b e  m a n ip u la te d . B u t th e  in te rp re ta tio n  o f  th e  m e a su re d  da ta  
is m o re  d iff ic u lt. C o n s id e r  th e  tw o -p o in t p ro b e  o r  tw o -c o n ta c t a r ra n g e m e n t o f  F ig .
2 .3 . E a c h  c o n ta c t se rv es  as a  c u r re n t an d  as a v o lta g e  p ro b e . W e  w ish  to  d e te rm in e  
th e  re s is ta n c e  o f  th e  d e v ic e  u n d e r  te s t (S c h ro d e r , 2 0 0 6 ). T h e  to ta l re s is ta n c e  R r  is 
g iv e n  by



15

R j  =  y  =  2 R w + 2 R c + R d u t  ( 2 .2 )

W h e re  R \y  =  T h e  w ire  o r  p ro b e  re s is ta n c e  
R c  =  T h e  c o n ta c t re s is ta n c e  
R dut =  T h e  re s is ta n c e  o f  th e  d e v ic e  u n d e r  tes t

T h e  p ro b e , c o n ta c t , and  s p re a d in g  re s is ta n c e s  o f  a tw o -p o in t p ro b e  
a r ra n g e m e n t o n  a s e m ic o n d u c to r  are  il lu s tra te d  in  F ig . 2 .4 .

C u rre n t
S p re a d in g

Figure 2.4 T w o -p o in t p ro b e  a r ra n g e m e n t sh o w in g  th e  p ro b e  re s is ta n c e  Rp, th e  
c o n ta c t re s is ta n c e  R c , a n d  th e  sp re a d in g  re s is ta n c e  R Sp (S c h ro d e r , 2 0 0 6 ).

T h e  re s is tiv ity  o f  a m a te r ia l can  b e  o b ta in e d  b y  m e a su r in g  th e  re s is ta n c e  a n d  
p h y s ic a l d im e n s io n s  o f  a  m a te r ia l, as sh o w n  in F ig u re  2 .5 . In th is  c a se , th e  m a te r ia l 
w a s  a tta c h e d  to  bo th  e n d s  o f  th e  p ro b s . T h is  is c a lled  th e  tw o -p o in t te c h n iq u e . A  
v o lta g e  s o u rc e  a p p lie s  a  v o lta g e , c a u s in g  a c u rre n t to  f lo w  th ro u g h  th e  m a te r ia l. T h e  
a m o u n t o f  c u r re n t th a t f lo w s  th ro u g h  th e  m a te r ia l is m e a su re d  b y  th e  a m m e te r , w h ic h  
is c o n n e c te d  in se rie s  w ith  th e  m a te r ia l a n d  v o lta g e  so u rc e . T h e  re s is ta n c e  o f  th e  
m a te r ia l is g iv e n  b y  E q u a tio n  2 .3 .
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R
V
I (2 .3 )

W h e re  R  =  R e s is ta n c e  in £2 
V  =  V o lta g e  in V  
I =  C u rre n t in  A

Figure 2 .5  A  tw o -p o in t  te c h n iq u e  fo r  m e a s u r in g  th e  re s is tiv ity  o f  th e  sa m p le . T h e  
v o lta g e  so u rc e  a p p lie s  a v o lta g e  a c ro s s  th e  s a m p le  th ic k n e ss , an d  th e  a m m e te r  
m e a su re s  th e  c u r re n t f lo w in g  th ro u g h  th e  sam p le .

T h e  r e s is ta n c e  o f  m a te r ia l w a s  o b ta in e d  fro m  s lo p e  o f  p lo t b e tw een  v o lta g e  
an d  c u rre n t. T h e  e le c tr ic a l c o n d u c tiv ity  v a lu es  o f  th e  p a r tia lly  o rd e re d  c a rb o n s  w e re  
c a lc u la te d  b y  E q u a tio n  2 .4 . T h e  g e o m e tr ic  c o rre c tio n  fa c to r  w a s  d e te rm in e d  by  
c a lib ra tin g  th e  fo u r -p o in t p ro b e  w ith  s e m i-c o n d u c tin g  s il ic o n  sh ee ts  o f  k n o w n  
re s is tiv ity  v a lu e s  a n d  sh o w n  th e  re la tio n  in  E q u a tio n  2 .5 . A p p lie d  dc  c u rre n ts  w e re  
sm a ll to  b e  in th e  l in e a r  O h m ic  re g im e . T h e  e le c tr ic a l c o n d u c tiv ity  o f  th e  p a r tia lly  
o rd e re d  c a rb o n  w a s  o b se rv e d  a t ro o m  te m p e ra tu re  b y  an  e le c tro m e te r  w ith  tw o -p o in t 
p ro b e  (D e n s a k u lp ra se r t  et al, 2 0 0 5 ).
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W h e re

R tK ( 2 . 4 )

( 2 . 5 )

CT =  C o n d u c tiv ity  in s/cm 
R  =  R e s is ta n c e  in 
t =  T h ic k n e ss  o f  sa m p le  in  cm  
K  =  T h e  g e o m e tr ic  c o rre c tio n  fa c to r  
พ  =  T h e  p ro b e  w id th  
1 =  T h e  p ro b e  le n g th
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