
P R E P A R A T IO N  O F  P O L Y B E N Z O X A Z I N E -D E R I V E D  P A R T IA L L Y
O R D E R E D  C A R B O N

CHAPTER IV

- 4.1 A b s tr a c t

P a rtia lly  o rd e re d  c a rb o n s  h a v e  b een  w id e ly  รณ d ied  a n d  u s e d  in v a r io u s  
a p p lic a tio n s  su c h  as c a ta ly s t su p p o rts , an d  e le c tro d e  m a te r ia ls . T h e y  h av e  b e e n  
c o n v e n tio n a lly  p re p a re d  b y  p y ro ly s is  a n d  p h y sica l o r  c h e m ic a l a c tiv a tio n  o f  o rg a n ic  
p re c u rso rs  su c h  as p o ly m e rs , in w h ic h  th e  p o re  s iz e  an d  p o re  s tru r tu re ,  c a n  b e  

..contro lled  a t a  h igh  te m p e ra tu re  in in e r t a tm o sp h e re . In th is  s tu d y , th e  s o lv e n tle s s  
p ro cess  w a s  u se d  to  p re p a re  p o ly b e n z o x a z in e  p re c u rso r , w h ic h  w a s  sy n th e s iz e d  f ro m  
fo rm a ld e h y d e , p h en o l an d  a ro m a tic  d ia m in e  to  p ro d u c e  p a r tia lly  o rd e re d  c a rb o n  w ith  
h ig h  c h a ir  y ie ld . T h e  e f fe c ts  o f  th e  p y ro ly s is  te m p e ra tu re s  on th e  m ic ro s tru c r tire  o f  
the  o b ta in e d  p a r tia lly  o rd e re d  c a rb o n s  w e re  in v e s tig a te d . T h e  c h a n g e  in  th e  c h e m ic a l 
s tru c tu re  o f  p o ly b e n z o x a z in e  w as  e x a m in e d  b y  F T IR  an d  T G A  w as  u s e d  to  
in v e s tig a te  th e rm a l p ro p e rtie s . T h e  p h y s ic a l p ro p e r t ie s  w e re  e x a m in e d  by  S A A . In 
a d d itio n , X R D  wras u se d  to  d e m o n s tra te  th e  c h a ra c te r is t ic s  o f  d sp a c in g  in  p a r tia lly  
o rd e red  c a rb o n . T h e  e le c tric a l p ro p e r ty  o f  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 r a to e  b y  an  e le c tro m e te r  w ith  tw o -p o in t p ro b e .

K ey w o rd s: P o ly b e n z o x a z in e / P a rtia lly  o rd e re d  c a rb o n
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4 .2  In tr o d u c tio n

M a n y  re se a rc h e rs  h a v e  d isc o v e re d  a n d  s tu d ie d  c a rb o n s  w h ic h  a re  g ra p h ite , 
g ra p h e n e  and  c a rb o n  n o n o tu b e  w e re  a ttrac ted  in  e le c tro n ic  a p p lic a tio n s  b e c a u s e  th e ir  
p ro p e r t ie s  such  as th e rm a l s ta b il l i ty  an d  c o n d u c tiv ity . G ra p h e n e  is a s in g le  c a rb o n  
la y e r  o f  g ra p h ite  s tru c tu re , d e s c r ib in g  its  n a tu re  b y  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  qua 'S i-in fin ite  s iz e  as ac c o rd in g  to  th e  IU P A C  d e f in itio n  f ro m  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 a n o tu b c  a n d  fu lle re n e  [1 ], In  th is  
m a te r ia l ,  c a rb o n  a to m s  are  a r ra n g e d  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  la y e r  o f  th e  la y e re d  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 titu te s  
a n e w  p a r tia lly  o rd e re d -  c a rb o n  in c lu d in g  la y e rs  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  [2], Id ea lly  g ra p 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  lay e rs  are  b e in g  in v e s tig a te d  w ith  eq u a l in te re s t. 
G ra p h e n e s  can  b e  d e f in e d  in to  th re e  d iffe re n t ty p es : s in g le - la y e r  g ra p h e n e  (S G ), b i 
la y e r  g ra p h e n e  (B G ) an d  fe w - la y e r  g rap h en e  (n u m b e r  o f  lay ers  <  10). G ra p h e n e  
e x h ib its  la rge  sp e c if ic  su rfa c e  a re a  an d  u n iq u e  e le c tric a l, m e c h a n ic a l a n d  th e rm a l 
p ro p e rtie s  [2 -6 ]. It sh o w s  e x c e lle n t p h y sica l an d  c h e m ic a l p ro p e rtie 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 the a re a s  su c h  as so la r-c e lls , e n e rg y  s to ra g e , 
f ie ld  e ffe c t tra n s is to rs , c a ta ly s t su p p o rt, se n so rs , a n d  n a n o c o m p o s ite s  [7 -1 2 ],

T h 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  
an d  c o w o rk e r  [3 ], 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  s tep  [1 3 ]. T h e  firs t 
p re p a ra tio n  o f  g ra p h ite  o x id e  w a s  a ch iev ed  b y  o x id a tiv e  tre a tm e n t o f  g ra p h ite  by  
e m p lo y in g  H u m m e rs  p ro c e d u re  [14] 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 is p e rs io n  in 
d im e th ly fo rm a m id e  w ith  h y d ra z in e  h y d ra te  [1 5 ] , o r  so d iu m  a n d  e th a n o l [1 6 ]. A t the  
sa m e  tim e , s in g le - la y e r  g ra p h e n e  h a v e  been  e x fo lia te d  in N -m e th y lp y r ro lid o n e  [17] 
o r  a su rfac tan tA v a te r so lu tio n  u s in g  u l tra so n ic a tio n  [18]. B e s id e s , c h e m ic a l v a p o r  
d e p o s i t io n  w as u s e 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 r ie ty  o f  
h y d ro c a rb o n s  on  f ilm s  o r  sh e e ts , 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 rs  o f  tra n s i t io n  m eta l [19 ], 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 ra p h e n e  a t h ig h  te m p e ra tu re s
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[2 0 -2 1 ], 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 the  re f lu x in g  te m p e ra tu re  [22] o r 
b y  m ic ro w a v e  tre a tm e n t [2 3 ], 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  h a s  b e e n  s tu d ie d  b y  E n o k i an d  c o w o rk e r  [2 4 -2 5 ], A n n e a lin g  o f  
n a n o d ia m o n d  a t h igh  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  [2 1 , 26 ],

T h e  p re p a ra tio n s  o f  c o n d u c tiv e  c a rb o n , a lm o st tra n s fo rm  o f  g ra p h ite  to 
g ra p h e n e , a re  c o m p lic a te d  a n d  e x p e n s iv e  p ro c e ss . T h e re fo re , n o v e l c a rb o n s  hav e  
b een  d e v e lo p e d  in c lu d in g  p a r tia lly  o rd e re d  ca rb o n . It h a s  b een  w id e ly  s tu d ie d  and  
u s e d  in v a r io u s  a p p lic a tio n s  su ch  as a tm o sp h e re  se p a ra tio n , ca ta ly s t su p p o rts , an d  
e le c tro d e  m a te r ia l. It h a s  b e e n  c o n v e n tio n a lly  p rep a red  b y  p y ro ly s is  a n d  p h y s ic a l o r 
c h e m ic a l a c tiv a tio n  o f  o rg a n ic  p re c u rso rs  su c h  as p o ly m e rs  in w h ic h  th e  p o re  s ize  
an d  p o re  s tru c tu re  can  b e  c o n tro lle d  d u r in g  th e  p ro c e ss  a t v e ry  h ig h  te m p e ra tu re  in 
in e r t a tm o sp h e re . 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 s s  o f  th e rm o s e ttin g  re sin s  
d e r iv e d  f ro m  p h e n o lic  re s in . It p o sse sse s  v a r io u s  go o d  p ro p e rtie s  lik e  h ig h  th e rm a l 
s ta b ili ty , e a sy  p ro c e s sa b ili ty  an d  v e ry  h ig h  c h a r  y ie ld . A  m e th o d  fo r  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  an d  an 
a ld e h y d e . It h a s  been  s y n th e s iz e d  from  in e x p e n s iv e  ra w  m a te r ia ls  an d  p o ly m e riz e d  
b y  a r in g -o p e n in g  a d d itio n  re a c tio n  [2 7 -2 8 ], T h e  w ay 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  the  fu n c tio n a l g ro u p  o f  reac tan 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 a n d  m u ltifu n c tio n a l g ro u p  [29], B e c a u se  o f  th e  b e n z o x a z in e  m o n o m e r  are  
re su tin g  in lin e a r  and  b ra n c h  s tru c tu re . It m a y  cau se  re d u c e  th e  p ro p e r t ie s  o f  
b e n z o x a z in e . In 2 0 0 5 , T a k e ic h i an d  c o lle a g u e  sy n th e s iz e d  h igh  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  an d  b is p h e n o l-A  
w ith  p a ra fo rm a ld e h y d e  [30].

T h e  p re s e n t w o rk  h a s  b een  s y n th e s iz e d  b e n z o x a z in e s  p re c u rso rs  b a se d  on 
a n ilin e , m e th y le n e d ia n il in e  a n d  te tra e th y le n e p e n ta m in e  in o rd e re d  to  s tu d y  the  
c h a n g in g  o rd e re d  s tru c tu re  o f  p a r tia lly  o rd e re d  ca rb o n . B e n z o x a z in e s  p re c u rso rs  
w e re  p o ly m e r iz e d  to  be  p o ly b e n z o x a z in e  a n d  th en  p y so ly z e d  to  o b ta in  -p a r tia lly  
o rd e re d  c a rb o n , H e a t tre a tm e n t, is v a ro u s  p y so ly z e d  te m p e ra tu re s , h as  b e e n  u se d  to  
e n h a n c e  th e  o rd e re d  s tru c tu re  o f  p a r tia lly  o rd e re d  c a rb o n . M o re o v e r , s i lv e r  n itra te
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4.3  E x p e r im e n ta l

4.3 .1  M a te ria ls
A ll c h e m ic a ls  w e re  u se d  w ith o u t fu rth e r  p u rif ic a tio n . T h e  

b e n z o x a z in e s  w as  sy n th e s iz e d  u s in g  v a r io u s  ty p es  o f  am in e; a n ilin e  (9 9 % ) w as  
p u rc h a se d  fro m  P a n re a c  C o m p a n y , 4 ,4 '-m e th y le n e d ia n il in e  (> 9 7 % ), p a ra fo rm a l
d eh y d e  p o w d e r  (9 5 % ) an d  te tra e th y le n e p e n ta m in e  (9 5 % ) w e re , p u rc h a se d  fro m  
S ig m a -A ld r ic h  C o ., L td  an d  P h e n o l d e ta c h e d  c ry s ta ls  (9 9 .9 9 % ) w a s  o b ta in e d  f ro m  
F ish e r  C h e m ic a l co m p a n y . S ilv e r  n itra te  w as u sed  to  en h a n c e  th e rm a l p ro p e r t ie s  o f  
b e n z o x a z in e s  and  p u rc h a se d  fro m  V R B IO S C IE N C E  C o ., L td .

4 .3 .2  M e a su re m e n ts
T h e  fu n c tio n a l g ro u p s  re la te d  to  s tru c tu re  o f  m a te r ia ls  w e re  

in v e s tig a te d  b y  u s in g  F T IR  te c h n iq u e . T h e  F T -IR  sp e c tra  w e re  o b ta in e d  u s in g  a 
N ic o le t  N e x u s  67 0  F T -IR  sp e c tro m e te r  in th e  fre q u e n c y  ran g e  o f  4 0 0 -4 0 0 0  c m ’1 w ith  
64 s c a n s  a t a re so lu tio n  o f  2 c m '1. K B r p e lle t te c h n iq u e  w a s  a p p lie d  in th e  
p re p a ra tio n  o f  p o w d e r  sa m p le s . D S C  a n a ly z e r  w a s  c a r r ie d  ou t u s in g  a P e rk in -E lm e r  
D S C  7 in s tru m e n t. T h e  s a m p le  w as  h e a te d  fro m  50  to  3 0 0  °C  w ith  h e a tin g  ra te  10 ๐C 
p e r  m in u te  u n d e r  N 2 a tm o sp h e re  w ith  D ow  ra te  2 0  m l p e r  m in u te . F in a lly , th e  h e a t in g  
p ro f ile , c u r in g  te m p e ra tu re  an d  c o m p le te ly  cu red  p o ly b e n z o x a z in e  w e re  o b ta in e d . 
T G A  in s tru m e n t w a s  a lso  c o n d u c te d  w ith  P e rk in  E lm e r T h e rm o g ra v im e tr ic  
/D if fe re n tia l  T h e rm a l A n a ly z e r  (T G -D T A ). T h e  s a m p le  w as lo ad ed  in ran g  4 -8  m g  
on th e  a lu m in a  p an  an d  h e a te d  fro m  50  to  800  ๐c  u n d e r  n itro g e n  a tm o sp h e re  w ith  
f lo w  ra te  50  m l p e r  m in u te  an d  h e a tin g  ra te  10 ๐c  p e r  m in u te . T h e  p y ro ly z e d  
te m p e ra tu re  o f  p o ly b e n z o x a z in e  w a s  in v e s tig a te d  fro m  th e  o n s e t te m p e ra tu re  
w h e re a s  c h a r  y ie ld  as th e  w e ig h t re s id u e  a t 80 0  ๐c  w a s  re p o rte d . T h e  X -ra y  p o w d e r  
d iff ra c tio n  p a tte rn  o f  th e  c a rb o n  fo am  w a s  o b ta in e d  u s in g  an X R D  (B ru k e r  A X S  D 8  
A D V A N C E )  s p e c tro m e te r  w ith  C u  K a  ir ra d ia tio n  (A. =  0 .1 5 4 0 6  n m ) a t 4 0  k v  an d

was loaded in benzoxazine precursor in ordered to improve the thermal and electrical
properties of partially ordered carbon. Finally, polybenzoxa-zine and partially
ordered carbon were characterized to study their properties.
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3 0 m A  to  e x a m in e  th e  g ra p h itiz a tio n  o f  th e  p a r tia lly  o rd e red  c a rb o n  a f te r  
c a rb o n iz a tio n . S u rfa c e  a rea  a n a ly z e r  (S A A ) w as  u se d  to  d e te rm in e d  su rfa c e  a rea , 
p o re  v o lu m e  a n d  p o re  s ize  d is tr ib u tio n  o f  a c tiv a te d  c a rb o n . T h e  re su lts  w e re  o b ta in e d  
by  Q u a n ta c h ro m e /A u to so rb -1  b ased  o n  th e  B ru n a u e r-E m m e tt-T e lle r  (B E T ) an d  
B a rre t-Jo y n e r-H a le n d a  (B JH ) u s in g  n itro g e n  a d so rp tio n  iso th e rm a l a t 7 7  K. T h e  
sa m p le  w a s lo a d e d  aro u n d  0 .2  g  and  re m o v e d  a tm o sp h e re  a t 25 0  °c .  T h e  e le c tric a l 
c o n d u c tiv ity  v a lu e s  o f  the  p a r tia lly  o rd e re d  ca rb o n s  w e re  o b ta in e d  b y  m e a s u r in g  th e  
re s is ta n c e s  a n d  c a lc u la te  th e  e lec tric a l c o n d u c tiv ity . T h e  g e o m e tr ic  c o r re c tio n  fa c to r  
w a s  d e te rm in e d  b y  c a lib ra tin g  th e  fo u r-p o in t p ro b e  w ith  se m i-c o n d u c tin g  s ilic o n  
sh e e ts  o f  k n o w n  re s is tiv ity  v a lu e s . A p p lie d  dc  cu rre n ts  w e re  sm all to  b e  in the  lin e a r  
O h m ic  re g im e . T h e  e le c tric a l c o n d u c tiv ity  o f  the  p a r tia lly  o rd e re d  c a rb o n  w as  
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  (K e ith le y  
m o d e l 6 5 1 7 A )

4 .3 .3  M e th o d o lo g y
4.3.3.1 Synthesis of Aniline-based Polybenzoxazine (PBZ-A)

T h e  s o lv e n tle s s  m e th o d  in v e n te d  b y  Ish id a  [27] w a s  u se d  to  
sy n th e s iz e  b e n z o x a z in e  p re p o ly m e r  w ith  a m o le  ra tio  o f  p h e n o l: an ilin e : 
p a ra fo rm a ld e h y d e  is 1: 1 : 2 .  T h e  m ix tu re s  o f  p h e n o l, p a ra fo rm a ld e h y d e  an d  an ilin e  
w e re  h e a te d  a t 100 ๐c  u n til th e y  c h a n g e  to  be  tra n sp a re n t y e llo w  v isc o u s . F ro m  th is  
s tep , a n i l in e -b a s e d  b e n z o x a z in e  p re c u rso r  (B Z -A ) w as  o b ta in e d . B e fo re  c u r in g  s tep , 
th e  b e n z o x a z in e  p re c u rc e rs  w e re  g r in d e d  a n d  th en  c u re d  a t 240 ° c  fo r 1 h in a m b ie n t 
air. F in a lly , a n ilin e -b a se d  p o ly b e n z o x a z in e  w ill be  o b ta in e d .

S ch em e 4.1 S y n th e s is  o f  a n ilin e -b a se d  p o ly b e n z o x a z in e .
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4.3.3.2 Synthesis of Methylenedianiline-based Polybenzoxazine 
(PBZ-MDA)
T h e  m ix tu re s  o f  p h e n o l, p a ra fo rm a ld e h y d e  and  m e th y le n e -  

d ia n ilin e  w ith  ra tio  2: 4: 1 w e re  h e a te d  a t 100 ° c  u n til th e y  c h a n g e  to be  tra n sp a re n t 
y e l lo w  v isc o u s . F ro m  th is  s te p , m e th y le n e d ia n il in e -b a se d  b e n z o x a z in e  p re c u rs o r  
(B Z -M D A ) w a s  o b ta in e d . B e fo re  c u r in g  s te p , th e  b e n z o x a z in e  p re c u rc e rs  w e re  
g r in d e d  an d  th e n  c u re d  a t 230 ° c  fo r  1 h in a m b ie n t air. F in a lly , m e th y le n e d ia n il in e -  
b a s e d  p o ly b e n z o x a z in e  w ill b e  o b ta in e d .

S c h e m e  4 .2  S y n th e s is  o f  m e th y le n e d ia n il in e -b a se d  p o ly b e n z o x a z in e .

4.3.3.3 Synthesis of Tetraethylenepentamine-based Polybenzoxazine 
(PBZ-TEPA)
T h e  m ix tu re s  o f  p h e n o l, p a ra fo rm a ld e h y d e  and  te tra e th y le n e -  

p e n ta m in e  w ith  ra tio  2: 4: 1 w e re  h e a te d  a t 100 °c u n til th e y  c h a n g e  to b e  tra n sp a re n t 
y e l lo w  v isc o u s . F ro m  th is  s tep , te tra e th y le n e p e n ta m in e -b a s e d  b e n z o x a z in e  p re c u rs o r  
(B Z -T E P A ) w a s  o b ta in e d . B e fo re  c u rin g  s te p , th e  b e n z o x a z in e  p re c u rc e rs  w e re  
g r in d e d  an d  th e n  c u re d  at 250 °c fo r  1 h in a m b ie n t a ir. F in a lly , te tra e th y le n e  
p e n ta m in e -b a s e d  p o ly b e n z o x a z in e  w ill b e  o b ta in e d .
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S c h e m e  4 .3  S y n th e s is  o f  te t ra e th y le n e p e n ta m in e -b a s e d  p o ly b e n z o x a z in e .

4.3.3.4 Synthesis of Methylenedianiline-based Polybenzoxazine with 
Silver Nitrate (PBZ-MDA-AgNOs)
T h e  m e th y le n e d ia n il in e -b a s e d  b e n z o x a z in e  p re c u r s o r  th a t 

w a s  o b ta in e d  fro m  p re v io u s  s te p  an d  s ilv e r  n itra te  w e re  m ix e d  to g e th e r  w ith  w e ig h t 
ra tio  10: 1. T h e  m ix tu re s  w e re  h e a te d  a t 100 ๐c  u n til th e y  c h a n g e  to be  h o m o g e n e o u s  
b ro w n  v isc o u s . B e fo re  c u r in g  s te p , the  b e n z o x a z in e  p re c u rc e rs  w e re  g r in d e d  an d  th en  
c u re d  a t 2 2 0  ° c  fo r 1 h in  a m b ie n t a ir. F in a lly , m e th y le n e d ia n il in e -b a se d  
p o ly b e n z o x a z in e  w ith  s ilv e r  n i tra te  w ill b e  o b ta in e d .

4.3.3.5 Preparation of Partially Ordered Carbon by Pysolysis (1VC) 
F u lly  c u re d  p o ly b e n z o x a z in e s  b a se  o n  v a rio u s  ty p e s  o f  am in e

w e re  p y ro ly z e d  a t 50 0 , 80 0  a n d  120 ° c  w ith  h e a tin g  ra te  2 ๐c  p e r  m in u te  a n d  u n d e r  
N 2 w ith  f lo w  ra te  5 0 0  c m 3 p e r  m in u te . P a r t ia lly  o rd e re d  c a rb o n s  h a v e  b e e n  o b ta in e d  
a f te r  th e  te m p e ra tu re  g o es  to  ro o m  te m p e ra tu re . P a r t ia lly  o rd e re d  c a rb o n s  b a se  on 
a n ilin e , m e th y le n e -d ia n ilin e  a n d  te tra e th y le n e p e n ta m in e  w e re  a b b re v ia te d  to  N C -A , 
N C -M D A  a n d  N C -T E P A  re sp e c tiv e ly . F o r  a c tiv a te d  c a rb o n s  b a se  on 
m e th y le n e d ia n il in e  w ith  s ilv e r  n itra te  w e re  a b b re v ia te d  to  N C -M D A - A g N 0 3.

4.3.3.6 Preparation of Activated Carbon (AC)
O b ta in e d  p a r tia lly  o rd e re d  c a rb o n s  b y  p y ro ly s is  w e re  

a c tiv a te d  a t 9 0 0  ° c  fo r 3 h  u n d e r  C O 2 w ith  f lo w  ra te  5 0 0  c m 3 p e r  m in u te . P a rtia lly  
o rd e re d  c a rb o n s  h a v e  b een  o b ta in e d  a f te r  th e  te m p e ra tu re  g o e s  to  ro o m  te m p e ra tu re . 
A c tiv a te d  c a rb o n s  b a se  o n  m e th y le n e d ia n il in e  w a s  a b b re v ia te d  to  A C -M D A .
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4.3.3.7 Characterization of Polybenzoxazine and Partially Ordered 
Carbon
T h e  e ffe c ts  o f  th e  p y ro ly s is  te m p e ra tu re s  on  th e  m ic ro 

s tru c tu re  o f  the  o b ta in e d  p a r tia lly  o rd e re d  c a rb o n  h av e  b e e n  in v e s tig a te d . T h e  
c h a n g in g  in c h e m ic a l s tru c tu re s  o f  p o ly b e n z o x a z in e  w a s  e x a m in e d  b y  F T IR . 
M o re o v e r , T G A  w a s  u se d  to  in v e s tig a te  th e  th e rm a l p ro p e r t ie s . T h e  p h y s ic a l 
p ro p e r t ie s  o f  the  p ro d u c ts  w e re  a lso  in v e s tig a te d  b y  S A A . In a d d it io n , X R D  w a s  u s e d  
to  d e m o n s tra te  th e  c h a ra c te r is t ic s  d sp a c in g  o f  th e  re su lt in g  p a r tia lly  o rd e re d  c a rb o n . 
T h e  e le c tr ic a l p ro p e r ty  o f  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 i th  tw o -p o in t p ro b e  (K e ith le y  m o d e l 6 5 1 7 A )

4 .4  R e s u l t s  a n d  d is c u s s io n s

4 .4 .1  T h e  P h y s ic a l S tru c tu re  o f  P o ly b e n z o x a z in e s  an d  P a r t ia lly  O rd e re d  
C a rb o n
F ig u re  4.1 sh o w s  p h o to g ra p h y  o f  b u lk  p o ly b e n z o x a z in e  an d  p a r tia lly  

o rd e re d  c a rb o n  b a se d  o n  M D A  w e re  o b ta in e d  b y  p y ro ly s is  at 8 0 0  ๐c .  A s se e n  in  th e  
f ig u re , th e  p a r tia lly  o rd e re d  c a rb o n  b a se d  on  M D A  e x h ib its  a s w o lle n  n o n -u n ifo rm  
fo a m -lik e  s tru c tu re  u n d e rn e a th  a g li t te r in g  sk in  lay e r. A s e x p e c te d  fo r  a ty p ic a l 
fo a m in g  p ro c e ss , a tm o sp h e re e s  g e n e ra te d  d u r in g  d e c o m p o s itio n  o f  th e  b u lk  
p o ly b e n z o x a z in e  h a v e  e x p a n d e d  th e  p o ly b e n z o x a z in e  in to  a sw o lle n  fo a m -lik e  
s tru c tu re  as th e  sa m e  w ith  p re v io u s  re se a rc h  [32 ],

F ig u r e  4 .1  P h o to g ra p h s  o f  b u lk  p o ly b e n z o x a z in e  ( le ft)  an d  p a r tia lly  o rd e re d  c a rb o n  
b a se d  o n  M D A  w e re  o b ta in e d  b y  p y ro ly s is  a t 8 0 0  ๐c  (rig h t).
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4 .4 .2  T h e  C h e m ic a l S tru c tu re  o f  B e n z o x a z in e  P re c u rso rs  an d  P o ly b e n -  
z o x a z in e s
4.4.2.1 The Chemical Structure of Aniline-based Benzoxazine 

Precursors and Polybenzoxazines
A n ilin e -b a se d  p o ly b e n z o x a z in e  h av e  b e e n  sy n th e z ie d  b y  

so lv e n tle ss  m e th o d  as w e ll as M D A -b a s e d  an d  T E P A -b a s e d  p o ly b e n z o x a z in e . T h e  
ch em ica l s tru c tu re  o f  b e n z o x a z in e  p re c u rso rs  an d  b e n z o x a z in e  w e re  in v e s tig a te d  b y  
F T IR  te c h n iq u e . T h e  F T IR  sp e c tra  o f  b e n z o x a z in e  p re c u rso rs  an d  b e n z o x a z in e  w e re  
sh o w n  in F ig u re  4 .2 -4 .4 . F ig u re  4 .2  sh o w s  th e  F T IR  sp e c tra  o f  A n il in e -b a se d  
b e n z o x a z in e  p re c u rso r  an d  th e  p o ly b e n z o x a z in e . T h e  c h a ra c te r is t ic  a b so rp tio n  b a n d s  
o f  b e n z o x a z in e  p re c u rs o r  e m e rg e  a t 6 8 0  an d  7 4 0  cm "1 fo r C -H  b e n d in g  an d  r in g  
p u ck e rin g . T h e  sy m m e tr ic  s tre tc h in g  o f  C -O -C  sh o w s  a t 83 3 , 9 4 1 , 1003 an d  1373 
cm "1. T h e  b a n d s  at 1157 a n d  1219 cm "1 d e m o n s tra te  th e  s tre tc h in g  o f  C -N -. F o r  th e  
s tre tc h in g  o f  a ro m a tic  c= c a p p e a rs  a t 1481 an d  1589 c m " '[3 1 ]. T h e  C -O -C  b a n d s  o f  
fu lly  cu red  p o ly b e n z o x a z in e  d is a p p e a r  a n d  g e n e ra te  th e  b ro a d  b a n d  o f  -O H  g ro u p  
a f te r  th e  s te p  cu re . T h e se  re su lts  a re  c o r re sp o n d in g  w ith  th e  s tu d y  o f  T a k e ic h i [3 0 ] , 
su g g e s tin g  th a t th e  p e a k  d is a p p e a ra n c e  is d u e  to the  r in g -o p e n in g  p o ly m e r iz a t io n  o f  
the  b e n z o x a z in e  p re c u rso rs .

4.4.2.2 The Chemical Structure of TEPA-based Benzoxazine 
Precursors and Polybenzoxazines
T h e  F T IR  sp e c tra  o f  T E P A -b a se d  b e n z o x a z in e  p re c u rs o r  an d  

th e  p o ly b e n z o x a z in e  w e re  sh o w n  in F ig u re  4 .3 . T h e  c h a ra c te r is t ic  a b so rp tio n  b a n d s  
o f  b e n z o x a z in e  p re c u rs o r  e m e rg e  a t 7 5 7  an d  811 cm "1 fo r  C -H  b e n d in g  a n d  r in g  
p u ck e rin g . T h e  sy m m e tr ic  s tre tc h in g  o f  C -O -C  p re se n ts  a t 87 2 , 8 9 9 , 1003 an d  1345 
cm "1. T h e  b a n d s  a t 1099 , 1138 an d  1250  cm "1 d e m o n s tra te  th e  s tre tc h in g  o f  C -N -. F o r  
th e  s tre tc h in g  o f  a ro m a tic  c = c  a p p e a rs  a t 1485 , 1585 a n d  1664 c m '1. T h e  C -O -C  
b a n d s  o f  fu lly  c u re d  p o ly b e n z o x a z in e  d is a p p e a r  and  g e n e ra te  the  b ro a d  b a n d  o f  -O H  
g ro u p  a f te r  th e  s te p  cu re  d u e  to  th e  r in g -o p e n in g  p o ly m e r iz a t io n  o f  th e  b e n z o x a z in e
p recu rso rs .
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4 0 0 0  3 5 0 0  3 0 0 0  2 5 0 0  2 0 0 0  1 5 0 0  1 0 0 0  5 0 0
Wavenumber (cm*1)

Figure 4.2  F T IR  sp e c tra  o f  A n il in e -b a se d  b e n z o x a z in e  p re c u rs o r  an d  th e  p o ly - 
b e n z o x a z in e .

4 0 0 0  3 5 0 0  3 0 0 0  2 5 0 0  2 0 0 0  1 5 0 0  10 0 0  500
Wavenumber (cm1)

Figure 4.3 F T IR  spectra o f  T E PA -based  benzoxazine p recursor and the poly-
benzoxazine.
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4.4.23 The Chemical Structure of MDA-based Benzoxazine 
Precursors and Polybenzoxazines
F ig u re  4.4 sh o w s  th e  F T IR  sp e c tra  o f  M D A -b a se d  

b e n z o x a z in e  p re c u rs o r  an d  th e  p o ly b e n z o x a z in e . T h e  c h a ra c te r is t ic  a b so rp tio n  b an d s  
o f  b e n z o x a z in e  p re c u rso r  e m e rg e  a t 748 a n d  802 cm "1 fo r  C-H b e n d in g ’ an d  r in g  
p u c k e rin g . T h e  a b so rp tio n  b a n d s  at 903, 1016 and  1358 cm "1 re la te  to th e  sy m m e tr ic  
s tre tc h in g  o f  C-O-C. T h e  b a n d s  a t 1103-1218 cm "1 d e m o n s tra te  th e  s tre tc h in g  o f  C- 
N -. F o r  th e  s tre tc h in g  o f  a ro m a tic  c=c a p p e a rs  at 1444-1645 cm "1. T h e  C-O-C b a n d s  
o f  fu lly  cu red  p o ly b e n z o x a z in e  d isa p p e a r  an d  g en e ra te  th e  b ro a d  ban d  o f  -OH g ro u p  
a f te r  th e  s te p  cu re  d u e  to  th e  r in g -o p e n in g  p o ly m e riz a tio n  o f  th e  b e n z o x a z in e  
p recu rso rs .

Wavenumber (cm1)

Figure 4.4 F T IR  sp e c tra  o f  M D A -b a se d  b e n z o x a z in e  p re c u rso r  an d  th e  p o ly 
b e n z o x a z in e .

4.4.2.4 The Chemical Structure of Partially Ordered Carbon
T h e  p a r tia lly  o rd e re d  c a rb o n  fro m  b u lk  p o ly b e n z o x a z in e  at 

v a r io u s  p y ro ly s is  te m p e ra tu re s  w e re  e x a m in e d  b y  F T IR , as sh o w n  in  F ig u re  4 .5 . 
E v id e n tly , th e  p a r tia lly  o rd e re d  c a rb o n  o b ta in e d  from  b u lk  p o ly b e n z o x a z in e  rev ea l 
s im ila r  ty p ica l F T IR  c h a ra c te r is t ic  a b so rp tio n  p eak s , i.e ., 7 5 0  cm "1 (m o n o -su b s titu te d  
b e n z e n e  r in g ) , 1200 cm "1 (C -N -C  a sy m m e tr ic  d e fo rm a tio n ) , 1 4 6 0 -1 4 8 0  (te tra -
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su b s titu te d  b e n z e n e  r in g ), an d  1550-1600 (C = C  u n sa tu ra te d  a ro m a tic s , C = N  
u n s a tu ra te d  h e te ro c y c le )  [3 0 , 33-35]. A  d e c re a se  in th e  in te n s ity  o f  a ll o rg an ic  
a b so rp tio n  p e a k s  w as c le a r ly  o b se rv e d , w h e n  th e  p y ro ly sis  te m p e ra tu re  w as 
in c re a se d  fro m  5 0 0  to 1200 cc ,  sp e c if ic a lly , at p y ro ly s is  te m p e ra tu re s  h ig h e r  th an  
800 ° c ,  tw o  a sy m m e tr ic  b ro a d  a b so rp tio n  b a n d s  e x te n d in g  from  1000 to  1600 c m ’1 
can  be  o b se rv e d  [4 5 -4 7 ]. It can  be seen  in the  f ig u re  th a t the  tw o  b a n d s  fro m  the  
p y ro ly z e d  a t 500 ๐c  h av e  m o re  in te n s ity  th a n  th o se  p y ro ly z e d  te m p e ra tu re . T h e se  
b a n d s  a re  g e n e ra l ly  k n o w n  to  re flec t th e  c o a le sc e n c e  o f  th e  v ib ra tio n a l m o d e s  o f  
C=N, C -N , a n d  c= c b o n d s  [36-38], T h e  p re se n c e  o f  th is  b a n d  is s tro n g ly  su p p o rts  
th e  ch e m ic a l c o m p o s itio n  o f  th e  p o ly b e n z o x a z in e  h a v in g  n itro g e n  in c o rp o ra te d  in to  a 
M a n n ic h  b r id g e  w ith in  its  s tru c tu re . M o re o v e r , th e  p a r tia lly  o rd e re d  c a rb o n , w as  
o b ta in e d  fro m  p y ro ly sis  a t 1200 ๐c, sh o w e d  s ig n if ic a n tly  in c re a s in g  in te n s i ty  a t 1080 
cm "1 w h ic h  re la te d  the  in c re a se  o f  C -C  s in g le  b o n d  d u e  to  th e  tr a n s fo rm in g  p a r tia lly  
o rd e re d  c a rb o n .

4 .4 .3  T h e rm a l P ro p e r tie s  o f  B e n z o x a z in e  P re c u rso rs  and  P o ly b e n z o x a z in e s
4.4.3.1 Thermal Properties o f Benzoxazine Precursors

B e n z o x a z in e  p re c u rso rs  w e re  h e a te d  to  p ro d u c e  p o ly b e n 
z o x a z in e  b y  th e  r in g  o p e n in g  p o ly m e riz a tio n  o f  o x a z in e  r in g . D S C  te c h n iq u e  h as  
b e e n  u se d  in o rd e re d  to o b ta in  th e  cu rin g  te m p e ra tu re s  o f  p o ly b e n z o x a z in e . T h e  D S C  
th e rm o g ra m  sh o w s  the  e x o th e rm a l p e a k s  a n d  th e  m id p o in t cu rin g  te m p e ra tu re  as 
sh o w n  in F ig u re  4 .6  an d  c o n c lu d e d  in T a b le  4 .1 . T h e  c u r in g  te m p e ra tu re  o f  B Z - 
M D A  d e c re a se s  ab o u t 20  ° c  w ith  a d d in g  A gN C >3 b e c a u se  it is th e rm a l c o n d u c tiv e  
m a te r ia ls  w h ic h  a llo w  th e  e le c tro n  can flo w  th ro u g h  th e se  m a te r ia ls  d u e  to  th e ir  free  
e le c tro n s . T h e  fu lly  cu red  p o ly b e n z o x a z in e s  w e re  a c h ie v e d  a f te r  h a v e  b een  h ea ted  
fo r  1 h c o r re sp o n d in g  w ith  th e  c o m p le te ly  d isa p p e a re d  e x o th e rm a l p e a k s  o f  p o ly 
b e n z o x a z in e  as sh o w n  in F ig u re  4 .7 . It w a s  s im ila r  re su lt th a t re p o rte d  b y  T a k e ich i 
an d  c o w o rk e r  [3 0 ]. T h e  P B Z -T E P A  h a v in g  m o re  n itro g e n  a to m s in th e  m o le c u le s  
an d  s tro n g e r  H -b o n d in g  n e e d e d  a g re a te r  a m o u n t o f  e n e rg y  fo r th e  r in g  o p e n in g  
p o ly m e r iz a t io n , le a d in g  to  th e  sh ift o f  th e  e x o th e rm ic  p e a k  to  h ig h e r  te m p e ra tu re s  —
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4 0 0 0  3 5 0 0  3 0 0 0  25 0 0  2 0 0 0  1500  1000 500
Wavenumber (cm1) -

Figure 4 .5  FT1R sp e c tra  o f  p a r tia lly  o rd e re d  c a rb o n  b ase d  o n  M D A  w e re  o b ta in e d  
b y  p y ro ly s is  a t 5 0 0 , 8 0 0  an d  1200  ๐c .

b e c a u se  th e ir  s tro n g  in te r-  an d  in tra -h y d ro g e n  b o n d in g  w h e n  c o m p a re d  w ith  P B Z : 
M D A  an d  P B Z -A n ilin e  [3 9 ] , D esp ite  th e  a fo re m e n tio n e d  a d v a n ta g e s  o f  
p o ly b e n z o x a z in e s , th e  c ro s s lin k in g  d en s itie s  o f  th e ir  n e tw o rk s  are  c o n s id e re d  to  be 
r a th e r  lo w  b e c a u se  o f  in te n s iv e  h y d ro g en  b o n d in g  re s tr ic tin g  seg m e n ta l m o b ili ty  and  
h e n c e  h in d e rin g  n e tw o rk  e x te n s io n . F o r a n ilin e -b a se d  b e n z o x a z in e , the  b e n z e n e  ring  
th a t is a tta c h e d  to  th e  n itro g e n  a to m  has d e lo c a l iz e d  e le c tro n s , c a u s in g  th e  e le c tro n  
c lo u d  a ro u n d  th e  n itro g e n  a to m  to  be  lo w er c o m p a re d  to th e  cy c lo h e x y l g ro u p . T h u s , 
th e  n itro g e n  a to m  o f  the  P B Z -A n ilin e  c o m p o u n d  sh o u ld  h a v e  w e a k e r  h y d ro g e n  
b o n d in g  to  th e  O -H  g ro u p s  c o m p a re d  to  P B Z -T E P A . H o w e v e r, in th e  h y d ro g e n  
b o n d e d  s tru c tu re , th e  n itro g e n  w ill h av e  a p a r tia l p o s itiv e  c h a rg e , an d  in  th e  ca se  o f  
a n i l in e -b a s e d  p o ly b e n z o x a z in e , th e  d e lo c a liz e d  e le c tro n s  in  th e  b e n z e n e  r in g  can 
s ta b il iz e  the  n itro g e n  an d  th u s  th e  hy d ro g en  b o n d  is m o re  s ta b le  in  th e  P B Z -A n ilin e  
[4 0 -4 1 ] , T h e  P B Z -A n ilin e  is 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 
l in 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  th e  o rd e re d  o f  5 0 0 -2 0 0 0  
D a  [42 ], 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  are  p re c u rso rs  fo r
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po lybenzoxazine  show  lim ited  usefu lness as structural m aterials. H ow ever, they
m ight be usefu l as reactive  d iluents to facilita te  the processing [43].

Temperature (°C)

Figure 4 .6  D S C  th e rm o g ra m s  o f  b e n z o x a z in e  p re c u rso rs .

Figure 4 .7  D S C  th e rm o g ra m  o f  fu lly  c u re d  p o ly b e n z o x a z in e .
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Table 4.1 T h e  c u r in g  te m p e ra tu re s  o f  b e n z o x a z in e  p re c u rso rs

Benzoxazine precursor Curing temperature (๐C)
B Z -T E P A 2 6 0

B Z -A 245
B Z -M D A 235

B Z - M D A -A g N 0 3 2 1 7

4.4.3.2 Thermal Properties of Polyhenzoxazines
T h e  e x p e c tio n  o f  the  in c re a s in g  d e v o la til iz a tio n  w ith  

te m p e ra tu re  w as re p o re d  b y  L u  an d  c o lle a g u e s  [44], T h e  w e ig h t lo ss  is m a in ly  d u e  to  
th e  d ry in g  an d  d e v o la ti l iz a tio n  u p o n  h e a tin g  in an  in e r t a tm o sp h e re . It is seen  th a t th e  
w e ig h t lo ss  in c re a se s  w ith  te m p e ra tu re  w h ic h  in d ic a te  th a t th e  y ie ld  o f  th e  c h a r  
d e c re a se s  w ith  in c re a s in g  te m p e ra tu re . T h e  th e rm a l p ro p e rtie s  o f  p o ly b e n z o x a z in e  
w e re  e x a m in e d  b y  T G A  te c h n iq u e  u n d e r  n itro g e n  a tm o sp h e re . T h e  T G A  th e rm o g ra m  
w as sh o w n  in F ig u re  4 .8  an d  sh o w s  th e  d e c o m p o s itio n  te m p e ra tu re s  o r  o n s e t 
te m p e ra tu re s  in o rd e re d  to  re la te  th e  p y ro ly z e d  te m p e ra tu re  th a t  w as  u s e d  to  
tra n s fo rm  p o ly b e n z o x a z in e  to  c a rb o n . T h e  d e c o m p o s itio n  te m p e ra tu re s  an d  c h a r  
y ie ld s  a t 7 0 0  ๐c  w e re  s u m m a riz e d  in  T a b le  4 .2 . A s can  be  se e n , T E P A -b a s e d  
p o ly b e n z o x a z in e s  a c h ie v e  the  lo w e s t c h a r  y ie ld  b e c a u se  th e y  a lm o s t c o m p o se  o f  
a lip h a tic  p a r ts  w h ic h  w e  co u ld  no t o b ta in  the  char. M o re o v e r , th e  o n se t te m p e ra tu re  
o f  P B Z -M D A  w a s  h ig h e r  th an  P B Z -A  d u e  to  th e  d ia ro m a tic  a m in e  -of M D A -b a s e d  
p o ly b e n z o x a z in e .

Table 4.2 T h e  d e c o m p o s itio n  te m p e ra tu re s  p o ly b e n z o x a z in e s

Polyenzoxazine Onset temperature (๐C) Char yield (%)
P B Z -T E P A 24 0 2 0

P B Z -A 322 4 6
P B Z -M D A 35 6 4 6

P B Z -M D A -A g N C b 345 . 56
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H o w ev er, its c h a r  y ie ld  as sam e  as th e  P B Z -A . T h is  is 
b e c a u se  A - an d  M D A -b a se d  p o ly b e n z o x a z in c  a re  s lig h tly  d if fe re n t s tru c tu re . T h e  
d e c o m p o s itio n  te m p e ra tu re  o f  P B Z -M D A  d e c re a se d  a ro u n d  10 ๐c  w ith  lo a d in g  
A gN C >3 b e c a u se  A g N C >3 is th e rm a l c o n d u c tiv e  m a te r ia l w h ich  can  in d u ce  th e  h e a r t  to  
su rro u n d  m a te r ia ls . A s  a re su lt o f  a d d in g  10 w t%  A g N 0 3, th e  c h a r  y ie ld  o f  A g N 0 3- 
lo a d e d  P B Z -M D A  in c re a se d  10%  fro m  u n lo a d in g  AgNC>3.

T e m p  er  a h  11 e  (๐ c  )

Figure 4 .8  T G A  th e rm o g ra m  o f  p o ly b e n z o x a z in e s .

4 .4 .4  C ry s ta l l in e  S tru c tu re  o f  P a rtia lly  o rd e re d  c a rb o n
4.4.4.1 The Crystalline Structure of Activated Carbon and Partially 

Ordered Carbon derived from MDA-based Polybenzoxazine 
P a rtia lly  o rd e re d  c a rb o n s  h a v e  b een  p re p a re d  fro m  fu lly  

c u re d  p o ly -b e n z o x a z in e  th o u g h  th e  p y ro ly s is  a t 5 0 0 , 80 0  an d  1200  °c w ith  h e a t in g  
ra te  2 ๐c  p e r  m in u te  an d  u n d e r  N 2 w ith  f lo w  ra te  5 0 0  c m 3 p e r  m in u te . T o  c o n s id e r  
the  c ry s ta llin e  s tru c tu re  o f  p a r tia lly  o rd e re d  c a rb o n , th e  X R D  te c h n iq u e  w as  u s e d  to  
ca rry  o u t th e  re f le c tio n  p e a k s  as sh o w n  in F ig u re  4 .9 . T h e  X R D  p a tte rn  o f  th e  
p a r tia lly  o rd e re d  c a rb o n s  sh o w s b ro a d  p e a k s  at 2 0  =  2 3 ° , 4 3 °  a n d  80 °. T h e  d -sp a c in g , 
c a lc u la te d  b y  B ra g g ’s e q u a tio n , c o r re sp o n d s  to  th e  in te r la y e r  sp a c in g  (๔002) a n d  th e
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s ta c k in g  h e ig h t ( I c ,002)  o f  g ra p h itic  c a rb o n  m a te r ia l [ 4 5 - 4 9 ] .  T h e ir  d iff ra c tio n  p e a k s  
as a c c o rd a n c e  w ith  th e  tu rb o s tra tic  s tru c tu re  [50 ], T h e  lo c a te d  d iffra c tio n  p e a k s  at 
4 3 °  a rise  fro m  th e  o rd e re d in g  o f  c  a to m s  in s id e  th e  g ra p h e n e  layers. T h e  g ra p h e n e  
la y e rs  w ith in  a tu rb o s tra tic  s tru c tu re  can  be  c o n s id e re d  as in d iv id u a l tw o -d im e n s io n a l 
c ry s ta llite s  b u ilt u p  o f  h ex ag o n a l tw o -d im e n s io n a l u n it c e lls  an d  w ith  th e  in -p la n e  
s ize  eq u a l to  th e  lay e r d iam e te r. T h e  m a x im u m  c o rre sp o n d in g  to the  d iff ra c tio n  
p e a k s  a t 23° sh o w s  th a t g ra p h e n e  sh e e ts  are  a lre a d y  fo rm e d  a n d  o rg a n ise d  as p a ra lle l 
lay e rs  sp a c e d  at a r e la tiv e ly  w e ll-d e f in e d  in te rp la n a r  d is ta n c e  (๔ 002)  [ 5 1 ] .

F o llo w in g  th e  p y ro ly z e d  te m p e itu re  a t 5 0 0 , 80 0  a n d  12 0 0  ° c  
-  all re su lt in g  c o n d u c tiv e  m a te r ia ls  a re  o f  a m o rp h o u s  s ta te  b y  a p p e a rin g  o f  an y  b ro ad  

p e a k s  re c o rd e d  in th e ir  X -ra y  d iff ra e to g ra m s . T h e ir  fo re ig n  a to m s  such  as o x y g e n  
an d  n itro g e n  w e re  c o m p le te ly  d isa p p e a re d  fro m  p o ly b e n z o x a z in e  w ith  in c re a s in g  
p y ro ly z e d  te m p e ra tu re . E sp ec ia lly , th e  p y ro ly zed  te m p e rtu re  a t 1200 ๐c  re su lts  in 
e n tire  g ra p h itiz a tio n  o f  the  m a te r ia ls  and  d e c re a se s  th e  d iff ra c tio n  p eak s  at 2 3 °  d u e  to 
e ith e r  m o re  p a c k in g  o f  in te rp la n a r  o r less  in te rp la n a r  d is ta n c e . M o re o v e r , th e  
d iff ra c tio n  p e a k s  o f  th e  p a rtia l g ra p h ite  w e re  a p p e a re d  w h e n  th e  p y ro ly z e d  
te m p e ra tu re  o f  a c tiv a te d  ca rb o n  u p  to  80 0  ๐c .  T h e  in c re a se  o f  th e  d iffra c tio n  p e a k s  at 
4 3 °  c a u se s  to re d u c e  th e  tu rb o s tra tic  s tru c tu re . T lju s , the  p o ly m e rs  go  th ro u g h  c ry s ta l 
s tru c tu re  c h a n g e s  to w a rd s  th e  c ry s ta l s tru c tu re  o f  g ra p h ite  as the  p y ro ly s is  
te m p e ra tu re  in c re a se s  as th e  in F ig u re  4 .9 -4 .1 0  [52],

4.4.4.2 The Crystalline Structure of Partially Ordered Carbon 
derived from Various Types Amine Polybenzoxazine and 
Pyrolyzed at 500 and 800 °c
T h e  x -ra y  d iff ra c to g ra m s  o f  p a r tia lly  o rd e re d  c a rb o n  d e r iv e d  

fro m  v a r io u s  ty p e s  o f  am in e  a n d  p y ro ly z e d  at 5 0 0  ๐c  w e re  sh o w n  in F ig u re  4 . 1 1 .  

T h e  p a r tia lly  o rd e re d  ca rb o n  d e r iv e d  fro m  A - an d  T E P A -b a s e d  p o ly b e n z o x a z in e  
sh o w  less o rd e re d  th an  M D A - b a se d  p o ly b e n z o x a z in e  w ith  c o r re sp o n d  the  
d if f ra c tio n  p e a k s  a t 23°. D u e  to the  c h e m ic a l s tru c tu re  o f  a n i l in e -b a s e d  
p o ly b e n z o x a z in e  w a s  p rep a red  m o n o -fu n c tio n a l b e n z o x a z in e s  ty p ica lly  r e 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  th e  o rd e re d  o f  5 0 0 -2 0 0 0
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D a [4 2 ]. an d  T E P A -b a s e d  p o ly b e n  z o x a z in e  w as  a lip h a tic  s tru c tu re  w h ic h  is less 
o rd e re d  s tru c tu re  a n d  tra n s fo rm e d  to  lo w e s t p a r tia lly  o rd e re d  c a rb o n  du e  to  th e  re su lt

0 2 0  4 0  6 0  8 0  10 0

Dl'iffr action Angle 12-til eta)

Figure 4.9 X R D  sp e c tra  o f  p a r tia lly  o rd e re d  c a rb o n  d e riv e d  f ro m  M D A -b a se d  p o ly - 
b e n z o x a z in e  w ith  v a r io u s  p y ro ly z e d  te m p e ra tu re .

Figure 4.10 X R D  sp e c tra  o f  a c tiv a te d  c a rb o n  d e r iv e d  from  M D A -b a se d  p o ly b e n -  
z o x a z in e  w ith  v a r io u s  p y ro ly z e d  te m p e ra tu re .
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Figure 4.11 X R D  sp e c tra  o f  p a r tia lly  o rd e re d  c a rb o n  d e riv ed  fro m  v a r io u s  ty p es  o f  
a m in e  a n d  p y ro ly zed  a t 500 °c.

from  a lip h a tic  s tru c tu re . M o re o v e r , th e  a lip h a tic  s tru c tu re  in T E P A  h as a lo n g  c h a in , 
its tra n fo rm in g  o f  c h a in  c a n  n o t p a c k  w ell. In o rd e re d  to  o b ta in  c h a r  y ie ld , th e  
ch e m ic a l s tru c tu re  m u s t b e  six  m e m b e r  r in g  o r  a ro m a tic . T h e  M D A - b ased  
p o ly b e n z o x a z in e  sh o w e d  h ig h e r  o rd e re d  b e c a u se  o f  its  a ro m a tic . T h e  in c re a se d  
in te n s itie s  o f  all p a r tia lly  o rd e re d  c a rb o n  d e riv ed  fro m  v a rio u s  ty p es  o f  a m in e  an d  
p y ro ly z e d  a t 80 0  ๐c  re su lt in g  in the  d iffra c tio n  p e a k s  a t 2 3 °  in c re a se d  as sh o w n  in 
F ig u re  4 .1 2  o w in g  to in c re a se  the  p y ro ly z e d  te m p e ra tu re .

A c c o rd in g  to th is  X R D  c h a ra c te r iz a tio n , it can  b e  in fe rre d  
th a t th e  r e su lt in g  ca rb o n  p re p a re d  in th is  s tu d y  w as  p a r tia lly  c ry s ta llin e , b u t h ad  less  
c ry s ta l lin ity  th an  g ra p h ite . M o re o v e r , the  o rd e re d  s tru c tu re  o f  th e se  c a rb o n s  
s ig n if ic a n tly  in c reases  w ith  te m p e ra tu re . E sp e c ia lly , th e  p a r tia lly  o rd e re d  c a rb o n s  
d e riv e d  f ro m  M D A -b a se d  p o ly b e n z o x a z in e  e x h ib ite d  the  s ig n if ic a n tly  in c re a s in g  
o rd e re d  s tru c tu re  due to  th e  p ro m o tin g  o f  th e irs  c h e m ic a l s tru c tu re s  w h ic h  c o n s is t o f  
the  p a c k in g  o f  a ro m a tic  o f  p h e n o l an d  M D A .
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Figure 4.12 X R D  sp e c tra  o f  p a r tia lly  o rd e re d  c a rb o n  d e riv e d  fro m  v a r io u s  ty p e s  o f  
a m in e  a n d  p y ro ly z e d  a t 8 0 0  ° c .

4 .4 .5  S u rface  A re a  A n a ly s is  o f  P a rtia lly  O rd e re d  C arb o n  a n d  A c tiv a te d  -
C arb o n
T h e  c h a ra c te r is t ic s  o f  p o re  s tru c tu re  o f  p a r tia lly  o rd e re d  c a rb o n  a n d  

a c tiv a te d  c a rb o n  such  a s  su rfa c e  a rea , to ta l p o re  v o lu m e  and  a v e ra g e  p o re  d ia m e te r  
w e re  in v e s tig a te d  by  a d so rp tio n  an d  d e so rp tio n  n itro g e n  and  o u ta tm o sp h e re  s a m p le  
at 2 5 0  ° c  an d  s u m m a riz e d  in T a b le  4 .3 . T h e  B E T  su rfa c e  a rea  o f  b o th  p a r tia lly  
o rd e re d  c a rb o n  and  a c tiv a te d  c a rb o n  in c re a se s  an d  p o re  d ia m e te r  d e c re a se s  w ith  
in c re a s in g  p y ro ly z e d  te m p e ra tu re  fro m  5 0 0  to 800 ° c  b e c a u se  th e  fo rm a tio n  o f  sm a ll 
p o re s  fo r  th e  re m o v a l o f  l ig h t m o le c u le s  an d  a tm o sp h e re e s  d u rin g  p y ro ly s is  [4 7 ]. In 
case  o f  a c tiv a te d  c a rb o n , th e  p o re  d ia m e te rs  a re  s im ila r ly  s ize  b e c a u se  c a rb o n  d io x id e  
a tm o sp h e re  ac ts  ac w e a k  a c id  an d  e ro d e s  th e  su rfa c e  o f  p a r tia lly  o rd e re d  ca rb o n . 
W h e n  th e  p y ro ly z e d  te m p e ra tu re  is o v e r  80 0  ° c  c a u s in g  in the  d e c re a se  o f  su rfa c e  
a rea  c o u ld  b e  du e  to  th e  sh r in k a g e  o f  the  p o res  an d  p a c k in g  o f  c a rb o n  [53 ]. 
M o re o v e r , th e  in c re a s in g  o f  p o re  d ia m e te r  du e  to  th e  c re a tin g  la rg e r  p o re  from  th e  
sh r in k a g e  o f  sm a ll p o re  a n d  a h ig h e r  te m p e ra tu re  c au ses  m ic ro p o re s  to w id e n  
b e c a u se  it d e s tro y s  the  w a lls  b e tw e e n  a d ja c e n t p o re s  [54],



43

T h e  a c tiv a te d  c a rb o n  sh o w e d  th e  s ig n if ic a n tly  in c re a s in g  su rfa c e  a rea  
an d  to ta l  p o re  v o lu m e  c o m p a rin g  w ith  p a r tia lly  o rd e re d  carbon . T h e  a c tiv a tio n  o f  
p a r tia lly  o rd e re d  c a rb o n  w ith  C O 2 m u s t h a v e  in v o lv e d  th e  C - C O 2 re a c tio n  [55]. T h is  
w o u ld  le a d  to  th e  re m o v a l o f  c a rb o n  a to m s  an d  a lso  cau se  th e  b u rn -o ff , th e re fo re  
c o n tr ib u tin g  to  th e  d e v e lo p m e n t o f  m ic ro p o re  s tru c tu re . T w o  e f fe c ts  w h ic h  a re  
v o la t i le  m a te r ia l lo ss  a n d  C - C O 2 re a c tio n  te n d  to  in c re a se  m ic ro p o re  v o lu m e  an d  
su rfa c e  a re a  [56].

Table 4.3 C h a ra c te r is t ic s  o f  p o re  s tru c tu re  o f  p a r tia lly  o rd e red  c a rb o n  an d  a c tiv a te d  
c a rb o n

Chemical
Surface

area
(m2/g)

Total pore 
volume
(cm3/g)

Micropore
volume
(cm3/g)

Micropore
fraction

( % )

Average pore 
diameter 

(nm)
N C -M D A  50 0 12 .06 1 .16 x 1 0 2 '  2 .9 6 x 1 0"3 26 3 .84
N C -M D A  800 4 8 .7 2 1.58x1 O'2 4 .6 0 x 1 0"3 29 1.30

N C -M D A  1200 6 .3 4 6 .6 2 x 1 0 '3 1 .6 1 x 1 0"3 24 4 .18
A C -M D A  500 3 2 1 .0 0 1 .74x 10 " ' 1 .67x10"' 96 2 .17
A C -M D A  800 4 6 6 .2 0 2 .4 8 x 1 0 " ' 2 .4 3 x 1 0 " ' 98 2 13

A C -M D A  1200 2 5 .4 4 2 5 7 x l0 " 2 9 .0 3 x 1 0"3 35 4 .0 4

4 .4 .6  T h e  E le c tr ic a l  C o n d u c tiv it ie s  o f  P a rtia lly  O rd e re d  C a rb o n  an d  
A c tiv a te d  C a rb o n
T h e  e le c tr ic a l  c o n d u c tiv it ie s  o f  p a r tia lly  o rd e re d  c a rb o n  an d  a c tiv a te d  

c a rb o n  w ith  v a r io u s  p y ro ly z e d  te m p e ra tu re  as s h o w n  in F ig u re  4 .1 2 . In ca se  o f  
p a r tia lly  o rd e re d  c a rb o n , th e  e le c tr ic a l c o n d u c tiv it ie s  in c re a se d  g re a tly  w ith  
in c re a s in g  th e  p y ro ly z e d  te m p e ra tu re  f ro m  500  to  8 0 0  ° c  and  c o n tin u o u s ly  in c re a se d  
w h e n  th e  p y ro ly z e d  te m p e ra tu re  h as  r isen  to  12 00  ๐c  [52, 5 7 -6 0 ] . T h is  is th e  
e le c tr ic a l c o n d u c tio n  m e c h a n ism  is th e  h o p p in g  o f  ca rrie rs  th ro u g h  th e  c a rb o n  
“ is la n d ” to  th e  n e x t a ro m a tic  r in g  [52 ], M o re o v e r , th e  p y ro ly sis  g o e s  c o n tin u o u s ly  a t 
h ig h e r  te m p e ra tu re  w ith  a c o n tin u o u s  n e tw o rk  o f  a ro m a tic  ring s c re a te s  w ith in  an  
a m o rp h o u s  c a rb o n  m a tr ix  w h ic h  is fo rm e d  du e  to  a  p ro g re ss iv e  c a rb o n iz a t io n  a m o n g  
th e  r in g  sy s te m s  an d  e n h a n c e s  th e  s iz e  o f  th e  c o n d u c tiv e  fu sed  r in g s  a llo w in g  e le c tr ic  
c u r re n t to  f lo w  lo n g e r  d is ta n c e s  w ith in  th e  in d iv id u a l c o n d u c tiv e  s p e c ie s  [57].
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Figure 4.13 T h e  e le c tr ic a l c o n d u c tiv it ie s  o f  p a r tia lly  o rd e re d  c a rb o n  an d  a c tiv a te d  
c a rb o n  w ith  v a r io u s  p y ro ly z e d  te m p e ra tu re .

T h e  in c re a s in g  e le c tr ic a l c o n d u c tiv it ie s  o f  a c tiv a te d  c a rb o n s  w h ic h  
w ere  p y ro ly z e d  a t 5 0 0  an d  80 0  ๐c  d u e  to  th e  a c tiv a te d  te m p e ra tu re  a t 9 0 0  ° c  as th e  
sam e  re su lt  th a t the  h ig h e r  te m p e ra tu re  as a re su it o f  th e  c re a tin g  c o n tin u o u s  n e tw o rk  
o f  a ro m a tic  r in g s . O n  th e  o th e r  h a n d , th e  c o n d u c tiv ity  o f  th e  a c tiv a te d  ca rb o n , w a s  
p y ro ly z e d  a t 1200  ๐c ,  w a s  d e c re a se d  s lig h tly  c o m p a rin g  w ith o u t a c tiv a tin g  p ro c e ss . 
B e c a u se  a c tiv a t in g  p ro c e s s  has in c re a se d  th e  su rfa c e  a re a  and  m ic ro p o re  v o lu m e  as 
sh o w n  in  T a b le  4 .3  an d  re su lt in th e  in c re a se  o f  th e  e le c tr ic a l c o n d u c tiv ity  o w in g  to  
the  c re a te d  m ic ro p o re  as b a rr ie rs  w h ic h  p re v e n t th e  -carry ing  e le c tro n s  th ro u g h  the  
c a rb o n  to  th e  n e x t a ro m a tic  rin g . F u r th e rm o re , th e  c o m p re ss io n  p re ssu re  an d  
p y ro ly z e d  te m p e ra tu re  re su lt in th e  in c re a se  o f  th e  e le c tric a l c o n d u c tiv it ie s  o f  
p a r tia lly  o rd e re d  c a rb o n  d u e  to th e  s p : c a rb o n  s tru c tu re s  m u s t b e  se p a ra te d  to  a llo w  
an y  c o n d u c tio n  p a th  b e tw e e n  th ese  re g io n s  [61]. T h e  e lec trica l c o n d u c tiv ity  w a s  
in c re a se d  d u e  to  th e  p a r tia lly  o rd e re d  c a rb o n  w ill b e  b re a k in g , re fo ld in g  in to  m o re  
d e n se  p a c k in g  fo rm in g  c lo s e r  c o n ta c ts  b e tw e e n  d if fe re n t p a r tic le s  u n d e r  c o m p re s s io n  
p re ssu re  [6 2 ],
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Conclusions

P a rt ia lly  o rd e re d  c a rb o n  w a s  su c c e s s fu l ly  p re p a re d  b y  p y ro ly s is  p ro c e ss  an d  
d e riv ed  f ro m  v a r io u s  ty p e s  a m in e  p o ly b e n z o x a z in e . A  s o lv e n tle s s  m e th o d  w as  u se d  
to  sy n th e s iz e  b e n z o x a z in e  p re c u rso rs , th e n  w e re  c u re d  in o rd e re d  to o b ta in  
c o m p le te ly  c u re d  p o ly b e n z o x a z in e . T h e  p a r tia lly  o rd e re d  c a rb o n s  w e re  p a r tia lly  
c ry s ta llin e  b u t h a d  less  c ry s ta llin ity  th a n  g ra p h ite . M o re o v e r , th e  o rd e re d  s tru c tu re  o f  
th ese  c a rb o n s  s ig n if ic a n tly  in c re a se s  w ith  te m p e ra tu re . T h e  e le c tr ic a l c o n d u c tiv it ie s  
in c reased  g re a tly  from  s e m i-c o n d u c tiv e  to  c o n d u c tiv e  m a te r ia ls . T h e  a c tiv a te d  
c a rb o n  s h o w e d  th e  s ig n if ic a n tly  in c re a s in g  su rfa c e  a re a  an d  to ta l p o re  v o lu m e  
c o m p a rin g  w ith  p a r tia lly  o rd e re d  c a rb o n . W h e n  th e  p y ro ly z e d  te m p e ra tu re  is o v e r  
800  ๐c  c a u s in g  in  the  d e c re a se  o f  su r fa c e  a rea  c o u ld  be  d u e  to  th e  sh r in k a g e  o f  th e  
p o re s  an d  p a c k in g  o f  c a rb o n . T h e  h e a t- tre a te d  p a r tia lly  o rd e re d  c a rb o n  w a s  
e m p h a s iz e d  in c o n d u c tiv e  m a te r ia ls  fo r  e le c tro n ic  d e v ic e s .
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