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PREPARATION OF AMORPHOUSLIKE CARBONS BY PYROLYSIS OF 
O R G A N I C  COMPOUNDS A N D  THEIR MAGNETIC PROPERTIES 

H I R O B U M I  USHIJIMA, KAZUHISA M U R A T A ,  * HISASHI U E D A .  a n d  
KENJI K A W A G U C H I  
N a t i o n a l  C h e m i c a l  L a b o r a t o r y  f o r  I n d u s t r y ,  T s u k u b a ,  I b a r a k i  
305 J a p a n  

A b s t r a c t  The p y r o l y s i s  o f  o r g a n i c  c o m p o u n d s  were c a r r i e d  
ou t  a n d  t h e  m a g n e t i c  p r o p e r t i e s  o f  t h e  o b t a i n e d  c a r b o n s  were 
i n v e s t i g a t e d .  P o l y m e r - d e r i v e d  c a r b o n s ,  p e r f o r m e d  a s  a pre- 
l i m i n a r y  s t u d y ,  s t i l l  seem t o  b e  o f  p a r a m a g n e t i c  n a t u r e ,  
a l t h o u g h  t h e  c a r b o n s  s h o w e d  h y s t e r e s i s  e v e n  a t  room tempera- 
t u r e .  N e x t ,  t h e  p y r o l y s i s  o f  o r g a n i c  monomers  was t r i e d  a n d  
i t  is f o u n d  t h a t  t h e r e  a r e  s o m e  d i f f e r e n c e s  i n  m a g n e t i c  
n a t u r e s  b e t w e e n  monomer-  a n d  p o l y m e r - d e r i v e d  c a r b o n s .  An 
a m o r p h o u s - l i k e  c a r b o n ,  a s s o c i a t e d  w i t h  t h e  o b s e r v e d  m a g n e t i c  
p r o p e r t i e s ,  c o u l d  h a v e  a t h r e e - d i m e n s i o n a l  n e t w o r k  s t r u c t u r e  
c o n s i s t i n g  of b o t h  s p 3 -  a n d  s p 2 - c a r b o n s .  T h i s  i s  c o n s i s t e n t  
w i t h  t h e  r e s u l t s  o b t a i n e d  f r o m  m e a s u r e m e n t s  s u c h  a s  s c a n n i n g  
t u n n e l l i n g  microscopy,  FTIR a n d  X-ray p h o t o e l e c t r o n  s p e c t r o -  
s c o p y  a n d  a m e c h a n i s m  o f  t h e  c a r b o n  f o r m a t i o n  is d i s c u s s e d .  

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

R e c e n t l y  t h e r e  h a s  b e e n  a g r o w i n g  i n t e r e s t  i n  n o n - m e t a l l i c  o r e a n -  

i c  m a g n e t i c  ma te r i a l s  e x h i b i t i n g  a s p o n t a n e o u s  M a g n e t i z a t i o n  a t  

room t e m p e r a t u r e . '  Of t h e s e ,  s u b s t a n c e s  p y r o l y z e d  a t  a tempera- 

t u r e  of c a . 9 5 0 ' C  c o u l d  p r o v i d e  s u i t a b l e  c o m p o u n d s  f o r  i n v e s t i g a t -  

i n g  t h e i r  m a g n e t i c  p r o p e r t i e s  b e c a u s e  of  t h e  many u n p a i r e d  e l ec -  

t r o n s  i n  a n  i n c o H p l e t e  g r a p h i t e  s t r u c t u r e . 2  I n  t h i s  s t u d y ,  a t -  

tempts  h a v e  b e e n  made t o  s y n t h e s i z e  c a r b o n - b a s e d  m a g n e t s  b y  p y r o -  

l y s i s  o f  o r g a n i c  p o l y m e r s  a n d / o r  monomers .  

THE PRINCIPLE FOR PREPARATION OF PYRO-CARBONS 

An a m o r p h o u s  c a r b o n  is a k e y  s t r u c t u r e .  Great  a t t e n t i o n  m u s t  b e  

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

of  p y r o l y s i s  is a s  f o l l o w s :  1 ) I t  is n e c e s s a r y  t o  i n t r o d u c e  s t a r t -  
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i n g  m a t e r i a l s  d i r e c t l y  i n t o  a preheated r eac t ion  tube and a s h o r t  

r e a c t i o n  t ime ( c a . 4 5  w i n )  i s  favorable .  2)The s t r u c t u r e  of t he  

s t a r t i n g  m a t e r i a l s  i s  important.The n i t rogen-conta in ing  compounds 

w i t h  a h i g h  r a t i o  of hydrogen t o  carbon a r e  favorable .  

Pre l iminary  Reaction - Pyro lys i s  of  Polymers 

As a pre l iminary  s t u d y ,  py ro lys i s  of polymers was c a r r i e d  o u t  a t  

100OC f o r  2 4  h under an argon stream.The f i e l d  dependence of t h e  

magnet izat ion of carbon compounds ( P V C / C ) ,  prepared from commer- 

c i a l l y  a v a i l a b l e  poly(v iny1  c h l o r i d e )  (PVC) premixed w i t h  a c t i v a t -  

ed carbon,  showed h y s t e r e s i s  l o o p s  even a t  room temperature .  The 

apparent  s a t u r a t i o n  magnet izat ion (Ms) was ca .0 .27  emuG/g (1 emu 

= l o 3  A / m )  and t h e  coerc ive  fo rce (Hc)  was 6 4  Oe(1 Oe= ca .80  A / D ) .  

However, t h e  ESR s p e c t r a  showed only t h e  usual  A m s  = f l  s i g n a l ,  

a s  a Dysonian-shape without hyper f ine  s t r u c t u r e s ,  a l though t h e  8- 

value f o r  t h e  A m s =  f l  s i g n a l ( g  = 2.0022) could sugges t  t h a t  t h e  

s p i n s  a r e  a sc r ibed  t o  carbon. No forbidden A m s  = + 2  s i g n a l  was 

observed even a t  77 K. The temperature  dependenceof the magnetic 

s u s c e p t i b i l i t y  ( x  1 ,  Measured u s i n g  a SQUID susceptometer ,  showed 

a p o s s i b l e  l i n e a r  r e l a t i o n  between 1 / x  and temperature ,  approxi -  

0 40 80 120 
TI K 

FIGURE 1 Temperature dependence of  s a t u r a t i o n  magnet izat ion 

of a carbon s a i p l e  prepared from PVC/activated carbon. 
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PREPARATION OF AMORPHOUSLIKE CARBONS BY PYROLYSIS [7 1311353 

a a t e l y  pass ing  through the  o r i g i n  ( x  = C / T ,  C :  Curie  c o n s t a n t )  

(F igu re  1 ) .  A s s u m i n g  S = 1/2 ,  t he  es t imated  s p i n  dens i ty  ( N )  is 

c a l c u l a t e d  a s  7.  5 X 1 0 1 9  s p i n s / g  (Table 1 ) .  That t he  observed x 
value obeys C u r i e ' s  law c o u l d  be i l l u s t r a t i v e  of  pa raeagne t i sn .3  

N 
c = ---S(S+l)g2 B * 

3k 

T h u s ,  i t  seems l i k e l y  t h a t  a major po r t ion  of  t he  sample i s  s t i l l  

paramagnet ic ,  a l though t h e r e  m i g h t  be unusual h i g h  s p i n  micro- 

r eg ions  i n  smal l  po r t ions  o f  t h e  sample, s i n c e  an apparent  h y s -  

t e r e s i s  loop was observed from VSM measurements of t h e  f i e l d  de- 

pendence of t h e  magnet izat ion . 

T A B L E  I Comparison of ESR a n d  SQUID da ta .  

ESRa SQUID 

A H p p  g-value Nsb C C  Ncd 
(Gauss) ( s p i n s .  g -  1 (emu. K .  g - '  1 ( s p i n s .  g - '  1 

P V C / C  5 .25  2 .  0 0 2 2  4 . 9 ~ 1 0 ' ~  4 .  6 6 ~ 1 0 . ~  7 . 8 ~ 1 0 "  

a ) A t  room t empera ture .  b)Curie- type s p i n  concen t r a t ion .  
c )  T h e  Curie  cons t an t .  d )  S p i n  concent ra t ion .  

P y r o l y s i s  of monomers 

As s t a r t i n g  m a t e r i a l s  c o n s i s t e n t  w i t h  t he  p r i n c i p l e  mentioned 

above, a l i p h a t i c  amine monomers were chosen. Typica l ly ,  p y r o l y s i s  

was c a r r i e d  out  i n  a furnace  equipped w i t h  a qua r t z  t u b e .  Commer- 

c i a l l y  a v a i l a b l e  1,2-diaminopropane ( D A P )  (H/C r a t i o  = 3 .33)  was 

s e p a r a t e l y  placed i n  t h e  qua r t z  tube and heated t o  950'C under 

vacuum. Then, t he  DAP was introduced and r ap id ly  pyrolyzed:  The 

depos i t i on  and subsequent  evacuat ion t imes a t  950'c were 45 and 

30 m i n .  Af te r  coo l ing  t h e  tube ,  t h e  carbon p r o d u c t  was taken out  

and sub jec t ed  t o  magnetic measurements. 

The r e s u l t s  were a s  fo l lows :  1)The f i e l d  dependence of t h e  

magnetization(M) exh ib i t ed  an apparent  h y s t e r e s i s  a t  room temper- 

a t u r e  w i t h  a coe rc ive  f i e l d  of 43G(Figure 2 ) ;  t he  s a t u r a t i o n  mag- 

n e t i z a t i o n  (Ms) was f o u n d  t o  be c a . 9 . 2  emuG/g, almost 30 t imes  

h igher  than  those  of t h e  polymer-derived carbons.  2)The tempera- 
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OD E 
0 
a 
m 

rn .- .A 

-6  -4  - 2  0 2 4 6 
Field H l K O e  

FIGURE 2 F i e l d  d e p e n d e n c e  of  

m a g n e t i z a t i o n  o f  c a r b o n s  

p r e p a r e d  f r o m  p y r o l y s i s  o f  

1 , 2 - d i a m i n o p r o p a n e .  

t u r e  d e p e n d e n c e  o f  t h e  ma - 

n e t i z a t i o n  showed a non-  

Curie-Weiss b e h a v i o r .  The Ms 

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

w i t h  d e c r e a s i n g  t e m p e r a t u r e  

t o  10.5 emuG/g (0.022 P E  

p e r  c a r b o n  a t o m )  a t  4.3 K 
( F i g u r e  3). A r e i n a n t  magnet -  

i z a t i o n  w i t h i n  a f i e l d  of  50 

G was s t i l l  r e t a i n e d  e v e n  a t  

300K. 3) The ESR s p e c t r a  show- 

e d  a b r o a d ,  p o o r l y  r e s o l v e d  

s i g n a l  o v e r  t h e  r a n g e  f r o m  1 

t o  6 kG, i n  a d d i t i o n  t o  a n  

u s u a l  A m s = f l  s i g n a l  [g  = 

2 . 0 0 1 9  a n d  A H p p  = 8.8 G a t  

295 K a n d  g=1. 9724 a n d  A Hpp 

=11.3 G a t  77 K1. The b r o a d  

s i g n a l  i n t e n s i t y  see is  t o  b e  

d e p e n d e n t  on t h e  a p p a r e n t  Ms 

d 

50G 
n n n o o  

- 

0 

0 

- 

0 

0 

- 
0 100 200 300 

Temperature TIK 

FIGURE 3 Temperature d e p e n d e n c e  

of  m a g n e t i z a t i o n .  

FIGURE 4 ESR spec t r a  a t  room 

t e m p e r a t u r e  o f  c a r b o n  s a m p l e s  

b a k e d  a t  9 5 0 % .  
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PREPARATION OF AMORPHOUSLIKE CARBONS BY PYROLYSIS [715]/355 

values  (F igure  4 )  and decreas ing  temperature  r e su l t ed  i n  a de- 

c r e a s e  i n  t h e  i n t e n s i t y .  4)The r e p r o d u c i b i l i t y  of t he  magnetic 

da t a  was extremely good. 5)The observed Ms values  a t  room temper- 

a t u r e  were dependent on t h e  s t r u c t u r e  o f  the var ious  n i t rogen-  

con ta in ing  s t a r t i n g  m a t e r i a l s :  The o rde r  was 1,2-diaminopropane 

( 9 . 2  emuG/g) >di-n-propylamine ( 7 . 7 7 )  > diethylamine ( 6 . 6 9 )  > n - b u t y l -  

amine (5.  19)  > n-propyl-amine ( 4 .  2 9 )  > t r i e thy lamine  ( 2 . 6 3 )  > d i - n -  

bu ty lamine(2 .60)  >1, 5,8 ,12- te t raazadodecane  ( 1 . 9 2 ) .  6 )  When the  

carbon prepared from d i  -n-propylamine was plasma-treated ' ,  t h e  Ms 

value was dependent on both plasma power a n d  t rea tment  t ime:  A 

maximum Ms value  was obtained when the  plasma power was 120 W 

(F igu re  6 , O )  and t h e  t ime was 10 min.  As mentioned above, t h e  Ms 
values  seem t o  be r e l a t e d  t o  t h e  amorphous carbon conten t .  Other 

Magnetic na tu res  of plasma-treated sample were analogous t o  t h o s e  

of t h e  u n t r e a t e d ,  except  t h a t  t he  i n t e n s i t y  o f  a broad, poorly 

resolved ESR s i g n a l  over t he  range from 1 0 0 0  t o  6000 was much 

s t r o n g e r  than t h a t  o f  t h e  un t r ea t ed .  

Ferromagnetic impur i t i e s  i n  t hese  carbon samples were exam- 

ined u s i n g  f l u o r e s c e n t  X-ray spectroscopy.  The carbon from 1 . 2 -  

diaminopropane conta ined  Fe of about 0 .05-0.1wt% and N i  o f  0 .005 

w t %  w i t h  no Co me ta l :  These impur i t i e s ,  i f  Fe304 = 90 eMuG/g, 

correspond t o  0 .09 emuG/g, which can account f o r  ca .  0 . 9 %  o f  t h e  

observed Ms values .  However, 1)  t h e r e  were no s e r i o u s  d i f f e r e n c e s  

i n  t h e  impur i ty  c o n t e n t s  among the  samples examined, r e g a r d l e s s  

o f  t h e  p repa ra t ion  cond i t ions  ( s t a r t i n g  m a t e r i a l s ,  t empera ture ,  

r e a c t i o n  t ime and atmosphere) .  2 )  In another  s t u d y ,  magnetic pro-  

p e r t i e s  of  Fe / ac t iva t ed  carbon powder were examined': I t  was 

confirmed t h a t  ferromagnetism b y  Fe metal could be observed o n l y  

when Fe concen t r a t ion  exceeds 6-8%.The magnetism of Fe /ac t iva t ed  

carbon samples where t h e  Fe concent ra t ion  was below 6%, was qua l -  

# The r ad io  frequency ( R . F . )  plasma t rea tment  cond i t ions  were a s  

fo l lows :  a i r  p r e s s u r e :  ca .66 Pa, plasma power: 30 -195 W (13.56 

MHz), r eac t ion  t ime:  5-60 m i n .  
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i t a t i v e l y  i d e n t i c a l  t o  t h a t  of pure ac t iva t ed  carbon.Taking t h e s e  

r e s u l t s  i n t o  cons ide ra t ion ,  i t  seems l i k e l y  t h a t  t he  observed 

magnetic p r o p e r t i e s  of t he  carbons could mainly come from an 
amorphous carbon s t r u c t u r e .  

A P l a u s i b l e  Carbon S t r u c t u r e  

As desc r ibed  above, a t h ree -d iaen t iona l  amorphous s t r u c t u r e ,  which 
could c o n s i s t  of a mixture of s p 3 -  and sp2-carbons ,  is  a key f o r  

u s .  In  f a c t ,  t h e r e  was n o  d i s t i n c t  c r y s t a l l i n e  phase,  a s  shown b y  

powder X-ray d i f f r a c t i o n ,  laser-Raaan spec t roscopy,  t ransmiss ion  

e l e c t r o n  microscopy and e l e c t r o n  d i f f r a c t i o n  ana lyses  of t h e  ob- 
t a ined  carbons .  In  t h e  XPS s p e c t r a ,  t h e r e  were small  d i f f e r e n c e s  

i n  t h e  C l s  b i n d i n g  energy and f u l l  w i d t h  a t  half  maximum (FWBM) 

between amine-derived carbons and commercially a v a i l a b l e  g r a p h i t e  

(F igure  51, being c o n s i s t e n t  w i t h  t h e  presence of an amorphous, 

d i so rde red  s t r u c t u r e .  

Al so ,  evidence f o r  t he  amorphous s t r u c t u r e ,  being c l o s e l y  

\ 
v) Y 

E 
a 
0 
U 

FIGURE 5 XPS s p e c t r a  of carbon 1s band. 
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FIGURE 6 Plasma power dependence of lithe Ms value  a t  room 

t e m p .  (0) and 2 )  amorphous carbon con ten t  ( 0 )  of 

t h e  carbon ma te r i a l .  1nset:An example of  a n a l y s i s  

of Cls energy loss s p e c t r a .  

r e l a t e d  t o  the  magnetic p r o p e r t i e s ,  could come from XPS s p e c t r a  

of p lasma- t rea ted  and -un t r ea t ed  carbon su r faces .  In f a c t ,  t h e r e  

were some d i f f e r e n c e s  i n  t he  carbon 1s energy loss reg ion  a t  295 

t o  335 eV, which was d iv ided  i n t o  r e spec t ive  spec t r a  of t h r e e  

k i n d s  of carbons such a s  amorphous-like,  g raph i t e  and diamond, 

a l though t h e r e  was l i t t l e  d i f f e r e n c e  i n  t h e  Cls b i n d i n g  ene rgy .5  

As shown  i n  F igure  6 ( 0  I ,  t h e  amorphous-like carbon concen t r a t ion  

could be changed by  plasma t rea tment  and a t t a i n e d  a maximum a t  

120W. i n  good accordance w i t h  t he  maximum magnetic proper ty  of 

p lasma- t rea ted  carbons (Figure 6 , O  1 (See previous s e c t i o n ) .  

The fo l lowing  experimental  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  

presences  of s p 2 -  and/or  sp3- type  carbons.  1 )  GC-MS a n a l y s i s  of  

hexane-soluble  p roduc t s ,  prepared from di-n-propylamine b y  C V D  

method, showed t h e  presence of a s e r i e s  of aromatics  w i t h  aroma- 

t i c  n i t r i l e  and/or  h e t e r o c y c l i c  compounds, i n d i c a t i n g  t h a t  aroma- 

t i z a t i o n  and/or  h e t e r o c y c l i z a t i o n  could occur .  2)The e l e c t r i c a l  

conduc t iv i ty  of a carbon f i l m  prepared from 1.2-diaminopropane 

was 417 S/cm a t  room temperature  and 377 a t  4.3K. lower f o r  s t a n -  
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dard g r a p h i t e  of s p 2  -carbon only.  3)Scanning t u n n e l l i n g  microscopy 

(STM) and atomic f o r c e  microscopy(AFM) observa t ions  of  t h e  carbon 

f i l m  demonstrate  an i r r e g u l a r  a r r ay  of carbon atoms of  benzenoid 

r i n g s  r e l a t i v e  t o  g raph i t e .  4)The FT-IR-ATR s p e c t r a  of  t h e  carbon 

film, exh ib i t ed  i n t e g r a t e d  bands a t  2850- t o  3000 cm-' and a num- 

ber  of bands from 1350 t o  1750 cm-l ,  and bands a t  850- t o  1100 

cm-l :  These a r e  a s soc ia t ed  w i t h  t h e  combined abso rp t ions  o f  C-H 

s t r e t c h e s  and C-H in-plane and out-of-plane bends of s p 3 -  carbons 

( - C H 2  - 1  and/or  of sp2-carbons  ( = C H - l 6 .  

0; 0s i t i o n  
Although it  is s t i l l  n o t  c l e a r  how t h e s e  carbons compounds a r e  

formed under the  cond i t ions  of temperature  a s  h i g h  a s  900-100OC, 

r a d i c a l s  such a s  atomic hydrogen and methyl generated i n  s i tu  

from the  a s i n e  compounds seems t o  play an important  r o l e  i n  a 

predominant formation of amorphous-like carbons over g r a p h i t e  

format ion7 .  In f a c t ,  we have r epor t ed  t h a t  t h e  Ms value a t  room 
temperature  is dependent on t h e  hydrogen/carbon ( H / C )  r a t i o  o f  
s t a r t i n g  m a t e r i a l s  such a s  pyrene, t r icyc lohexylmethanol ,  cyc lo-  

dodecane, 1,4,8,1l-tetraazacyclotetradecane, 1 , 5 , 8 , 1 2 - t e t r a a z a -  

dodecane. T h i s  is t r u e  f o r  a l i p h a t i c  amines ,as  shown i n  F igure  7 ,  

I i 

12.00 

10.00 

8.00 

6.00 

4.00 

7 0 NH2(mHexyl) 

NH2(wPr) 

/ 

I I I I 
2.200 2.400 2.600 2.800 3.000 

H/C ratio 

FIGURE 7 Cor re l a t ion  between Ms values  of  carbons and H / C  

r a t i o  of  s t a r t i n g  amines. 
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PREPARATION OF AMORPHOUSLIKE CARBONS BY PYROLYSIS [719]/359 

where a l l  samples were pyrolyzed a t  880c  f o r  60 m i n .  Also,  t h e  

Ms value is  dependent .on  the structure of butylamine isomers 

(F igure  8 )  and branched isomers a r e  f avorab le .  T h u s ,  i f  r a d i c a l s  

13.00 

12.00 

11 .oo 

10.00 

9.00 

0 0 

0 

0 

0 

I I I I I I I 

nor sec is0 fed 

FIGURE 8 Re la t ionsh ip  between s a t u r a t i o n  magnet izat ion and 

isomerism of butylamines.  

AIBN/ wt % 

FIGURE 9 E f f e c t  of AIBN on Ms of carbon prepared a t  900c 

from 1,2-diaminopropane. 

a r e  i m p o r t a n t , a d d i t i o n  of r a d i c a l  source  such a s  2 , 2 ' - a z o b i s ( i s o -  

b u t y r o n i t r i l e )  (AIBN) t o  t he  p y r o l y s i s  r eac t ion  should be e f f e c -  

t i v e  f o r  t h e  predominant formation of amorphous s t r u c t u r e . l e a d i n g  

t o  an enhancement of t h e  Ms values .  As shown i n  F igure  9 ,  where 

p y r o l y s i s  of 1,2-diaminopropane was c a r r i e d  out  a t  900c. t h e  Ms 
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v a l u e s  i n c r e a s e d  w i t h  the i n c r e a s e  i n  the A I B N  c o n c e n t r a t i o n .  

Further s t u d y  is  i n  progress  t o  e l u c i d a t e  a r o l e  of  r a d i c a l  spe- 

c i e s  i n  t h e  amorphous carbon f o r n a t i o n .  
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