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MAGNETIC POLYMERS 

FERNANDO PALACIO, J O S E  RAMOS AND CRISTINA CASTRO 

I n s t i t u t o  de Ciencia  de Mater ia les  de Aragon. C.S.I.C. 
- Universidad de Zaragoza. E-50009 Zaragoza, Spain.  

Abstract The magnet ic  p r o p e r t i e s  of po lymer ic  
m a t e r i a l s  a r e  analyzed.  Spec ia l  a t t e n t i o n  i s  pa id  t o  
the  presence of d i s o r d e r  and t o  t h e  e f f e c t s  t h a t  non- 
c r y s t a l l i n i t y  in t roduces  i n  t he  magnetic p r o p e r t i e s  of 
t h e s e  m a t e r i a l s .  The thermodynamic p e c u l i a r i t i e s  of 
t h e  magnetic o rde r ing  of t hese  d isordered  m a t e r i a l s  i s  
d i scussed  i n  some d e t a i l .  D i f f e r e n t  kinds of polymeric 
systems e x h i b i t i n g  magnetic behavior a r e  reviewed and 
t h e i r  r e s p e c t i v e  p e c u l i a r i t i e s  d i s c u s s e d .  A b r i e f  
account  of s t r u c t u r a l  and magnetic p r o p e r t i e s  of a 
s e r i e s  of composite polymers i s  given. 

JEITRODUCT ION 

Magnetic molecular  m a t e r i a l s  have r ece ived  a tremendous 
a t t e n t i o n  i n  t he  recent  yea r s .  P rope r t i e s  such a s  very low 
c o n d u c t i v i t y ,  t r a n s p a r e n c y ,  low e l a s t i c i t y  modulus,  
chemically tuneable  p r o p e r t i e s  and good p r o c e s s a b i l i t y ,  add 
t o  t h e  b a s i c  importance of t hese  ma te r i a l s  t h e  i n t e r e s t  of 
t h e i r  p o t e n t i a l  u s e f u 1 n e s s . l  Besides  some i n d u s t r i a l  
a p p l i c a t i o n s  based i n  j u s t  t h e  p r o p e r t i e s  t h a t  t h e  presence 
of magnetic moments confe r s  t o  a p a r t i c u l a r  compound ( e . g . :  
high-spin molecules ) ,  t h e  magnetic order ing  a t  s u f f i c i e n t l y  
high tempera ture  invo lv ing  t h e  presence  of n e t  magnetic 
moments i s  r e q u i r e d  f o r  t h e  most p a r t  of t h e  p o t e n t i a l  
appl ied  i n t e r e s t  of t h e s e  m a t e r i a l s .  These c o n s t r a i n t s  a r e ,  

173 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
04

 1
8 

Fe
br

ua
ry

 2
01

3 



174 F. PALACIO, J .  RAMOS AND C. CASTRO 

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

N e t  m a g n e t i c  moments do n o t  r e q u i r e  p a r a l l e l  a l i g n m e n t  
o f  t h e  s p i n s  a t  a n d  below t h e  o r d e r i n g  t e m p e r a t u r e  t o  be 
p r e s e n t  i n  a g i v e n  mater ia l .  T h e r e f o r e ,  t h i s  s h o u l d  n o t  be 
i n  p r i n c i p l e  a c o n s t r a i n t  of major c o n c e r n .  Much more 
i m p o r t a n t ,  a n d  b y  f a r  more d i f f i c u l t  t o  a c c o m p l i s h ,  i s  
s h i f t i n g  t h e  m a g n e t i c  o r d e r i n g  of m o l e c u l a r  s y s t e m s  t o  h i g h e r  
t e m p e r a t u r e s .  T h i s  r e q u i r e s  s t r o n g  m a g n e t i c  i n t e r a c t i o n s  
e x t e n d i n g  l o n g  r a n g e  m a g n e t i c  order  t h r o u g h o u t  t h e  mater ia l .  

M a g n e t i c  i n t e r a c t i o n s  a r e  r a t h e r  s t r o n g l y  d e p e n d e n t  w i t h  
t h e  d i s t a n c e .  I n  p a r t i c u l a r ,  s u p e r e x c h a n g e  i n t e r a c t i o n  i s  
f o u n d  t o  v a r y  a s  lJ/kl - K - ~ ,  w i t h  n a b o u t  11 t o  1 2  f o r  
c o l l i n e a r  (180 ' )  s u p e r e x c h a n g e  p a t h s  c o n n e c t i n g  n e a r e s t  
m a g n e t i c  n e i g h b o r s . 2  I n  a g i v e n  s y s t e m ,  t h o s e  m a g n e t i c  
i n t e r a c t i o n s  p r o p a g a t i n g  t h r o u g h  n e i g h b o r  s i t e s  c o n n e c t e d  
w i t h  each o t h e r  by c h e m i c a l  b o n d s  are ,  i n  g e n e r a l ,  s t r o n g e r  
t h a n  t h o s e  p r o p a g a t i n g  t h r o u g h  n e i g h b o r  s i t e s  c o n n e c t e d  b y  
weak e l e c t r o s t a t i c  f o r c e s  o r  Van der Waals g a p s .  The r e a s o n  
f o r  t h i s  h a s  t o  b e  f o u n d  i n  t h e  e x t e n t  of t h e  o r b i t a l  o v e r l a p  
b e t w e e n  t h e  b r i d g i n g  atoms c o n t r i b u t i n g  t o  t h e  s u p e r e x c h a n g e  
p a t h w a y .  I t  i s  n o t  t h e  p u r p o s e  o f  t h i s  work t o  a n a l y z e  how 
t h e  o v e r l a p  i t s e l f  a f f e c t s  t h e  s i g n  o f  t h e  i n t e r a c t i o n s .  The 
t h e o r y ,  i n i t i a l l y  d e v e l o p e d  b y  A n d e r s o n f 3  h a s  l e d  t o  s u c h  
s e m i e m p i r i c a l  t r e a t m e n t s  a s  t h e  Goodenough-Kanamori r u l e s  f o r  
i n o r g a n i c  s o l i d s l 4 t  a n d  t h e  McConnel l  model f o r  m o l e c u l a r  
o n e s . 6  The m a g n e t o - s t r u c t u r a l  c o r r e l a t i o n s  t h a t  c a n  b e  
d e r i v e d  f rom t h e s e  a p p r o a c h e s  a r e  t h e  s u b j e c t  o f  much c u r r e n t  
i n t e r e s t .  7-10 

What i n t e r e s t s  u s  h e r e  i s  t h e  bas i c  idea t h a t  c o n n e c t i n g  
n e i g h b o r  m a g n e t i c  s i t e s  b y  c h e m i c a l  b o n d s  r e s u l t s  i n  a n  
e n h a n c e m e n t  of t h e  e x c h a n g e  i n t e r a c t i o n s  a n d ,  e v e n t u a l l y ,  i n  
a n  i n c r e a s e  of t h e  m a g n e t i c  o r d e r i n g  t e m p e r a t u r e .  T h i s  idea  
h a s  b e e n  u s e d  as  a s u c c e s s f u l  s t r a t e g y  i n  t h e  p r e p a r a t i o n  o f  
s e v e r a l  m o l e c u l a r  f e r r o m a g n e t s  of p o l y m e r i c  i n o r g a n i c  n a t u r e ,  
some e x h i b i t i n g  r e l a t i v e l y  h i g h  m a g n e t i c  o r d e r i n g  
t e m p e r a t u r e s . 1 1 - 1 5  I n  a d d i t i o n ,  a n  amorphous  s o l i d ,  l i k e l y  
p o l y m e r i c ,  of empir ical  c o m p o s i t i o n  V(TCNE);yCH2C12 h a s  b e e n  
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MAGNETIC POLYMERS 175 

reported t o  behave a s  a room temperature magnet .I6 
Therefore,  i t  seems t h a t  a polymeric na ture ,  of a s  much 

3-d cha rac t e r  a s  poss ib l e ,  i s  required f o r  a molecular s o l i d  
t o  have magnetic p r o p e r t i e s  i n  t h e  bulk a t  temperatures  high 
enough t o  be o f  any a p p l i e d  i n t e r e s t .  These magnetic 
polymers should be expected t o  p re sen t  a c e r t a i n  degree of 
s t r u c t u r a l  d i so rde r  and, i n  genera l ,  t o  be non-c rys t a l l i ne ,  
t hus  e x h i b i t i n g  s p e c i f i c  p e c u l i a r i t i e s  i n  t h e i r  magnetism. 
Therefore,  t he  p r o p e r t i e s  w e  can foresee  f o r  t hese  ma te r i a l s  
have t o  be looked f o r  i n  t h e  contex t  of t h e  magnetism of 
amorphous s o l i d s .  

In t h e  fol lowing s e c t i o n  we d i scuss  d i f f e r e n t  types  of 
d i so rde r  and how it inf luences  the  bas i c  p r o p e r t i e s  requi red  
f o r  coopera t ive  magnetism. Then we analyze i n  some d e t a i l  
t he  thermodynamic p e c u l i a r i t i e s  of t he  magnetic o rde r ing  of 
t h e s e  d i so rde red  m a t e r i a l s  and b r i e f l y  review t h e  s e v e r a l  
kinds of polymeric magnetic ma te r i a l s .  F ina l ly ,  we present  a 
s h o r t  account of experimental  r e s u l t s  concerning s t r u c t u r a l  
and magnetic p r o p e r t i e s  of a k i n d  of magnetic polymers of 
composite na tu re .  

I t  i s  poss ib l e  t o  d i s t i n g u i s h  t h r e e  kinds of d i s o r d e r  i n  a 
s o l i d .  F igure  3 i l l u s t r a t e s  t h e  s e v e r a l  combinations of 
d i s o r d e r  t ypes .  O f  n e c e s s i t y ,  two-dimensional networks a r e  
represented,  but t h e  e s s e n t i a l  po in t s  a r e  maintained i n  r e a l  
phys i ca l  systems.  S ince  our  i n t e r e s t  i s  on t h e  magnetic 
p r o p e r t i e s ,  only those  s t r u c t u r a l  f e a t u r e s  t h a t  may have 
in f luence  on t h e  magnetic i n t e r a c t i o n s  o r  i n  t h e  magnetic 
order ing of the  ma te r i a l  w i l l  be considered.  

A per fec t  c r y s t a l l i n e  system (F ig .  l a )  can be d i s t o r t e d  
i n  such a way a s  t o  in t roduce  bonds of d i f f e r e n t  l eng ths  
making d i f f e r e n t  angles  with each o t h e r .  The o r i g i n  of t h e  
d i s t o r t i o n  may be a molecule o r  a f u n c t i o n a l  group s e t  i n  
d i f f e r e n t  o r i e n t a t i o n s  wi th in  t h e  l a t t i c e .  Bond d i s o r d e r  
t h e r e f o r e  d e s t r o y s  t h e  p e r i o d i c  s t r u c t u r e  a l t h o u g h  t h e  
topology of the  remaining network w i l l  cont inue equiva len t  t o  
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176 F. PALACIO, J .  RAMOS AND C. CASTRO 

t h e  c r y s t a l  ( F i g .  l b )  . 
A s e c o n d  t y p e  of d i sorder  is t o p o l o g i c a l  d i s o r d e r .  I t  

e s s e n t i a l l y  r e s u l t s  when t h e  number of bonds i n  t h e  mater ia l  
atoms v a r y .  T o p o l o g i c a l  d i s o r d e r  n e c e s s a r i l y  i n c l u d e s  bond 
d i s o r d e r  ( F i g .  l c )  . F i n a l l y ,  le t  u s  consider t h e  s t r u c t u r e  
of a b i n a r y  s y s t e m  ( F i g .  I d ) .  C h e m i c a l  d i s o r d e r  can b e  
i n t r o d u c e d  by randomly  d i s t r i b u t i n g  one  of t h e  components 
i n t o  t h e  o t h e r ,  s u c h  as i n  a s o l i d  s o l u t i o n  AxB1-x. It may 

a l s o  b e  i n t r o d u c e d  b y  s u b s t i t u t i n g  some atoms o r  m o l e c u l a r  
s p e c i e s  by  o t h e r  e q u i v a l e n t .  Notice t h a t  t h e  mater ia l  may be 
d i s o r d e r e d  w h i l e  r e t a i n i n g  i t s  c r y s t a l l i n i t y  ( F i g .  l g )  . O f  
c o u r s e ,  bond d i s o r d e r  and  t o p o l o g i c a l  disorder may be imposed 

Bond 

Compncnt 
Nctwork 

a 

Componcnt 
Nciwork 

d 

Chcmical 
Disordcr 

Bond 
disorder 

Topological 
disorder 

b 

C 

h 

C 

f 

I 

FIGURE 1 Types of disorder in two-dimensional molecular networks 

on c h e m i c a l l y  o r d e r e d  o r  d i s o r d e r e d  l a t t i c e s  ( F i g .  l e  o r  h 
and  l h  o r  i, r e s p e c t i v e l y ) .  A l though  e v e r y  c o m b i n a t i o n  of 
t h e s e  t h r e e  t y p e s  of d i s o r d e r  is  p o s s i b l e ,  a c e r t a i n  d e g r e e  
of t o p o l o g i c a l  d isorder  s h o u l d  a l w a y s  be p r e s e n t  i n  a n  
amorphous s o l i d .  l7, 
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MAGNETIC POLYMERS 111 

I n  t h e  c a s e  of t h e  A,B1- ,  system, wi th  one of t h e  

components, say  B ,  be ing  non-magnetic, below a c e r t a i n  
c r i t i c a l  concent ra t ion ,  x t h e r e  w i l l  be no way t o  connect 

any two magnetic atoms i n  t h e  ma te r i a l  throughout a pathway 
not  i n t e r r u p t e d  by a non-magnetic atom. Th i s  i s  t h e  
p e r c o l a t i o n  l i m i t .  Any s o r t  of magnetic long-range order  i s  
only p o s s i b l e  f o r  x > x p .  The case  of t he  A,Bl-, system i s  
an example of t h e  s i t e  pe rco la t ion  problem. A l t e r n a t i v e l y ,  
one might imagine breaking b o n d s  or  superexchange pathways 
a t  random and t h e  p e r c o l a t i o n  t h r e s h o l d  w i l l  a r i s e  f o r  a 
f r a c t i o n  z of broken bonds.  S ince  exchange i n t e r a c t i o n  

depends c r i t i c a l l y  on d i s t a n c e ,  it i s  convenient t o  keep i n  
mind  t h e  idea  of bond p e r c o l a t i o n  i n  molecular  magnetic 
so l  i d s .  

P' 

P 

EFFECTS OF DISORDER ON THE MAGNETIC PROPERTIES 

There a r e  two p r o p e r t i e s  i n  a magnetic s o l i d  t h a t  a r e  of 
bas i c  importance because both a r e  requi red  i n  t h e  magnetic 
o r d e r i n g .  These a r e  t h e  m a g n e t i c  moments and t h e  
i n t e r a c t i o n s  t h a t  couple them toge the r .  Both p r o p e r t i e s  a r e  
a f f e c t e d  by d i so rde r .  I n  add i t ion ,  t he  severe reduct ion t h a t  
d i s o r d e r  c r e a t e s  on t h e  s y m m e t r y  of l o c a l  e l e c t r o s t a t i c  
f i e l d s  a c t i n g  a t  t h e  atomic o r  molecular  s i t e s  s t r o n g l y  
inf luences  the  o r i e n t a t i o n s  of t h e  magnetic moments through 
s p i n - o r b i t  c o u p l i n g . l g  T h i s  i s  t h e  o r i g i n  of 
m a g n e t o c r y s t a l l i n e  a n i s o t r o p y  which i n  d i so rde red  s o l i d s  
w i l l  have d i f f e r e n t  o r i e n t a t i o n  a t  every s i t e .  I n  magnetic 
compounds of pu re ly  o rgan ic  na tu re  s p i n - o r b i t  coupl ing  i s  
very small  s ince  it occurs  i n  s and p o r b i t a l s ,  t h e r e f o r e ,  
magnetocrystal l ine anisotropy can be considered neg l ig ib l e  i n  
these  s o l i d s .  

Magnetic moments may e x i s t  i n  a gener ic  molecular system 
because it  con ta ins  e i t h e r  t r a n s i t i o n  metal  i ons  o r  f r e e  
r ad ica l  molecules. W e  s h a l l  not consider  here the  e f f e c t s  of 
magnetic moments de loca l i zed  through a conduction band. A 

c h a r a c t e r i s t i c  of  t h e  magnet ic  moments of a molecu la r  
ma te r i a l  i s  t h a t  although they  a r e  loca l i zed  a t  t h e  molecule, 
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178 F. PALACIO, J .  RAMOS AND C. CASTRO 

they may be de loca l i zed  within t h e  molecule.  I n  a d d i t i o n ,  
charge d e n s i t y  may be p o s i t i v e  o r  nega t ive  a t  t h e  atoms 
p a r t i c i p a t i n g  i n  t h e  moment d e l o c a l i z a t i o n .  I n  g e n e r a l ,  
d e l o c a l i z a t i o n ,  whether l o c a l  o r  through a conduction band, 
causes  a reduct ion  of t h e  magnitude of t h e  magnetic moment 
while the  s ign  of t h e  charge dens i ty  a f f e c t s  t he  s ign  of t h e  
exchange i n t e r a c t i o n .  

J u s t  r ega rd ing  t h e  magnetic moments, t h e  d i f f e r e n c e  
between a c r y t a l l i n e  and a d isordered  s o l i d  w i l l  be t h a t  i n  
t h e  second t h e  f ixed  l i gand  f i e l d  and over lap  i n t e g r a l s  of 
the  f i r s t  a r e  s u b s t i t u t e d  by a d i s t r i b u t i o n  of l igand  f i e l d s  
and overlap i n t e g r a l s .  I n  consequence a l l  o r b i t a l  degeneracy 
except Kramers degeneracy i s  removed and the re  i s  a s l i g h t l y  
d i f f e r e n t  populat ion of t h e  magnetic o r b i t a l s  from one s i t e  
t o  the  n e x t .  

The o r i g i n  o f  exchange  c o u p l i n g  l i e s  i n  t h e  
e l e c t r o s t a t i c  i n t e r a c t i o n  between e l ec t rons  of d i f f e r e n t  sp in  
moments on d i f f e r e n t  s i t e s .  2 o  Various i n t e r m o l e c u l a r  
exchange mechanisms have been r o  osed i n  molecular systems: 
s u p e r e x c h a n g e  v i a  diamagne V c  atoms,  c o n f i g u r a t i o n  
interaction and spin polarization.21-23 Moreover, i n  a 
hypo the t i ca l  pure ly  organic  magnet direct exchange may not 
be d i s r e g a r d e d  between f r e e  r a d i c a l s  and d i p o l a r  
interaction, al though weak, may be of importance s i n c e  i t  
can be t h e  most important source of magnetic an iso t ropy  i n  a 
p u r e l y  o rgan ic  magnetic m a t e r i a l  and i n  t h e  formation of 
magnetic domains i n  a molecular magnet. Disorder w i l l  cause 
a d i s t r i b u t i o n  of d i p o l a r  i n t e r a c t i o n s  i n  both magnitude and 
d i r e c t i o n .  A common c h a r a c t e r i s t i c  i s  the  s t rong  dependency 
of t h e  i n t e n s i t y  of t hese  i n t e r a c t i o n s  w i t h  t h e  d i s t ance  and, 
i n  t h e  c a s e  of  superexchange i n t e r a c t i o n ,  with t h e  bond 
angle .  

Exchange i n t e r a c t i o n  can be accu ra t e ly  descr ibed  by t h e  
Hamiltonian 

i > j  

where t h e  sum extends over nea res t  neighboring s p i n s  and J 
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MAGNETIC POLYMERS 179 

i s  t h e  e x c h a n g e  c o n s t a n t .  F o r  i s o t r o p i c  m a g n e t i c  
i n t e r a c t i o n s  a = b = 1 a n d  t h e  H e i s e n b e r g  model i s  
o b t a i n e d .  I n  t h e  case of a n i s o t r o p i c  m a g n e t i c  i n t e r a c t i o n s  
t w o  e x t r e m e  cases c a n  be d i s t i n g u i s h e d :  t h e  I s i n g  model, 
w h e r e  a = 1 a n d  b = 0 ,  a n d  t h e  XY model, w h e r e  a = 0 a n d  

I n  o r g a n i c  so l id s ,  w i t h  smal l  o r  n u l l  m a g n e t o c r y s t a l l i n e  
a n i s o t  r o p y ,  e q u a t i o n  (1) r e d u c e s  t o  t h e  i s o t r o p i c  H e i s e n b e r g  
H a m i l t o n i a n .  However ,  w e  h a v e  m e n t i o n e d  t h a t  a c e r t a i n  
moment d e l o c a l i z a t i o n  e x t e n d i n g  t h r o u g h  atoms w i t h  e i t h e r  
s i g n  i n  t h e  s p i n  d e n s i t y  may e x i s t  i n  t h e s e  compounds .  I n  
s u c h  case (1) c a n  be w r i t t e n  b e t t e r  a s  

b = 1.19, 2 4  

w h e r e  S" a n d  SH a r e  t h e  t o t a l  s p i n  moments o f  m o l e c u l e s  A 

a n d  B,  pi" a n d  p j B  t h e  x - s p i n  d e n s i t i e s  on atoms i a n d  j of 

m o l e c u l e s  A a n d  B,  r e s p e c t i v e l y ,  J i j  i s  t h e  m a g n e t i c  
e x c h a n g e  c o n s t a n t  b e t w e e n  i n t e r a c t i n g  atoms a n d  t h e  s e c o n d  
sum e x t e n d s  o v e r  a l l  t h e  p a i r s  o f  i n t e r a c t i n g  atoms which  c a n  
be f o r m e d  i n  m o l e c u l e s  A a n d  B .  The f i r s t  sum e x t e n d s  o v e r  
a l l  t h e  i n t e r a c t i n g  m o l e c u l e s  i n  t h e  s o l i d ,  a l t h o u g h  i n  
p r a c t i c e  i n t e r m o l e c u l a r  i n t e r a c t i o n s  o t h e r  t h a n  t h a t  b e t w e e n  
n e a r e s t  n e i g h b o r s  may be n e g l i g i b l e .  

I t  i s  c l e a r  t h a t  t h e  d i s t r i b u t i o n  o f  i n t e r a t o m i c  
d i s t a n c e s  a n d  a n g l e s ,  a n d  m o l e c u l a r  o r i e n t a t i o n s  ( b o n d  
d i s o r d e r )  i n  a n o n - c r y s t a l l i n e  s o l i d  c a n  l e a d  t o  a 
d i s t r i b u t i o n  o f  e x c h a n g e  i n t e r a c t i o n s  w h i c h  may i n c l u d e  
i n t e r a c t i o n s  of e i t h e r  s i g n . 4  

T h e r e  e x i s t  o t h e r  i n t e r a c t i o n s  w h i c h  f a v o r  a 
p e r p e n d i c u l a r  o r i e n t a t i o n  b e t w e e n  i n t e r a c t i n g  2 6  
T h e s e  may be r e p r e s e n t e d  b y  t h e  a n t i s y m m e t r i c  D z y a l o s h i n s k i i -  
M o r i y a  ( D M )  t e r m  D i j S i X S j .  The m a g n e t i c  moments  h a v e  t o  
possess  a c e r t a i n  degree of m a g n e t o c r y t a l l i n e  a n i s o t r o p y ,  
s i n c e  D i s  g i v e n  b y  ( A g / g ) J ,  w h e r e  g i s  t h e  g - f a c t o r  a n d  
J t h e  e x c h a n g e  p a r a m e t e r .  A l t h o u g h  t h e  DM i n t e r a c t i o n  i s  
o b v i o u s l y  much w e a k e r  t h a n  t h e  H e i s e n b e r g  i n t e r a c t i o n  a n d  

AB 
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180 F. PALACIO, J. RAMOS AND C. CASTRO 

q u i t e  o f t e n  becomes zero by symmetry i n  c r y s t a l l i n e  s o l i d s ,  
no such symmetry r e s t r a i n t s  apply i n  amorphous s o l i d s .  

MAGNETIC O R D E R I N G  I N  DISORDERED MOLECULAR SOLIDS 

Magnet ic  moments and  i n t e r a c t i o n s  a r e  two n e c e s s a r y  
condi t ions  al though no s u f f i c i e n t  f o r  t h e  magnetic o rde r ing  
of a s o l i d .  C o r r e l a t i o n  l eng th ,  t h a t  i s  t h e  l eng th  along 
which magnetic moments a r e  co r re l a t ed ,  must tend t o  i n f i n i t e  
a t  t he  order ing  t r a n s i t i o n .  I n  a ferromagnetic system where 
exchange i n t e r a c t i o n  tends t o  a l i g n  a l l  t h e  magnetic moments 
p a r a l l e l  t o  each o the r ,  t he  co r re l a t ion  length  a t  high enough 
temperature  is ,  i n  gene ra l ,  temperature dependent and tends 
t o  i n c r e a s e  a s  t h e  temperature  dec reases .  A t  a c r i t i c a l  
t e m p e r a t u r e ,  T,, where t h e  c o r r e l a t i o n  l e n g t h  t e n d s  t o  

i n f i n i t e  a spontaneous magnet iza t ion ,  M,, a r i s e s .  M, can 

be considered t h e  order  parameter of t he  t r a n s i t i o n ,  f o r  it 
g ives  a measure of how much of t he  system i s  ordered below 
the c r i t i c a l  po in t .  

S imi la r  arguments hold f o r  ant i ferromagnets  except t h a t  
now i n t e r m o l e c u l a r  magnet ic  i n t e r a c t i o n s  t e n d  t o  a l i g n  
molecular moments a n t i p a r a l l e l  respec t  t o  each o t h e r  and, 
consequent ly ,  average magnet izat ion remains zero  below t h e  
c r i t i c a l  temperature  T,. However, below T, t h e r e  a r i s e s  a 
net s taggered  magnet izat ion,  c h a r a c t e r i s t i c  of each magnetic 
s u b l a t t i c e ,  which i s  a c t u a l l y  t h e  o rde r  parameter  of t h e  
t r a n s i t i o n .  

The c o n d i t i o n  of t h e  c o r r e l a t i o n  l e n g t h  t e n d i n g  t o  
i n f i n i t e  a t  and below t h e  order ing  temperature may be seen, 
a t  f i r s t  glance,  an imposible requirement t o  be f u l f i l l e d  by 
an amorphous s o l i d .  T h e  e s s e n t i a l  d i f f e r e n t i a t i n g  
c h a r a c t e r i s t i c  between t h e  s t r u c t u r e  of an amorphous s o l i d  
with r e spec t  t o  t h a t  of a c r y s t a l l i n e  one i s  t h e  l a c k  of 
t r a n s l a t i o n a l  p e r i o d i c i t y  . Hence, no ( s t r u c t u r a l )  1 ong  
range o rde r  can be s t ab l i shed  i n  an amorphous s o l i d .  

I n  a magnetic polymer, supposedly amorphous, bond and 
chemical d i s o r d e r  w i l l  tend t o  c r e a t e  a d i s t r i b u t i o n  of t h e  
magnitude of t h e  magnetic moments and exchange i n t e r a c t i o n s .  
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MAGNETIC POLYMERS 181 

M o r e o v e r ,  t h e  d i r e c t i o n  of  t h e  m a g n e t i c  a n i s o t r o p y  w i l l  be 
r a n d o m l y  d i s t r i b u t e d  a n d  w i l l  c o m p e t e  w i t h  t h e  e x c h a n g e  
i n t e r a c t i o n  t o  o r i e n t  e a c h  m a g n e t i c  moment i n  t h e  n e t w o r k .  
S t r i c t l y  s p e a k i n g  n o  m a g n e t i c  o r d e r ,  e i t h e r  f e r r o  o r  
a n t i f e r r o m a g n e t i c ,  c a n  be e x p e c t e d  i n  t h e s e  c o n d i t i o n s .  
However, a s  l o n g  a s  e x c h a n g e  i n t e r a c t i o n  r e m a i n s  p o s i t i v e  
( p a r a l l e l  a l i g n m e n t ) ,  t h e  c o n c e n t r a t i o n  of m a g n e t i c  atoms 
e x c e e d s  t h e  p e r c o l a t i o n  t h r e s h o l d  ( x  > xp), a n d  r a n d o m l y  

d i s t r i b u t e d  a n i s o t r o p y  i s  sma l l  c o m p a r e d  t o  e x c h a n g e  
i n t e r a c t i o n ,  a t r a n s i t i o n  t o  a m a g n e t i c  s t a t e  p o s s e s s i n g  some 
s p o n t a n e o u s  m a g n e t i z a t i o n  s h o u l d  be e x p e c t e d .  The  m a g n e t i c  
moments w i l l  t e n d  t o  o r i e n t  r a n d o m l y  w i t h i n  a s o l i d  a n g l e .  
O n l y  t h e  c o r r e l a t i o n  l e n g t h  o f  t h e  component  of t h e  m a g n e t i c  
moment p a r a l l e l  t o  t h e  d i r e c t i o n  of t h e  m a g n e t i z a t i o n  
( l o n g i t u d i n a l  c o r r e l a t i o n )  w i l l  t e n d  t o  i n f i n i t e  a t  T,. The 

c o m p o n e n t  o f  t h e  m a g n e t i c  moment p e r p e n d i c u l a r  t o  t h e  
d i r e c t i o n  o f  t h e  m a g n e t i z a t i o n  w i l l  n o t  p r e s e n t  a n y  
c o r r e l a t i o n  w h a t s o e v e r .  The  r e s u l t  w i l l  be some s o r t  o f  
r andom n o n - c o l l i n e a r  s t r u c t u r e ,  r e p r e s e n t e d  i n  F i g u r e  4 ,  

commonly r e f e r r e d  a s  a s p e r o r n a g n e t .  18, 2 7  F o r  many p u r p o s e s  
a n  a s p e r o m a g n e t  w i l l  b e h a v e  e x p e r i m e n t a l l y  r a t h e r  s imi l a r  t o  
a f e r r o m a g n e t .  M a g n e t i c  s u s c e p t i b i l i t y  w i l l  t e n d  t o  d i v e r g e  
a t  T,, a l t h o u g h  less a b r u p t l y ;  h e a t  c a p a c i t y  w i l l  p r e s e n t  a 

p e a k  b r o a d e r  t h a n  t h e  s h a r p  1 - a n o m a l y  c h a r a c t e r i s t i c  o f  a 
c r y s t a l l i n e  f e r r o m a g n e t ;  m a g n e t i z a t i o n ,  f i n a l l y ,  may i n c r e a s e  
v e r y  r a p i d l y  a t  weak m a g n e t i c  f i e l d s ,  v e r y  much l i k e  a 
f e r r o m a g n e t ,  b u t  s a t u r a t i o n  may r e q u i r e  v e r y  i n t e n s e  m a g n e t i c  
f i e l d s  d e p e n d i n g  on t h e  m a g n e t i c  a n i s o t r o p y  i n  t h e  ma te r i a l .  

By c o n t r a s t ,  a n t i f e r r o m a g n e t i c  i n t e r a c t i o n s  i n  a 
d i s o r d e r e d  s o l i d  w i l l  lead t o  v e r y  d i f f e r e n t  r e s u l t s  t h a n  i n  
a c r y s t a l .  T o p o l o g i c a l  d i s o r d e r  w i l l  p r o d u c e  odd-member 
r i n g s  u n a b l e  t o  s u s t a i n  a n t i p a r a l l e l  a l i g n m e n t  a n d  
c o m p e t i t i o n  b e t w e e n  e x c h a n g e  i n t e r a c t i o n s  of  b o t h  s i g n s  
a c t i n g  on  t h e  same s i t e  w i l l  be p r e s e n t  i n  t h e  n e t w o r k .  The 
r e s u l t  i s  a s o r t  o f  m a g n e t i c  f r u s t r a t e d  s y s t e m  f o r  w h i c h  a 
number of  a l t e r n a t i v e  c o n f i g u r a t i o n s  p o s s e s s i n g  almost t h e  
same e n e r g y  w i l l  e x i s t .  N o  p r e f e r r e d  o r i e n t a t i o n s  w i l l  e x i s t  
f o r  t h e  moments a n d  c o r r e l a t i o n  l e n g t h  w i l l  be z e r o  a t  a n y  
d i r e c t i o n  a n d  t e m p e r a t u r e ,  a s  r e p r e s e n t e d  i n  F i g u r e  2 .  T h e s e  
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182 F. PALACIO, J. RAMOS AND C. CASTRO 

type of ma te r i a l s  a r e  commonly named a s  speromagnets.l8* z 7  
The absence  of any long  range  o r d e r  makes t h e  

speromagnets behave l i k e  concentrated spin glasses, as they 
a r e  a l s o  termed. 2 7  Therefore,  t h e i r  c h a r a c t e r i s t i c  magnetic 
p r o p e r t i e s  w i l l  be t hose  found i n  sp in  g l a s s e s .  The a c  
s u s c e p t i b i l i t y  w i l l  show a sha rp  peak a t  low f i e l d s  a t  a 
given T temperature ,  t h e  p o s i t i o n  and he ight  of t h e  peak 

being frequency and f i e l d  dependent. Below Tsg w i l l  appear 

i r r e v e r s i b l e  behavior ,  inc luding  h y s t e r e s i s  loops,  remanence 
and c o e r c i v i t y .  Magnetization measured f o r  t h e  zero f i e l d  
cooled s t a t e  w i l l  be smal le r  than t h a t  ob ta ined  by cool ing  
below TSg w i t h  the  f i e l d  a l ready  appl ied,  t h e  f i r s t  depending 

both on time and the  thermal h i s t o r y  of t he  sample. 

sg 

-K ’ x 

F I G U R E  2 P o s s i b l e  c o l l i n e a r  a n d  n o n - c o l l i n e a r  one-ne twork  m a g n e t i c  
s t r u c t u r e s  i n  amorphous s o l i d s .  The s p a t i a l  d i s t r i b u t i o n  of moments 
d i r e c t i o n s  and a n g u l a r  p r o b a b i l i t y  a r e  a l s o  s c h e m a t i c a l l y  r e p r e s e n t e d .  
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MAGNETIC POLYMERS 183 

FIGURE 3 Possible collinear and non-collinear two-subnetwork magnetic 

structures in amorphous solids. The spatial distribution of moments 

directions and angular probability are a l s o  schematically represented. 

Ferrimagnetic materials are not uncommon in molecular 
crystalline systems. In fact, the difficulties to obtain 
pure ferromagnets have made them a fairly often recurred 
alternative for the preparation of systems possessing net 
magnetic moments. Collinear ferrimagnets are characterized 
by possessing two sublattices with their respective moments 
coupled antiparallel. If the coupling is parallel they are 
just ferromagnets. In disordered systems, if one subnetwork 
possesses a random, non-collinear structure but nevertheless 
has a net magnetization, the system will be classified as a 
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184 F. PALACIO, .I. RAMOS AND C. CASTRO 

sperirnaqnet.  T h e s e  s t r u c t u r e s  are  s c h e m a t i c a l l y  r e p r e s e n t e d  
i n  F i g u r e  3 .  I f  b o t h  s u b n e t w o r k s  p o s s e s s  random d i s t r i b u t i o n  
of m a g n e t i c  moments w i t h  n o  n e t  m a g n e t i z a t i o n  t h e  s y s t e m  w i l l  

be a g a i n  a speromaqnet.l* 

CLASSIFICATION OF MAGNETIC POLYMERS 

I n  t h i s  s e c t i o n  w e  p r o p o s e  a c l a s s i f i c a t i o n  of t h e  d i f f e r e n t  
t y p e s  of p o l y m e r i c  mater ia ls  e x h i b i t i n g  m a g n e t i c  b e h a v i o r .  
The a i m  i s  t o  e m p h a s i z e  basic  d i f f e r e n c e s  i n  t h e  m a g n e t i c  
p rope r t i e s ,  e i t h e r  o b s e r v e d  o r  e x p e c t e d  t o  be observed, o f  
t h e  s e v e r a l  k i n d s  of p o l y m e r i c  m a t e r i a l s .  T h u s ,  m a g n e t i c  
a n i s o t r o p y  i n  m e t a l - c o n t a i n i n g  p o l y m e r s  may b e  c o n s i d e r a b l y  
l a rge r  t h a n  i n  p u r e l y  o r g a n i c  o n e s ,  a n d  h e t e r o g e n e o u s  
composi te  p o l y m e r s  s h o u l d  e x h i b i t  m a g n e t i c  p r o p e r t i e s  
e n t i r e l y  d i f f e r e n t  t o  t h o s e  o b s e r v e d  i n  homogeneous p o l y m e r s .  
I t  i s  n o t  t h e  a i m  o f  t h i s  s e c t i o n  t o  c o v e r  t h e  l i t e r a t u r e  
t h a t  h a s  a p p e a r e d  o n  m a g n e t i c  p o l y m e r s .  I n  t h e  l a s t  y e a r s  
t h e r e  h a s  b e e n  s u c h  a n  i n t e n s e  s c i e n t i f i c  o u t p u t  i n  t h e  
s u b j e c t  t h a t  r e v i e w i n g  i t  i s  beyond t h e  s h o r t  l i m i t s  of  t h i s  
p a p e r .  

C o o r d i n a t i o n  a n d  era-ic p o l v m  
Under  t h i s  g r o u p  w e  i n c l u d e  a l l  t h o s e  p o l y m e r i c  m a t e r i a l s  
c o n s i s t i n g  i n  me ta l  i o n s  a n d  o r g a n i c  l i g a n d s .  B e s i d e s  
p r o v i d i n g  m a g n e t i c  moment, t h e  metal  i o n  may be a s o u r c e  of 
m a g n e t o c r y s t a l l i n e  a n i s o t r o p y .  I n  t h e  p r e s e n c e  of  l o w  
c r y s t a l l i n e  s y m m e t r y  o r  o f  s t r u c t u r a l  d i s o r d e r ,  m a g n e t i c  
a n i s o t r o p y  w i l l  c a u s e  n o n - c o l l i n e a r i t y  i n  t h e  m a g n e t i c  
moments below a g i v e n  t e m p e r a t u r e .  I n  a d d i t i o n ,  a l t h o u g h  
most o f  t h e  p o l y m e r i c  ma te r i a l s  of t h i s  k i n d  s t u d i e d  s o  f a r  
a r e  c r y s t a l l i n e ,  e v e r y  k i n d  o f  s t r u c t u r a l  d i s o r d e r  i s  
p o s s i b l e .  C o n s e q u e n t l y ,  a n y  m a g n e t i c  s t r u c t u r e  e i t h e r  
c o l l i n e a r  o r  n o n - c o l l i n e a r  of t h e  t y p e s  e x p l a i n e d  above i s  
c o n c e i v a b l e .  

The most common p o l y m e r s  of t h i s  t y p e  c o n s i s t  of metal  
i o n s  bridged b y  o r g a n i c  l i g a n d s .  R e g a r d i n g  t h e  d i v e r s i t y  of 
m a g n e t i c  p roper t ies  observed, t h i s  i s  b y  f a r  t h e  r i c h e s t  t y p e  
o f  m a g n e t i c  p o l y m e r s .  A s  metal  i o n s ,  t r a n s i t i o n  metals f r o m  
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MAGNETIC POLYMERS I85 

t he  f i r s t  row and r a r e  e a r t h  a r e  the  most commonly ~ s e d . ~ 8 - 3 0  
Ligands have t r a d i t i o n a l l y  been diamagnetic,  however, i n  t he  
l a s t  yea r s  f r e e  r a d i c a l s  a r e  been s u c c e s s f u l l y  used t o  
prepare t h i s  type of compounds. 3 0 - 3 2  

Chemists have managed t o  con t ro l  t h e  syn thes i s  of l i n e a r  
chains  remarkably wel l .  There i s  a l a rge  v a r i e t y  of examples 
of e i t h e r  f e r r o  o r  an t i fe r romagnet ic  1-d compounds. Magnetic 
an iso t ropy  can be e a s i l y  modified i n  almost each p a r t i c u l a r  
compound by changing t h e  metal ion .  Moreover, t h e  con t ro l l ed  
s y n t h e s i s  o f  h e t e r o b i m e t a l l i c  cha ins  and t h e  use of f r e e  
r a d i c a l s  a s  l igands  permits  t h e  prepara t ion  of fe r r imagnet ic  
cha ins ,  t h u s  overcoming t h e  always d i f f i c u l t  problem of 
c rea t ing  ferromagnetic i n t e r a c t i o n s .  

I n  genera l  t h e s e  s o l i d s  bene f i t  from t h e i r  c r y s t a l l i n e  
na ture ,  which  permits a complete s t r u c t u r a l  c h a r a c t e r i z a t i o n .  
T h i s  i s  impor tan t  because  a p r e c i s e  knowledge of t h e  
superexchange pathways permits  a more complete understanding 
of magne to - s t ruc tu ra l  c o r r e l a t i o n s  i n  t h e  m a t e r i a l  and 
f a c i l i t a t e s  t h e  design of new ones w i t h  improved magnetic 
p r o p e r t i e s .  I n  f a c t ,  t h e  a c t u a l  cha l lenge  i n  t h i s  type of 
mater ia l s  is  t o  extend magnetic i n t e r a c t i o n s  t o  two and t h r e e  
dimensions by means of chemical bonds.l*r 2 9 1  311 3 3 1  34 

The compounds Mn(pfpr)2(NITMe) ( I )  and [ M n ( p f ~ r ) ~ ] ~ -  

(NITMe) (IMHMe) (111, where p fp r  = pentaf louropropionate  and 
NITMe and IMHMe a r e ,  r e s p e c t i v e l y ,  a n i t r o n y l  n i t r o x i d e  
r a d i c a l  and i t s  reduced form, provide a good example of how 
d i so rde r  may a f f e c t  t h e  magnetic p r o p e r t i e s  of t h i s  kind of 
c r y s t a l l i n e  polymeric sys tems.14  The c r y s t a l  s t r u c t u r e  of 
( 1 1 )  i l l u s t r a t e s  how o n e - d i m e n s i o n a l  po lymers  can  
spontaneously develop two-dimensional s t r u c t u r e s  through a 
network of hydrogen bonds. The compound con ta ins  both t h e  
r a d i c a l  and i t s  reduced form bound t o  t h e  same metal  ion i n  
such a way t h a t  t h e  d i f f e r e n c e s  with respect  t o  compound ( I )  
appear  a s  d i s o r d e r  i n  t h e  s t r u c t u r e  and i n  t h e  magnetic 
p r o p e r t i e s .  I n  f a c t ,  t h e  d i so rde r  observed i n  t h e  s t r u c t u r e  
i s  a t t r i b u t e d  t o  a random d i s t r i b u t i o n  of NITMe and IMHMe 
molecules .  Although t h e  c r y s t a l  s t r u c t u r e  of ( I )  i s  not 
known, a s t r u c t u r e  s i m i l a r  t o  t h a t  of (11) i s  suggested on 
t h e  b a s i s  of t h e  s to ich iometry  and t h e  magnetic d a t a .  The 
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186 F. PALACIO, J. RAMOS AND C. CASTRO 

magnetic c h a r a c t e r i s t i c s  of ( I )  a r e  c o n s i s t e n t  w i t h  a two- 
dimensional network of weakly coupled f e r r imagne t i c  cha ins  
with b e s t  f i t  va lues  of J = 150 K and J ’  = 0.075 K f o r  
i n t r a c h a i n  and i n t e r c h a i n  i n t e r a c t i o n s ,  r e s p e c t i v e l y . 1 4  
Compound (11) can be cons ide red  a s  de r ived  from ( I )  by 
randomly s u b s t i t u t i n g  S = 1 / 2  NITMe r a d i c a l  molecules by 
diamagnetic IMHMe ones.  Since in t e rcha in  i n t e r a c t i o n s  i n  ( I )  
propagate through NO-ON contac ts ,  compound (11) is  an example 
of both s i t e  and bond d i l u t i o n  problem. 

Another c l a s s  c o n s i s t s  i n  o r g a n i c  polymers which 
r e p e t i t i v e  u n i t  coo rd ina te s  a metal  i on .  I n  gene ra l  more 
than  one u n i t  i s  r e q u i r e d  t o  s a t u r a t e  t h e  c o o r d i n a t i o n  
c a p a b i l i t y  of t h e  meta l .  Thus t h e  metal  a c t s  as a br idge  
between u n i t s  from e i t h e r  d i f f e r e n t  o r  t h e  same polymeric 
c h a i n s .  The r e s u l t  i s  an amorphous s o l i d  of d i f f i c u l t  
c h a r a c t e r i z a t i o n .  Q u i t e  a few polymeric m a t e r i a l s  of t h e s e  
type  p r e s e n t i n g  unexpected magnetic p r o p e r t i e s  have been 
found t o  contain small  magnetic p a r t i c l e s  respons ib le  f o r  t he  
magnetic anomalies of t h e  m a t e r i a l .  35, 36 W e  w i l l  comment 
about t hese  composite polymers below. A major d i f f i c u l t y  i n  
t h i s  k ind  o f  polymers  i s  t o  c r e a t e  s t r o n g  magnet ic  
i n t e r a c t i o n s  between metal  i o n s .  I n  f a c t ,  moments a r e  
br idged by covalent  chemical bonds but they  f a l l  f a r  a p a r t  
from each o ther  and i n t e r a c t i o n s  a r e  genera l ly  weak.3’t 38 

A t h i r d  c l a s s  of polymers have organometa l l ic  na tu re ,  
p o s s e s s i n g  carbon-metal  bonds.  They c o n s i s t  of t r u l y  
magnetic molecules, t h e i r  magnetic moments de loca l ized  within 
t h e  molecular u n i t ,  i n t e r a c t i n g  with each o t h e r  b y  means of 
e l e c t r o s t a t i c  fo rces .  The paradigmatic example of t h i s  c l a s s  
of  m a t e r i a l s  i s  t h e  s e r i e s  of decamethy l f e r roc in ium 
d e r i v a t i v e s .  I n  s t r i c t  s e n s e ,  t hey  a r e  not  po lymer ic  
m a t e r i a l s  s ince r e p e t i t i v e  u n i t s  a r e  not in te rconnec ted  by 
covalent  bonds. A l a r g e  v a r i e t y  of magnetic phenomenology, 
i n c l u d i n g  fe r romagnet i sm bu t  a l s o  f e r r imagne t i s rn  and 
metamagnet ic  b e h a v i o r ,  has  been o b s e r v e d  i n  t h e s e  

39, 4 0  Very r ecen t ly  a s e r i e s  of amorphous 
p o l y m e r i c  compounds o f  s t o i c h i o m e t r i c  f o r m u l a  
V ( T C N E )  , ( s o l v e n t )  y ,  (where so lvent  = C H 2 C 1 2 ,  CH3CN, C4H80, 
C 6 H 6 )  have been r e p o r t e d  f e r r i m a g n e t i c  above  room 
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MAGNETIC POLYMERS 187 

t e m p e r a t u r e . 1 6 r  41 The magnetic behavior  of t h e  s e v e r a l  
compounds of t h e  s e r i e s  b e a u t i f u l l y  i l l u s t r a t e  some of t h e  
p rope r t i e s  of amorphous magnetism descr ibed above. 

There has been an enormous a c t i v i t y  i n  t h e  s y n t h e s i s  of 
pu re ly  o r g a n i c  polymers c o n t a i n i n g  f r e e  r a d i c a l s  i n  t h e  
r e p e t i t i v e  u n i t . 4 2  From t h e  point  of view of t h e  magnetism, 
t h e s e  polymers behave a s  r e g u l a r  paramagnets .  Although 
remarkably high r a t i o s  of magnetic moments pe r  mol have been 
achieved, no ferromagnet ic  i n t e r a c t i o n s  have been observed 
extending through t h e  s o l i d .  43-46 Magnetic an i so t ropy  i n  
organic  ma te r i a l s  i s  considerably lower than i n  t h e  case of 
meta l -conta in ing  compounds because of t h e  weak s p i n - o r b i t  
c o u p l i n g  between s and p e l e c t r o n s .  T h e r e f o r e ,  non- 
c o l l i n e a r i t y  of magnetic moments i n  magne t i ca l ly  ordered  
o r g a n i c  polymers i s  u n l i k e l y  t o  o c c u r .  The magnet ic  
p r o p e r t i e s  of t h i s  kind of h ighly  i s o t r o p i c  m a t e r i a l s  have 
been reviewed r e c e n t l y . 2 3  A more common problem, l i k e l y  t o  
occur i n  r a d i c a l  polymeric m a t e r i a l s ,  w i l l  a r i s e  from t h e  
uncomplete o x i d a t i o n  of t h e  r a d i c a l  u n i t s .  Th i s  w i l l  
in t roduce chemical d i so rde r  t o  t h e  ma te r i a l .  Since a r a d i c a l  
u n i t  i n  i t s  reduced form i s  d iamagnet ic  t h e  e f f e c t s  of 
uncomplete ox ida t ion  i n  t h e  magnetic p r o p e r t i e s  w i l l  be a 
r a p i d  dec rease  i n  t h e  o r d e r i n g  tempera ture  down t o  t h e  
percola t ion  l i m i t .  

There have been claims of ferromagnetism i n  pyrolyzed 
polymeric subs tances .  A common f e a t u r e  i s  a r a t h e r  low sp in  
d e n s i t y  t h a t  renders  t h e  claim f o r  ferromagnetism dubious.  
Indeed, a d i s t r i b u t i o n  of about 10’’ sp in /g  i n  t h e  ma te r i a l  
i s  w e l l  below t h e  p e r c o l a t i o n  l i m i t .  I n  a d d i t i o n ,  t h e  
r e p o r t e d  m a t e r i a l s  a r e  c h a r a c t e r i z e d  by i l l - d e f i n e d  
c o m p o s i t i o n s  and  poor  r e p r o d u ~ i b i l i t y . ~ ~ r  48 More 
exper imenta l  ev idences  o t h e r  t han  h y s t e r e s i s  c y c l e s  and 
persuasive arguments t h a t  t h e  magnetic behavior i s  i n t r i n s i c  
t o  t h e  m a t e r i a l  would be d e s i r a b l e  before  confirming bulk 
magnetism i n  these  ma te r i a l s .  

A v a r i a n t  of t h e  polymeric f r e e  r a d i c a l  s t r a t e g y  uses  
dopants a s  an e l e c t r o n  source .  Some ferromagnet ic  coupl ing 
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188 F. PALACIO, J .  RAMOS AND C. CASTRO 

has been observed i n  polyacetylenes . 49 Moreover t h e  presence 
of fe r romagnet ic  i n t e r a c t i o n s  has been d e t e c t e d  i n  iod ine  
doped poly (rn-aniline) . 

s i t e  DO- 
We have a l r e a d y  r e f e r r e d  t o  a v a r i e t y  of c o o r d i n a t i o n  
polymers whose magnetic p r o p e r t i e s  correspond more t o  t h e  
presence  of magnet ic  p a r t i c l e s  than  t o  t h e  paramagnet ic  
polymeric mat r ix  i t s e l f .  As a genera l  r u l e ,  t h e  p a r t i c l e s  
c o n s i s t  of  a meta l  ox ide  t h a t  develops p a r a l l e l  t o  t h e  
s y n t h e t i c  process of t he  polymer. 

There a r e  two s t rong  reasons fo r  t he  genuine i n t e r e s t  of 
t h e s e  m a t e r i a l s .  F i r s t ,  t h e  nanometr ic  s i z e  of t h e s e  
p a r t i c l e s  and t h e  g e n e r a l  s i m p l i c i t y  of t h e  s y n t h e t i c  
processes  provide an i n t e r e s t i n g  route  t o  the  p repa ra t ion  of 
nanometr ic  magnetic p a r t i c l e s ,  something t h a t  has s t r o n g  
t echno log ica l  i n t e r e s t .  Second, t h e s e  composite m a t e r i a l s  
r u d i m e n t a r i l y  resemble Nature  composi tes  due t o  t h e i r  
formation mechanism. I n  f a c t ,  i n  b i o l o g i c a l  m a t e r i a l s  t h e  
p a r t i c l e s  a r e  grown i n  situ w i t h i n  t h e  polymeric matr ix ,  and 
under t h e  c o n t r o l  of t h e  m a t r i x . 5 1  I t  would be h i g h l y  
d e s i r a b l e  t o  a r r i v e  t o  t h e  poin t  where a polymeric composite 
can be prepared i n  a completely con t ro l l ed  process .  

Small ferromagnetic p a r t i c l e s ,  i n  general  single-domain, 
e x h i b i t  i n t e r e s t i n g  magnet ic  p r o p e r t i e s  f o r  p o t e n t i a l  
a p p l i c a t i o n s  i n  information s to rage ,  magnetic r e f r i g e r a t i o n  
and f e r r o f l ~ i d s . ~ * - ~ ~  The use of a polymeric matr ix  permi ts  
t o  s t a b i l i z e  and i s o l a t e  t h e  p a r t i c l e s  and may confer  t o  t h e  
ma te r i a l  a good degree of o p t i c a l  transparency i n  t h e  v i s i b l e  
reg ion .  I n t e r p a r t i c l e  i n t e r a c t i o n s  have been d e t e c t e d  t h u s  
providing some unusual cases  of asperomagnetic behavior .55,  
56 

The s e r i e s  of poly-irninic de r iva t ives  of genera l  formula 
(ML2X’yH20)n, where M = Fe2+, Co2+; L = i s  t h e  r e p e t i t i v e  u n i t  

of a polymeric azomethine shown i n  Scheme I; X = SO,-, NOg , 
C 1 0 4  , C1-, e t c . ,  can be used t o  exemplify some of t h e  

s t r u c t u r a l  and magnetic c h a r a c t e r i s t i c s  of t h e s e  m a t e r i a l s  
( h e r e a f t e r  r e f e r r e d  a s  M P ( R ) X ,  where P ( R )  i s  t h e  polymer 

- - 
- 
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MAGNETIC POLYMERS 189 

shown in Scheme I with substituent R )  .35, 57, 5 8  The 
compounds are prepared by the reaction of a di-iminic polymer 
with a solution of the divalent metal salt. Two repetitive 
units of the organic polymer are required to coordinate each 
M2+ ion. This gives natural amorphicity to the resulting 
metal-organic polymeric material. 

P(H): R = H, n = 50 
P(CH3): R = CH,, n = 10 

n 

Transmision electron microscopy (TEM) micrographs 
evidence the existence in the sample of electrodense 
polyhedric particles with a size of about l O O A  to 300A 

micrograph corresponding to a sample of CoP(H)S04 is shown in 
Figure 4. Although the greater part of each sample seems to 
be amorphous, electron diffraction experiments show 
diffraction rings characteristic of a polycrystalline 
material. The rings, and diffraction patterns from bigger 
crystals occasionally observed, can be indexed to the 
hexagonal unit cells of a-Fe203 (a = 5.035A,  c = 13.71714) and 
CoO(0H) (a = 2.85114, c = 1 3 . 1 5 0 A )  for, respectively, the Fe- 
and Co-containing polymers. 

Regarding the magnetism of these amorphous materials, 
some of their properties, like the presence of hysteresis in 
the field dependent magnetization and non-zero out-of-phase 
component ( X " )  in the ac susceptibility below a given 
temperature, strongly resemble ferromagnetic behavior. 
However, careful analysis of the magnetic data together with 
complementary measurements, in particular frequency dependent 
ac susceptibility, indicate that the magnetism of these 
composite polymers largely differ from those characteristic 
of ordered magnetic systems.35. The temperature dependence 
of the a c  susceptibility of FeP(H)S04 at several frequencies 

impregnating an electronically lighter material. A 
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i s  d e p i c t e d  i n  F i g u r e  5 .  The d e c r e a s e  i n  t h e  i n - p h a s e  ( X I )  

component a n d  t h e  s h i f t  i n  t h e  X "  maximum w i t h  i n c r e a s i n g  
f r e q u e n c y  s u g g e s t  r e l a x a t i o n  e f f e c t s  c o n s i s t e n t  w i t h  
s u p e r p a r a m a g n e t i c  b e h a v i o r ,  w i t h  a b l o c k i n g  t e m p e r a t u r e  
a r o u n d  room t e m p e r a t u r e .  The maximum of t h e  s u s c e p t i b i l i t y  
i n  t h e  C o  d e r i v a t i v e s  a r i s e s  a t  much lower t e m p e r a t u r e ,  
a r o u n d  10  K .  F i g u r e  6 shows t h e  t e m p e r a t u r e  dependence  of 
t h e  e f f e c t i v e  m a g n e t i c  

d e r i v a t i v e s  as c a l c u l a t e d  

moment o f  a s e r i e s  o f  C o P ( C H 3 )  X 

from s u s c e p t i b i l i t y  measurements .  

FIGURE 4 TEM microsraph 
COP (HI SO 
polyhedri 

I 
I00 2 0 0  100 

T(K) 

Of f IGURE 5 Temperature dependence - -  
4 showing electrodense of the in-phase ( X I )  and out-of- 
.c particles. phase ( x " )  susceptibility at 

several frequencies of FeP (H) SO,. 

The mechanism o f  t h e  p a r t i c l e  f o r m a t i o n  h a s  b e e n  
d i s c u s s e d  e l s e w h e r e . S 7  I t  seems r e a s o n a b l e  t o  assume t h a t ,  
i n  t h e  c o o r d i n a t i v e  r e a c t i o n  c o n d i t i o n s ,  a c e r t a i n  amount o f  
M(OH)*, M = Fe and  Co, i s  a l s o  formed.  Then, o x i d a t i o n  w i t h  
r e s i d u a l  oxygen c o n t a i n e d  i n  t h e  s o l v e n t  p roduces  MO(0H) t h a t  
i n  t h e  case o f  t h e  Fe  d e r i v a t i v e s  y i e l d s  a -Fe203 d u r i n g  t h e  

d r y i n g  p r o c e s s  o f  t h e  m a t e r i a l .  D
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FIGURE 6 
COP ( C H 3 ) X  

Temperature dependence of the effective moment in a series of 
derivatives. 
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