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ANOMALOUS MAGNETIC PROPERTY OF CRYSTALLINE m-PHENYLENEBIS- 

(GALVINOXYL) BIRADICAL. 
INTERMOLECULAR INTERACTION I N  BIRADICAL CRYSTAL 

AN EVIDENCE FOR THE STRONG FERROMAGNETIC 

KAZUO MUKAI, TOSHIKO TAMAKI, SYUJI KAWASAKI AND S H I N - I C H I  NAGAOKA 
Department o f  Chemistry, Facu l t y  o f  Science, Ehime U n i v e r s i t y ,  
Bunkyo-cho 2-5, Matsuyama 790, JAPAN 

Abs t rac t  Magnetic s u s c e p t i b i l i t y  (XM) has been measured f o r  t h e  
m-phenylenebis(galvinoxy1) b i r a d i c a l  _1. XM f o l l o w s  the  Curie-Weiss 
law w i t h  a Cur ie  cons tan t  o f  C=0.60 K.emu/mol and a Weiss cons tan t  
of  8=1 K i n  the  temperature r e g i o n  280-160 K, i n d i c a t i n g  two 
n o n i n t e r a c t i n g  s p i n  1/2 p a r t i c l e s .  XM dev ia tes  f rom Curie-Weiss 
law and XMT increases below 160 K t o  reach a broad maximum (xMT= 
1.83 K.emu/mol) a t  72 K. The va lue  o f  XMT a t  72 K (1.83 K-emu/mol) 
i s  much h ighe r  than t h a t  (1.00 K-emu/mol) expected f o r  a t r i p l e t  
(S=l) molecule and i s  i n d i c a t i v e  o f  a s t rong  fe r romagnet ic  
i n t e r a c t i o n  between b i r a d i c a l  molecules. The anomaly o f  t h e  
s u s c e p t i b i l i t y  below 160 K i s  p robab ly  due t o  a f i r s t - o r d e r  phase 
t r a n s i t i o n ,  because the  s u s c e p t i b i l i t y  shows t h e  phenomena o f  
thermal hys t e r e s i  s . 

INTRODUCTION 

Paramagnetic s u s c e p t i b i l i t y  measurements o f  most c r y s t a l l i n e  aromat ic  
f r e e  r a d i c a l s  u s u a l l y  g i ve  negat ive  Weiss constants.  I n  such a case, 
t h e i r  s u s c e p t i b i l i t i e s  (xM)  e x h i b i t  broad maxima a t  a low temperature, 
i n d i c a t i n g  t h a t  t he  sp ins  on ad jacent  f r e e  r a d i c a l s  i n  t h e  c r y s t a l  
l a t t i c e  couple a n t i f e r r o m a g n e t i c a l l y  w i t h  each o the r .  McConnell 
ou t  t h e  p o s s i b i l i t y  o f  a fe r romagnet ic  exchange i n t e r a c t i o n  f a v o r i n g  
para1 l e l  ( t o t a l  ) s p i  n angul a r  momentum on ne ighbor ing  molecules i n  odd- 
a l t e r n a n t  r a d i c a l s  which have l a r g e  p o s i t i v e  and negat ive  atomic n -sp in  
dens i t i es .  The unpaired e l e c t r o n  d i s t r i b u t i o n  on ga lv inoxy l  r e a l l y  
corresponds t o  t h i s  case as c a l c u l a t e d  b y  the  McLachlan Molecu la r  
O r b i t a l  method.’ I n  fac t ,  a p o s i t i v e  Weiss cons tan t  (0=11 K) was observed 
f o r  ga l v inoxy l  r a d i c a l  s o l i d s ,  and i n t e r p r e t e d  i n  terms o f  bo th  the  
over lap  o f  2p, n - o r b i t a l s  i n f e r r e d  from t h e  molecu la r  packing and t h e  

3- 5 s p i n  dens i t i es .  

1 po in ted  

[36 1 ]/ 1 
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213621 K. MUKAI ET AL. 

The magnetic p roper t y  o f  
ga l v inoxy l  i s  ve ry  i n t e r e s t i n g ,  
because o f  t he  possi  b i  1 i t y  o f  f e r r o -  
magnetism a t  low temperature. 
However, t h e  ga lv inoxy l  r a d i c a l  shows 
a f i r s t - o r d e r  phase t r a n s i t i o n  a t  
85 K, accompanied by a p a i r i n g  o f  
t he  magnetic spins,  and t h e  suscep- 
t i v i  1 i ty a t  1 ow temperature (T<85K) 

t: tBu 

was found t o  be diamagnetic (weak 
paramagnetic) .3,6-8 Recently, several  

FIGURE 1 Molecu la r  s t r u c t u r e  of 
m-phenylenebis( gal  v i  noxyl  ) 
biradical 1. - 

examples o f  organic f r e e  r a d i c a l  
c r y s t a l s  which i n d i c a t e  ferromagnet ic i ntermol ecul a r  i n t e r a c t i o n s  a t  1 ow 
temperatures have been reported.8-16 However, t he  ferromagnet ic behavior 
repor ted  happens a t  1 i q u i d  he1 ium temperature region, i n d i c a t i n g  weak 
ferromagnet ic i n t e r a c t i o n  between the  r a d i c a l  molecules. 

atomic r - s p i n  d e n s i t i e s  i n  the  molecule, and we can expect ferromagnet ic 
i n te rmo lecu la r  i n t e r a c t i o n  between t h e  r a d i c a l  molecules from the  theo ry  
o f  McConnell .l However, t h e  examples o f  t h e  c r y s t a l  1 i n e  phenoxyl de r i va -  
t i v e s  o f  which d e t a i l e d  magnetic p roper t i es  have been s tud ied  are ve ry  
1 i m i  ted. 3y17-21 I n  t h e  present work, we prepared t h e  c r y s t a l l i n e  m- 
phenyl enebi s (ga l  v i  noxyl  ) b i  r a d i  c a l  1 having two gal  v i  noxyl groups i n  a 
molecule (see Fig.  l ) ,  and s tud ied  the  magnetic s u s c e p t i b i l i t y  of t h e  
b i r a d i c a l  1. 

General ly, t h e  phet,?.yyl d e r i v a t i v e s  have l a r g e  p o s i t i v e  and negat ive  

EX PER1 MENTAL 

The synthesis o f  m-bis[bi s (  3,5-di-butyl-4-hydroxyphenyl )methyl ]benzene 
(mp 223-224OC) was repor ted  prev ious ly .  22y23 The m-phenylenebis(ga1vi- 
noxy l )  b i r a d i c a l  I - A  was prepared by t h e  o x i d a t i o n  o f  t he  above phenol 
p recursor  i n  a m ix tu re  o f  d i e t h y l  e the r  and an aqueous a l k a l i n e  K3Fe(CN)6 
s o l u t i o n  under a n i t r o g e n  atmosphere, w i t h  t h e  temperature kept between 
0 and 5"C, f o l l o w i n g  the  method o f  M i i l l e r  and Ley.24 A brown s o l i d  
having greenish m e t a l l i c  l u s t e r  was i s o l a t e d  from t h e  d i e t h y l  e t h e r  
so lu t i on .  The b i r a d i c a l  1-B was prepared by t h e  o x i d a t i o n  o f  t he  phenol 
p recursor  w i t h  Pb02 i n  2-methyl t e t rahyd ro fu ran  (2-MeTHF) so l ven t  under 
a n i t r o g e n  atmosphere, w i th  the  temperature kep t  between 0 and 5°C. The 
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MAGNETIC PROPERTY OF m-PHENYLENEBIS(GALVIN0XYL) BIRADICAL [363]/3 
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,300 
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FIGURE 2 Inverse  molar s u s c e p t i b i l i t y  o f  m-phenylenebis- 
( g a l v i n o x y l )  b i r a d i c a l  I - A  vs temperature. 

r e s u l t s  o f  t h e  iodomet r ic  t i t r a t i o n  i n d i c a t e d  t h e  ex is tence o f  1.7-1.8 
moles o f  unpaired e lec t rons  per mole o f  t h e  b i r a d i c a l  samples. 

The s u s c e p t i b i l i t y  measurements from 54 t o  280 K were c a r r i e d  o u t  
w i t h  a Shimadzu type MB-2 magnetic t o r s i o n  balance, equipped w i t h  a 
low temperature c ryos ta t .  

24 

RESULTS AND DISCUSSION 

The inverse  mol a r  suscept i  b i  1 i ty  o f  t h e  m-phenyl enebi s ( g a l  v i  noxy l  
b i r a d i c a l  1 - A ,  prepared by t h e  o x i d a t i o n  w i t h  an aqueous a l k a l i n e  
K3Fe(CN)6 s o l u t i o n  i n  d i e t h y l  e ther ,  a re  shown i n  Fig.  2 as a func t i on  
o f  t he  temperature. The data have been co r rec ted  f o r  t h e  diamagnetic 
c o n t r i b u t i o n  of xdia=-0.595 x 10-3emu/mol, ca l cu la ted  by Pascal ’s 
method. The s u s c e p t i b i l i t y  o f  t h e  b i r a d i c a l  l - A  f o l l ows  a Curie-Weiss 
law, w i t h  a Cur ie  constant of  0.60 K.emu/mol and a Weiss constant Of  

1 K i n  the  temperature range 280-160 K. A p l o t  of  xMT v s  T (see Fig.  3)  
c l e a r l y  shows t h a t  t h e  va lue  o f  product xMT (0.60 K-emu/mol) i s  much 
smal le r  than t h a t  o f  1.00 K.emu/mol f o r  pure t r i p l e t  (S= l )  p a r t i c l e s ,  
and i s  r a t h e r  c lose  t o  t h a t  o f  0.752 K*emu/mol, corresponding t o  t h e  

h igh  temperature l i m i t  ( I  2Jintral<<kT) o f  t he  s i n g l e t - t r i p l e t  e q u i l i -  
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0 1  
0 1 0 0  2 0 0  300 

T (K) 

FIGURE 3 Plots of the product x T vs T f o r  the biradicals  I - A  
(0) and 1 - B  (A). Solid and broken l ines  represent the 
Curie laws w i t h  Curie constants of 1.00 and 0.752 K.emu/mol, 
respectively . 

brium (ST) model, i . e . ,  two noninteracting spin 1 / 2  par t ic les .  The 
difference between the observed and calculated Curie constants i s  due 
t o  both diamagnetic and monoradical impurit ies in  the individual 
samples. Radical concentration of the biradical calculated from the 
above Curie constant,  assuming noninteracting spin 1 / 2  pa r t i c l e s ,  i s  
80%, being consis tent  with t h a t  (85-90%) obtained chemically by iodo- 
metric ti t ra t ion .  

and xMT increases below 160 K t o  reach a broad maximum ( ~ ~ T ' 1 . 8 3  K-emu 
/mol) a t  72 K ,  as shown i n  Fig. 3 .  The value of xMT a t  72 K i s  much 
higher than tha t  (1.00 K.emu/mol) expected f o r  a t r i p l e t  ( S = l )  
molecule and i s  indicat ive of a strong ferromagnetic intermolecular 
interact ion between biradical molecules. 

biradical 1 - A  between 160-54 K depends remarkably on the thermal 
his tory of the specimen. For instance,  a t  77 K ,  the value of xMT 
increases gradually with time from 0.65 K.emu/mol a t  t = O  t o  1.68 K-emu 
/mol a t  t=ll hrs, as shown i n  F i g .  4. When the temperature i s  lowered 

However, XM of the biradical L-A deviates from Curie-Weiss law, 

Further, i t  was found t h a t  the magnetic suscept ib i l i ty  of the 
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MAGNETIC PROPERTY OF in-PHENYLENEBIS(GALVIN0XYL) BIRADICAL [365]/5 

1 Y, 

.5 

0 
0 2 4 6 8 1 0  1 2  

t ( h r )  

FIGURE 4 P l o t s  o f  t he  produc t  x,,,T vs t ime f o r  t h e  b i r a d i c a l  
- 1 - A  a t  77 K. 

from 77 K, x,,T remains cons tan t  (approx. 1.68 K.ernu/rnol) between 77-54 
K, as shown i n  F ig .  5 (Run I ) .  As the  temperature i s  heated above 54 K, 
xMT va lue  increases g radua l l y  and reaches a broad maximum a t  about T= 
72 K. The temperature dependence o f  xM shows c l e a r l y  t h e  phenomena of 
thermal hys teres is .  S i m i l a r  measurements were performed f o r  t h e  same 
specimen o f  I - A  d i f f e r i n g  i n  the  thermal h i s t o r y .  As keeping t h e  
specimen f o r  4 h rs  a t  77 K, xMT increases  w i t h  t ime  from 0.65 K.emu/mol 
t o  1.24 K-emujmol, as shown i n  F ig .  5 (Run 11). x,,, shows s i m i l a r  
temperature dependence t o  t h a t  of Run I w i t h  subsequent hea t ing  a f t e r  
the  sample was coo led  down t o  54 K f rom 77 K. Therefore,  t h e  anomaly o f  
t he  s u s c e p t i b i l i t y  below 160 K w i l l  be due t o  a f i r s t - o r d e r  phase 
t r a n s i t i o n .  

On the  o t h e r  hand, q u i t e  d i f f e r e n t  magnetic behav io r  has been 
observed f o r  t h e  b i r a d i c a l  1-B, prepared by the  o x i d a t i o n  w i t h  Pb02 i n  
2-MeTHF. The s u s c e p t i b i l i t y  o f  t he  b i r a d i c a l  I - B  f o l l o w s  the  Cur ie- 
Weiss law w i t h  a Cur ie  cons tan t  of C=0.58 Koemu/mol and a Weiss cons tan t  
of 8=1 K i n  t h e  temperature range 280-54 K. As i s  c l e a r  f rom t h e  r e s u l t s  
shown i n  Fig.  3, t he  anomaly i n  t h e  magnetic s u s c e p t i b i l i t y  observed 
f o r  t h e  b i r a d i c a l  I - A  was disappeared i n  t h e  b i r a d i c a l  1 - B .  The va lue  
of Cur ie  cons tan t  ob ta ined f o r  t he  b i r a d i c a l  1-B agrees w e l l  w i t h  t h a t  
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0 1 0 0  2 0 0  3 0 0  
T ( K )  

FIGURE 5 P l o t s  o f  t he  product xMT vs T f o r  t h e  b i r a d i c a l  1-A ,  
showing thermal hys te res i s .  
experiments d i f f e r i n g  i n  thermal h i s t o r y  on t h e  same specimen. 

Runs I and I1 i n d i c a t e  tKe 

(C=0.60 K.emu/mol) obtained f o r  t h e  b i r a d i c a l  I - A  i n  t he  temperature 
range 280-160 K. Fur ther ,  t he  r e s u l t  obtained f o r  t h e  b i r a d i c a l  1 - B  
i n d i c a t e s  t h a t  t h e  i n t r a -  and in te r -mo lecu la r  exchange i n t e r a c t i o n s  i n  
the  b i r a d i c a l  2-B are weaker than the  thermal e x c i t a t i o n ,  i .e. ,  

12Jintral and 12Jinterl<<54 K. 
As descr ibed above , anomalous magnetic p roper t y  has been observed 

f o r  t h e  b i r a d i c a l  l - A .  In order  t o  asce r ta in  t h e  anomalous magnetic 
suscept i  b i  1 i t y  observed f o r  t h e  b i  r a d i c a l  1 - A ,  several  samples of bo th  
the  b i r a d i c a l  I - A  and 1 - B  were synthesized independent ly,  and the  
s u s c e p t i b i l i t y  measurements were performed repeatedly.  Anomalous magnetic 
s u s c e p t i b i l i t y  was o n l y  observed f o r  t h e  b i r a d i c a l  I - A ,  and n o t  f o r  t he  
b i r a d i c a l  1-8 ,  i n d i c a t i n g  t h a t  t h e  anomaly i n  t h e  s u s c e p t i b i l i t y  i s  
i n t r i n s i c  p roper t y  t o  t h e  b i r a d i c a l  1 - A .  Q u i t e  d i f f e r e n t  magnetic 
p roper t i es  have been observed f o r  t he  specimens o f  t h e  b i r a d i c a l s  I - A  
and 1 - B  prepared by us ing  d i f f e r e n t  o x i d i z i n g  agents and so lvents .  
Therefore, i n  o rder  t o  c l a r i f y  t h e  e f f e c t  o f  t h e  paramagnetic i m p u r i t y  
which may a r i s e  from K3Fe(CN)6 used as o x i d i z i n g  agent, t he  fo l l ow ing  
experiments were performed. The specimen o f  b i r a d i c a l  l - A  which shows 

anomalous magnetic p roper t y  was d i sso l ved  i n t o  2-MeTHF so lvent ,  and t h e  
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MAGNETIC PROPERTY OF m-PHENYLENEBIS(GALVIN0XYL) BIRADICAL [367]/7 

so lven t  was evaporated under vacuum f o r  3 hrs. The s u s c e p t i b i l i t y  o f  t h e  
specimen o f  1 - A  f o l l o w s  t h e  Curie-Weiss law w i t h  C=O.55 K.emu/mol and 
8=5 K between 280-54 K, and the  anomaly i n  t h e  s u s c e p t i b i l i t y  disappeared. 
The r e s u l t  i nd i ca tes  t h a t  t he  anomaly i n  the  s u s c e p t i b i l i t y  i s  no t  due 
t o  the  paramagnetic i m p u r i t i e s  such as Fe(1 I )  and F e ( I I 1 )  i ons  a r i s i n g  
from K3Fe(CN)6. The disappearance o f  t he  anomalous magnetic behav io r  i n  
the  b i r a d i c a l  I - A  may r e l a t e  t o  t h e  2-MeTHF molecules remaining i n  
powder c r y s t a l  o f  t h e  b i r a d i c a l  I. 

ESR spectra o f  m- and p-phenylenebis(galvinoxy1) b i r a d i c a l s  1 and 
- 2 have been repor ted  i n  previous papers. 2 2 y 2 3  The b i r a d i c a l s  1 and 2 
show n ine  l i n e  hyper f i ne  s p l i t t i n g s  (amH=0.69 G) due t o  t h e  equ iva len t  
e i g h t  meta-r ing protons i n  t h e  two ga lv inoxy l  r i n g s  i n  2-MeTHF 
so lu t i on .  The spec t ra  were ascr ibed t o  a b i r a d i c a l  whose exchange 
energy, Jintr , i s  l a r g e r  than t h e  p ro ton  coup l i ng  constant,  a,,, 
( I J i n t r a  I>>a); a:=0.69 G f o r  - 1 and 2). When t h e  s o l u t i o n  c o n t a i n i n g  
the  b i r a d i c a l s  1 and 2 i s  f rozen  i n t o  a r i g i d  g lass  (77 K) ,  one can 
observe some d i p o l a r  s p l i t t i n g s  due t o  t y p i c a l  t r i p l e t  s t a t e  (see Figs,  
2 and 3 i n  r e f .  23). I n  bo th  the  b i r a d i c a l s  1 and 2, t h e  z e r o - f i e l d  
s p l i t t i n g  parameters (D and E )  and the  g-tensor values have been 
est imated t o  be IDI=26.1 G, I E l = l . l  G, gxx=2.0039, gyy =2.0056 and g,,= 

=2.0049 and g,, 2.0038 f o r  1, and IDI=20.0 G, I E l = l . l  G, gxx=2.0045 
=2.0043 f o r  2. The ESR absorpt ions which i n d i c a t e  the  ex is tence o f  h igh  
sp in  s t a t e  (S>1) i n  t h e  b i r a d i c a l  1 were no t  observed. 

As descr ibed above, t h e  b i r a d i c a l  1 - A  shows l a r g e  magnetic suscep- 
t i b i l i t y  a t  low temperature between 90 and 54 K. For instance, t he  
value o f  the  product xMT i s  1.83 K.emu/mol (Run I) a t  72 K. Such a l a r g e  
value o f  xMT i n  t h e  b i r a d i c a l  I - A  i s  w e l l  i n t e r p r e t e d  by assuming t h e  
ferromagnet ical  l y  coupled s t r u c t u r e  a t  low temperature. Ferromagnetic 
i n t ramo lecu la r  exchange i n t e r a c t i o n  (2Jintra) i n  b i r a d i c a l  - A  i s  
thought t o  be n o t  so strong, because IJintral<<54 K i n  t h e  b i r a d i c a l  
- 1-B. Consequently, t h e  s t rong  ferromagnet ic i n t e r a c t i o n  observed f o r  
t he  b i r a d i c a l  1 - A  w i l l  be due t o  t h e  i n te rmo lecu la r  one. The va lue  of 
xNT a t  72 K (1.83 K-emu/mol) seems t o  correspond approximately t o  t h e  
value f o r  S=5/2 o r  sex te t .  It appears t h a t  t h e  ferromagnetic i n t e r a c t i o n  
extends over a t  l e a s t  f i v e  b i r a d i c a l  molecules on an average i n  the  
c r y s t a l .  As i t  i s  c l e a r  f rom t h e  r e s u l t s  shown i n  Figs. 4 and 5, t h e  

sp in  m u l t i p l i c i t y  i n  t h e  b i r a d i c a l  I - A  w i l l  i nc rease from S=5/2, by 
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keeping t h e  specimen f o r  longer  hours a t  77 K. 
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