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Severa l classes o f  o rg a n ic  m agne ts  based u p o n  th e  te tra -  
cya n o e th e n id e  ra d ic a l a n io n , [T C N E ] - , e ith e r  u n b o u n d , u , 
a n d  u 4 bonded  to  zero , tw o  a n d  fo u r  m e ta l s ites have  been 
re p o rte d . T h e  p u ta t iv e  u 4 bo n de d  V ( T C N E ) v ro o m  te m 
p e ra tu re  m a g n e t has been ex tended  to  in c lu d e  M (T C N E ) V 
(M  =  M n , Fe, C o , N i)  m agne ts . M  fo r  th is  class o f  m agne ts  
is  assigned to  be in  th e  d iv a le n t o x id a t io n  s ta te . A  
o - [T C N E |22 d im e r  in te rm e d ia te  has been iso la te d . T h e  
in tra c h a in  m a g n e tic  c o u p lin g  fo r  th e  1 -D  c o o rd in a tio n  
p o ly m e rs  h a v in g  [T C N E ] - u -b r id g e  bonded  to  [M n n ,p o r-  
p h y r in s ]+ is d iscussed in  th e  c o n te x t o f  a  s tru c tu re - fu n c t io n  
c o rre la t io n  a r is in g  f ro m  th e  d ih e d ra l ang le  betw een th e  
[M n ,n T P P ]+,s M n N 4 a n d  [T C N E ]-  m ean p lanes a n d  th e  
m a g n itu d e  o f  m a g n e tic  c o u p lin g . T h is  c o rre la tio n  is  ascribed  
to  th e  in c re a s in g  im p o r ta n c e  o f  th e  o -M n ,n  d .- i/ [T C N E |' p . 
o v e rla p  w ith  decreas ing  d ih e d ra l ang le .

F ro m  tim e  im m e m o ria l magnets com prised  a fe w  m eta ls o r th e ir 
ox ides w ith  the ke y  com ponent o f  a ll magnets, the  unpaired  
e lec tron  spins, so le ly  res id ing  in  d- o r f-o rb ita ls . E xtens ion  to 
organ ic  rad ica ls  was f irs t  d iscussed in  1963 fro m  a conceptiona l 
p o in t o f  v ie w ,1 b u t th e ir  experim enta l rea liza tion  was not 
ach ieved u n til 1985. A t  tha t tim e  [F e (C 5M e 5) 2].+ [T C N E ].-  
(T C N E  =  te tracyanoethylene) w ith  a m agnetic  o rdering  
tem perature, Tc, o f  4 .8 K  was reported  to  be the f irs t  m agnet 
w ith  sp in res id ing  in  a p -o rb ita l2 th a t ( i)  requ ired  spins in  
p -o rb ita ls , ( i i)  e xh ib ite d  m agnetic  hysteresis, ( i i i )  d id  no t have 
extended n e tw o rk  bond ing  in  1, 2  o r 3 d im ensions, ( iv )  was 
so lub le  in  conventiona l o rgan ic  solvents, and (v ) d id  no t requ ire  
m e ta llu rg ica l p repara tive  methods. Today, m olecu le-based 
magnets in c lu d e  m any d iverse exam ples o f  m ateria ls  e x h ib itin g  
m agnetic o rde ring  in c lu d in g  ferrom agnets, fe rrim agnets, 
canted/w eak ferrom agnets, m etam agnets and spin glasses. 
M a te ria ls  range fro m  p -o rb ita l-based  o rgan ic  n itrox ides ,3,4 p /d- 
orb ita l-based  m ixe d  organ ic  rad ica ls /o rganom e ta llic  o r in 
organ ic  coo rd ina tion  systems,4-6 to  the m ore c lassica l d -o rb ita l-  
based ino rgan ic  coo rd ina tion  com pounds (e.g. m ixe d  m eta l 
oxalates and cyan ides),4-5 w ith  several classes o f  the  o rgan ic / 
m e ta l-ion -con ta in ing -ones possessing T C N E  stud ied in  our 
labo ra to ry . A s is the in te n t o f  fea ture  artic les in  th is  jo u rn a l, w e 
p ro v id e  a personal account o f  the resu lts on tw o  classes o f  
TC N E -based magnets, nam ely, M [T C N E ]x and [M n (p o r- 
p h y r in ) ] [T C N E ] magnets. B road  rev iew s on m olecu le-based 
magnets, how ever, are ava ilab le .3-6

M (T C N E )X M a g n e ts

In  1991 V (T C N E V y (C H 2C l2) (x ~ 2; y  ~ 1/2) 1a, prepared 
fro m  the roo m  tem perature  reaction  o f  V 0(C 6H 6)2 and T C N E , 
was reported  to  be a m agnet b e lo w  a c r it ic a l tem perature 
estim ated to  be ~ 400 K  4>7 O w in g  to  the struc tu ra l d isorder, 
va riab le  com pos ition  and extrem e oxygen/w a te r s e n s itiv ity  the 
structure  and o x id a tio n  state assignm ent o f  th is  valence- 
am biguous m ate ria l has ye t to  be e lucidated. A lth o u g h  the 
structure  is as ye t unknow n, based upon the m agnetic, IR , and 
e lem enta l analyses data, 1a is fo rm u la te d  as V n (T C N E )2

1 /2 (C H 2C l2) w ith  S =  3/2 V 11 and tw o  S =  1/2 [T C N E ]~  
systems. A  3 -D  ne tw o rk  structure 2, w ith  each vanadium

surrounded b y  up to  s ix  ligands w h ic h  are p r im a r ily  n itrogens 
fro m  d iffe re n t [T c N E ] ._  species, and the [T C N E ].-  species 
b in d in g  up to  fo u r  d iffe re n t vanadium s v ia  -N  bonds, is 
proposed.

C om pound  1a exh ib its  a fie ld -dependen t m agnetiza tion , 
M (H ), be tw een 1.4 and 350 K  (F ig . 1), and saturates to  ca. 6 X
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Fig. 1 Magnetization as a function of temperature [M(T)] at 1 kG for 
V(TCNE)x-y(CH2Cl2) prepared from (O) V(C6H6)2 1a7 and ( • )  V(CO)6 
1b8

103 emu Oe m o l-1  at 2 K  and 19.5 kG . A ssum ing  a Lande g 
va lue  o f  2, the expected m ax im u m  o r saturation m agnetiza tion , 
M s, fo r  fe rrom agne tic  coup lin g  betw een S =  3/2 V 11 and the tw o  
S =  1/2 [T C N E ].-  species (ie. Stotal =  5 /2) is 28 X 103 em u Oe 
m o l- 1 . In  contrast, an tife rrom agne tic  coup ling , lead ing  to 
fe rr im a gn e tic  behav io r as observed fo r  m agnetite  (Fe3O4), leads 
to  an Stotal o f  1/2 w ith  M s expected to be 5.6 X 103 emu Oe 
m o l 1. The  la tte r is in  good agreem ent w ith  the observed value. 
Hysteresis, characteris tic  o f  m agnets’ com pos ition  and shape, 
w ith  a coe rc ive  f ie ld  o f  60 G  is observed at ro o m  tem perature 
(F ig . 2). The  strong m agnetic  behav io r is re a d ily  observed b y  its 
be ing  a ttracted to  a perm anent m agnet at ro o m  tem perature 
(F ig . 3). Thus, 1a is the  f ir s t  exam ple  o f  organic-based m ate ria l 
w ith  a c r it ic a l tem perature  exceeding roo m  tem perature. The 
c r it ic a l tem perature  exceeds 350 K , the  the rm a l decom position  
tem perature  o f  the  sample, and a lin e a r ex trapo la tion  to  the
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Fig. 2 Hysteresis M(H), o f V(TCNE)x-y(CH2Cl2) 1a, at room temperature

tem perature  at w h ich  the m agnetiza tion  shou ld  van ish leads to 
an estim ate o f  Tc ~ 400 K  (F ig . 1). C om pound  1a is also a 
sem iconducto r w ith  a ro o m  tem perature  c o n d u c tiv ity  o f  ~ 10_3
S c m ^ 1 w h ich  decreases w ith  decreasing tem perature. A t  lo w  
tem peratures the c o n d u c tiv ity  becomes frequency dependent, 
suggesting a hopp ing  conduction  m echanism .74

T he rm a l treatm ent o f  1a reduces the m agnetiza tion . A t  roo m  
tem perature  1a has a ca. 50 day h a lf- life . Sealed samples heated 
fo r  10 h at 100 °C  are s ig n if ic a n tly  less m agnetic, w h ile  heating 
to  160 °C  fo r  48 h destroys m agnetic  o rde ring ; how ever, the 
num ber o f  spins rem ains essen tia lly  unchanged. C oncom itan tly , 
the  in fra re d  spectra in  the CN reg ion  are a ltered s lig h tly  w ith  
the absorp tion  at 2195 c m -1  m ov ing  to  h ighe r energy at 2206 
c m ^ 1. A i r  exposure fu rth e r alters the in fra re d  spectra, w ith  the 
m a jo r absorp tion  in  the C N reg ion  sh iftin g  to  2220 cm  1. 
L ike w ise , 1a ra p id ly  decomposes in  a ir and looses m agnetic 
o rdering . In fra re d  analysis o f  the decom posed p roduc t has m uch 
w eaker absorp tions at 2225 cm  1 w h ich  is in  the reg ion  
reported  fo r  T C N E 0 9 as w e ll as T C N E  -bonds to  m etals atoms 
o r ions .10

The reaction  o f  V (C 6 H 6 ) 2  and o ther strong acceptors such as 
T C N Q , p e rflu o ro -T C N Q  (T C N Q F 4), C4(C N )6, 2 ,3 ,5,6-te tra- 
ch lo robenzoquinone (ch lo ra n il) , 2 ,3 -d ich lo ro -5 ,6 -d icya n o - 
benzoquinone (D D Q ) and 2 ,3 ,5 ,6-te tracyanobenzoquinone (cy- 
a n il)11 led  to  in so lub le  prec ip ita tes o f  u n know n  com position . 
These m ateria ls  do no t e x h ib it fie ld -dependen t m agnetic 
suscep tib ilities  and th e ir  h igh  tem perature suscep tib ilities  can 
be f it te d  to the C u rie -W e iss  expression w ith  0  <  0 character
is tic  o f  an tife rrom agne tic , n o t fe rrom agne tic , behavior. Hence, 
m agnets o f  no m in a l V (accep to r)x-y(solvent) com pos ition  based 
on strong acceptors other than T C N E  have ye t to  be prepared.

C om pound  1a is a s truc tu ra lly  d isordered m a te ria l; hence, 
im p ro ve d  prepara tive  routes lead ing to  less d isorder as w e ll as 
a vo id in g  the d iff ic u lt- to -o b ta in  V (C 6H 6)2 w ere sought. U n lik e

V 0(C 6 H 6 )2 , the  reaction  o f  isoe lec tron ic  V 0(C 5 H 5 ) (C 7 H 7 ) w ith  
T C N E  d id  no t a ffo rd  a room -tem pera tu re  m agnet.8 T h is  is due 
to  the greater o x id a tio n  po ten tia l o f  V 0(C 5H 5)(C 7H 7) (0.34 V  vs. 
SCE) w ith  respect to  V 0(C 6 H 6 ) 2  ( 0 .28 V ) . S im ila r ly , the 
reactions o f  [T C N E ]~  and [V !(C 6H 6)2]+ o r T C N E  and 
V II(C 5 H 5 ) 2  d id  no t a ffo rd  a room -tem pera tu re  magnet. S ince the 
reaction  o f  V 0(C 6 H 6 ) 2  and T C N E  leads to  a s tron g ly  m agnetic 
m ateria l, b u t the reaction  o f  [V : (C 6H 6)2]+ and [T C N E ]~  does 
not, the m echanism  o f  the  reaction  is c ruc ia l in  the  fo rm a tio n  
o f  the room -tem pera tu re  m agnet and i t  is p resen tly  be ing 
investigated. In  contrast, the  room -tem pera tu re  reactions o f  
V 0(CO)6, [ V ^ ^ M V - ^ C O y ,  [V n (N C M e )6 ][V -!(C O )6 ]2 , 
[V n (N C M e )6]2+ and [V n (T H F )6] [ ^ ! ( C O ) 6 ] 2  w ith  T C N E  le d  to  
room -tem pera tu re  m agnets; w h ile  the reactions o f  [E t4N ]-  
[V - ! (C O ) 6] and N a [ ^ : (C O )6] 2 d ig lym e  d id  no t.8 The reaction  
o f  V 0( c O )6 w ith  t C n E  was stud ied in  d e ta il.8

The e lem enta l com pos ition  suggests tha t the magnets 
prepared fro m  V (C 6 H 6 ) 2  o r V (C O )6  have s im ila r com positions. 
The  s im ila r ity  o f  the IR  spectra fo r  the magnets prepared fro m  
V (C 6H 6) 2 (i.e. 1a) and V (C O )6 (i.e. 1b ) and the absence o f  vC=O 
stretches in  the 1800 to 2000 cm  1 reg ion  fo r  the la tte r m agnet 
s trong ly  suggest th a t a ll the  carbonyls  are expe lled  fro m  the 
vanadium  coo rd in a tio n  sphere upon the reaction  o f  V (C O )6  
w ith  T C N E .8 T h is  was c o n firm e d  fro m  the q u a n tifica tio n  o f  
C O -loss via  T oep le r pum p measurements fo r  [eqn. (1 )],

V (C O )6 + y  T C N E  V (T C N E )y(C O )6_x (1b ) + x  C O  (1)

w ith  x  =  5.9 ±  0.1. Thus, a ll the  s ix  carbonyls  are lost. Based on 
the la ck  o f  C O  and the s im ila r ity  betw een the IR  spectra fo r  the 
magnets prepared fro m  V (C O )6  (1b ) and V (C 6 H 6 ) 2  (1a), bo th  
are assigned the same struc tu ra l b u ild in g  b lo c k  2. Nonetheless, 
d iffe rences between the CN absorptions fo r  1a and 1b  ind ica te  
tha t the  tw o  magnets are s truc tu ra lly  inequ iva len t and d iffe re n t 
m agnetic  behav io r is observed, a lthough bo th  have a Tc 400 K  
(F ig . 1).

The  M  fo r  1b (F ig . 1), is 10 300 emu Oe m o l^ 1 at 4.2 K  and 
3600 emu Oe m o l 1 at ro o m  tem perature and an app lied  
m agnetic  f ie ld  o f  1 k G ; an increase o f  67 and 133% at these 
tem peratures, respective ly , as com pared to  1a. W hereas M  
decreases m o n o to n ica lly  w ith  increasing T  fo r  1a, th is  is less 
ev iden t at lo w  tem peratures fo r  1b. The  unusual lin e a r decrease 
o f  M  w ith  increasing  T  is consistent w ith  extensive d isorder in  
the sample, and suggests tha t the 1b  is less disordered. 
Hysteresis w ith  a coe rc ive  f ie ld  o f  15 Oe is observed at room  
tem perature and at 4.2 K  fo r  the 1b. T h is  is s ig n ific a n tly  lo w e r 
than the 60 Oe va lue observed fo r  1a (F ig . 2 ).7 The extrapo la ted 
Tc fo r  1b  is ~ 400 K , com parab le  to  1a (F ig . 1).7 The  resu lts o f  
the m agnetic  behav io r fo r  1 g ive  hope tha t m ore  m o lecu la r/ 
o rg a n ic /p o lym eric  magnets w ith  h igher Tcs w i l l  be ava ilab le  in  
the fu tu re . A lre a d y  a roo m  tem perature  a Prussian b lue- 
s tructured m agnet, also based on vanadium , has been re- 
p o rted .12

In  add itio n  to  fo rm in g  1 via  the so lu tion  reaction  o f  T C N E  
and V (C 6 H 6 ) 2  o r V (C O )6 , these reactions w ere also carried  ou t 
w ith o u t so lvent. N o  reaction  occurred  upon the reaction  o f  
T C N E  and V (C 6 H 6 ) 2 , w h ile  an im m ed ia te  b lue  p rec ip ita te  
occurred  w ith  T C N E  and V (C O )6  at the surface o f  the T C N E  
crysta ls o r on the w a lls  o f  the reaction  vessel i f  bo th  T C N E  to 
V (C O )6  w ere co-sub lim ed. F o r the la tte r p roduct, the IR  
spectrum  and m agnetic  properties w ere ve ry  s im ila r to  m ateria ls 
prepared fro m  so lu tion . H ow ever, th is  m a te ria l has reduced 
oxygen sens itiv ity . T h is  d iffe rence  is a ttribu ted  to  its  m uch 
lo w e r surface area w hen com pared to  the f in e  ( ~ 100 m 2 g _1) 
pow ders tha t are fo rm e d  fro m  s o lu tio n .13

D ue to  Tc exceeding ro o m  tem perature, app lica tions fo r  th is  
m agnet can be env is ioned.14 One app lica tion  is fo r  m agnetic 
sh ie ld ing , the a ttenuation o f  m agnetic  fie ld s  fo u nd  in  m any 
e lec tron ic  app lica tions, e.g. h igh  vo ltage  lines. The  fe a s ib ility  o f  
using 1 fo r  th is  app lica tions has been dem onstrated (F ig . 4 ).15

Synthesis o f  the  V (T C N E )x-y (so lven t) m agnet using solvents 
o ther than C H 2 C l2  resu lts in  s im ila r  m ateria ls  w ith  va ry ing

Fig. 3 Photograph of a powdered sample of 1a being attracted to a Co5Sm 
magnet at room temperature
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Fig. 4 Illustration of the VC TC N E ^-XC ^C ^) magnet being an effective 
magnetic shield at room temperature; rods (paper clips) o f soft-iron are 
attracted to a Co5Sm permanent magnet (a); however, when a 1.7 mm pellet 
of V(TCNE)^-;y(CH2 Cl2 ) is placed between the Co5Sm magnet and the rods 
they hang freely (b) demonstrating magnetic shielding

degrees o f  s truc tu ra l order. F or exam ple, there is increasing 
d isorder in  the structure as the C H 2C l2 is rep laced b y  T H F 7b (Tc 
~ 210 K )  and M e C N 7c (Tc ~ 100 K ). The  exact m agnetic 
o rdering  tem perature  varies w ith  prepara tion  cond itions  and 
resu lting  struc tu ra l order. W ith  increasing o rder these m ateria ls 
show features o f  corre la ted  spin glass behavior. A d d it io n a l 
exam ples o f  th is  class o f  magnets are needed to  understand the 
chem is try  and phys ics .7-8 T o  date the reaction  o f  V (C 6H 6)2 o r 
V (C O )6 w ith  o ther strong acceptors does n o t fo rm  m agne tica lly  
ordered m ateria ls. A ttem p ts  to  rep lace V  w ith  C r, i.e. the 
reaction  o f  T C N E  w ith  C r(C 6H 6)2 o r C r(C O )6, lead to  
nonm agne tica lly  ordered, b u t fe rro m a g n e tica lly  coup led, 
[C r(C 6H 6)2][T C N E ]16 and a substitu tion  reaction  w ith  C r(C O )6 
fo rm in g  C r(C O )5(T C N E ).17 H ow ever, magnets o f  
M (T C N E )2-j(so lve n t) s to ich io m e try  have recen tly  been re
ported.

M (T C N E )2- j(C H 2C l2) (M  =  M n , Fe, Co, N i)  have been 
prepared via  the  reaction  o f  M I 2-xM eC N  in  C H 2C l2.18 The vCN 
absorp tion  bands fo r  M (T C N E )2-xC H 2C12 are consistent w ith  
coo rd ina ted  [T C N E ].-  and are s im ila r, a lb e it sharper and occur 
at h ighe r in  energy, to  tha t observed fo r  V (T C N E )x- j(C H 2C l2). 
In  contrast to  d isordered v ( t C N E ) x- j ( c H 2C12), 
M (T C N E )2-xC H 2C12 (M  =  M n , Fe) g ive  X - ra y  pow der 
patterns, w h ich  have ye t to  be indexed.

The spin and o x id a tio n  states o f  F e (T C N E )2-xC H 2C l2 3 were 
determ ined fro m  57Fe M ossbauer spectroscopy.18 A b o ve  95 K , 
3 has absorp tions w ith  la rge  chem ica l s h ift [5  =  1.23 m m  s_1] 
and quadrupo le  coup lin g  [A E q =  3.26 m m s _1] characteris tic  
o f  hexacoord inate, h igh -sp in  Fe11 com pounds19 (F ig . 5). B e lo w  
95 K , the  spectra becom e m ore com p lex  due to  m agnetic

s p litt in g  [5  =  1.24 m m s _1 ; A E q =  3.31 m m s _1, H nt = 
229 K O e ] (F ig . 5) in  agreem ent w ith  the c r it ic a l tem perature 
de term ined via  m agnetic  studies (vide in fra).

C om p lex  3 has a com p lex  m agnetic  behav io r w h ich  is 
essentia lly  independent o f  prepara tion  and am ount o f  so lven t.18 
The su sce p tib ility  cannot be f it te d  to  the C u rie -W e iss  la w , % 00 
(T  — 0 )_1, as expected fo r  h igh -sp in  d6 Fe11 in  an octahedra l 
env ironm en t w ith  sp in -o rb it coup ling . A  spontaneous m agne ti
za tion  occurs be low  a Tc o f  121 K , taken here as the in te rcep t 
w ith  the tem perature axis o f  the  in it ia l slope o f  the m agnetiza
t io n  as a fu n c tio n  o f  tem perature (F ig . 6). A t  2 K  the

T / K

Fig. 6 Zero-field cooled magnetization as function of temperature for 
Fe(T CNE)2- 0.75 CH2Cl2

m agne tiza tion  shows a com p lex, p o o rly  understood response to 
the fie ld , rem in iscen t o f  m etam agnetic behavior. A t  5 T  and 2 K  
the observed m agnetiza tion  is ca. 16 900 emu Oe m o l- 1 ; 
how ever, h ighe r fie ld s  are necessary to  achieve saturation. Th is  
va lue  o f  saturation m agne tiza tion  corresponds to  three S =  1/2 
spins and exceeds the com parab le  va lue  o f  10 300 emu Oe 
m o l - 1 fo r  V (T C N E )x- j(C H 2C12) prepared fro m  V (C O )68 b y  
63% , as w e ll as exceeding the expecta tion  o f  tha t fro m  
a n tife rro m a g n e tica lly  coup lin g  between an S =  2 Fe11 site and 
tw o  S =  1/2 [T C N E ]. - ,  i.e. 11200  emu Oe m o l- 1 , b u t is 
substan tia lly  less than  the expecta tion fro m  fe rrom agnetic  
co up ling , i.e. 33,500 emu Oe m o l- 1 . A lth o u g h  the Tc shows 
l i t t le  dependence on the syn thetic  route , hysteresis loops taken 
at 2 K  show a strong va ria tio n  in  the coe rc ive  f ie ld  rang ing  fro m  
300 to  3000 G. L ike w ise , the deta iled  f ie ld  and zero f ie ld  coo led 
curves also have a strong dependency on reaction  cond itions 
and aging.

F e (T C N E )2-xC H 2C l2 shows rem arkab le  the rm a l s ta b ility . 
The  IR  spectrum  and X - ra y  pow de r pattern, as w e ll as m agnetic 
data o f  a sample heated at 130 °C  fo r  38 h, suggest tha t the 
chem ica l and struc tu ra l features o f  the  m ateria ls  are preserved 
a fte r the  heat treatm ent, except fo r  the apparent so lven t loss. 
Some the rm a l degradation is observed fro m  m agnetic  measure
m ents on a sample treated at 180 °C , and m assive decom posi
t io n  is ev iden t fro m  IR  studies w hen the m ate ria l is heated to 
200 °C . T G A  data show tha t a lthough  deso lva tion  starts at 
tem peratures as lo w  as 40 °C , i t  does no t approach com p le tion  
u n t il the  sample decomposes. S ince C H 2C l2 is a p o o rly  
coo rd ina ting  so lvent, the h igh  deso lva tion  tem perature  m ay be 
a ttribu ted  to  C H 2C l2 be ing  trapped in to  a th ree -d im ens iona l 
ne tw o rk , and is o n ly  com p le te ly  released w hen the structure 
collapses. F e (T C N E )2-xC H 2C l2 is no t p y ro p h o ric  as is 
V (T C N E )x- j(so lve n t), b u t i t  does decompose in  air.

Reactions o f  T C N E  and M e C N  solvates o f  M I 2 (M  =  M n , 
C o, N i)  led  to  M (T C N E )2-xC H 2C12 species w h ich  m agne tica lly  
o rder w ith  Tc values o f  44 (M  =  N i,  C o) and 107 K  (M  =  M n )8 
(Tab le  1). The  nearest ne ighbor sp in coup lin g  energy, J, can be 
estim ated fro m  the m ea n -fie ld  expression o f  Tc =  JzS(S + 
1)/3kB, w here kB =  B o ltzm a n n ’ s constant, z =  num ber o f  
nearest ne ighbors, i.e. 6, and assum ing H  =  —2JSaS b. The

Isomer shift S/ mm s-1 

Fig. 5 57Fe Mossbauer spectra of Fe(TCNE)2-.»:CH2Cl2 at (a) 50 and (b) 100
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Table 1 Summary of the infrared vCN absorption bands, saturation 
magnetization Ms, ordering temperature Tc and exchange energy J for 
M(TCNE)2xCH2Cl2 (M = V, Mn, Fe, Co, N i)18

Metal

Saturation 
magnetizationa Ms/ 
emu Oe mol 1 Tc/K J/Kb

Vc 10 300 ~400 53
Mnd 19 000 107 6.1
Fed 16 900 121 10
Cod 8 000 44 5.9
Nid 15 800 44 11

a 2 K  and 5 T. b See text. c Ref. 7. d Ref. 18.

resu lting  estimates o f  J  ranges as V  >> N i ~ Fe >  M n  ~ Co 
(Tab le  1). M n (T C N E )2x C H 2C l2 is isostruc tu ra l to  F e(TC - 
N E )2x C H 2C l2 based upon pow de r d iffra c tio n  data; how ever, 
fo r  M  =  N i,  Co the so lids d if fra c t p o o rly  and do n o t appear to  
be isom orphous to  M (T C N E )2-xC H 2C l2 (M  =  Fe, M n ). Hence, 
based upon the com p o s itio n  and the s im ila r ity  o f  the  CN 
absorptions fo r  M  =  M n , Co and N i,  w e assign a ll the  m etals as 
be ing  d iva len t. L ike w ise , the  e lus ive  o x id a tio n  state o f  V  in  the 
ro o m  tem perature  V (T C N E )xy C H 2C l2 m agnet is again as
signed the d iva le n t o x id a tio n  state.7,8

Hysteresis is observed fo r  a ll the  magnets be low  Tc, how ever, 
as observed fo r  V (T C N E )x y (C H 2C l2),7>8 the coerc ive  f ie ld  
varies fro m  p repara tion  to  prepara tion. Nonetheless, the 
observed coerc ive  fie ld s  range fro m  50 (M  =  N i)  to  6500 Oe (M  
=  C o). The shape o f  the hysteresis curves is characte ris tic  o f  
m etam agnetic behav io r in  some cases, e.g. fo r  F e(TC - 
N E )2-0.75C H 2C l2 at 2 K  (F ig . 7) and, a long w ith  m ore  deta iled  
m agnetic  studies, in c lu d in g  ac m easurements, is the  focus o f  
fu tu re  research.

Field H / 104 Oe
Fig. 7 An example of the observed hysteretic M(H) for Fe(TC- 
NE)2-0.75CH2Cl2 at 2 K. The observed coercive field for this sample is 
2300 Oe and the sample saturates to 16 900 emu Oe m o b 1.

Hence, a new  synthetic  rou te  enabling the p repara tion  o f  
several new  exam ples o f  m olecu le-based magnets o f  M II(TC - 
N E )2x C H 2C l2 com pos ition  has been id e n tifie d . These new 
magnets have Tc values tha t exceed 100 K  and coerc ive  fie ld s  as 
great as 6500 Oe.

W h ile  preparing  the M n (T C N E )2-xC H 2C l2 magnets, crystals 
( l ig h t y e llo w  fo r  M  =  M n ; dark b ro w n  fo r  M  =  Fe) w h ic h  d id  
n o t m ag n e tica lly  o rder w ere iso lated. S ing le  c rys ta l X -ra y  
d iffra c tio n  studies revea led the unprecedented octacyano- 
bu taned iide  d ian ion , [C 4(C N )8]2_ 4, bound  to  fo u r  octahedra l

C C C
- c  'C  -

»C - '" c " ’ ^ c - c "
\
C

\

M IIs in  a p lane w ith  the M e C N  m olecu les f i l l in g  the ax ia l 
coo rd ina tion  sites, i.e. M n [C 4(C N )8](N C M e )r C H 2C l2 5 and 
Fe [C 4(C N )8](N C M e )r M e C N  6 .20 C om pound  4 is d isordered 
about the m id p o in t o f  the  cen tra l C -C  bond  fo r  M  =  M n , b u t is 
ordered fo r  M  =  Fe, and has long  1.59 (2) (M  =  M n ) and 1.627 
(14) A  (M  =  Fe) cen tra l C -C  bonds suggesting tha t i t  is a weak 
bond. T h is  is the f ir s t  exam ple  o f  a o -d im e r o f  [T C N E ].- , 
how ever, several exam ples o f  a s truc tu ra lly  re la ted  -d im e r o f  
[T C N Q ].-  (T C N Q  =  7 ,7 ,8 ,8 -te tracyano-p-qu inod im ethane) 
have been reported.21

Com pounds 5 and 6 are param agnets obey ing  the C u r ie -  
W eiss la w  above 5 K . T h is  is consistent w ith  d iam agnetic  
[C 4(C N )8]2_ w e a k ly  coup lin g  the m eta l sp in sites (S =  5/2 
M n 11). U pon  deso lva tion  o f  5 and 6 at 100 °C  the vCN IR  
absorptions disappear and new  CN bands characteris tic  o f  the 
M (T C N E )2x S  m agnets20 (M  =  M n , Fe) appear. D eso lva ted  5 
m agne tica lly  orders at a Tc o f  95 K ,20 in  reasonable agreem ent 
w ith  samples prepared fro m  C H 2C l2.18 C om pound  6 behaves in  
a s im ila r  fash ion  upon deso lvation. These observations suggest 
tha t upon deso lva tion  the S =  0 | i4- [C 4(C N )8]2 -  re fo rm s tw o  S 
=  1/2 [T C N E ].-  un its  w h ich  can b in d  to  a d d itio na l m eta l 
centers, p ro v id in g  stronger sp in coup lin g  lead ing to  the 
observed m agnetic  o rdering . Evidence  fo r  th is  type  o f  bond 
b reak ing  has been reported  fo r  o -d im ers  o f  [T C N Q ].- .21a

Hence, add itio na l m em bers o f  the M (T C N E )x class o f  
magnets have been characterized, and in  the case o f  Fe the m eta l 
is assigned to  be d iva le n t as p re v io u s ly  proposed fo r 
V (T C N E )x-ysolvent.7 Furtherm ore , an in te rm ed ia te  in  the 
fo rm a tio n  o f  the M (T C N E )x class o f  m agnets, nam ely 
[C 4(C N )8]2_ 6, has been id e n tif ie d  and s truc tu ra lly  charac
terized.

[M n (p o rp h y r in ) ] [T C N E ]-b a s e d  m agnets

A n o th e r class o f  T C N E -based magnets is e xe m p lif ie d  b y  
[M n m T P P ]+ [T C N E ]~  (TPP =  m eso-te traphenylporph ina to ), 
w h ich  fo rm s a coo rd ina tion  p o lym e r (1 -D ) tha t was charac
te rized  to  be a fe rrim agne t w ith  Tc 14 K .22 W ith  the goa l o f  
id e n tify in g  the im portance  o f  1-D  w ith  respect to  3 -D  
in te ractions and deve lop ing  a s tru c tu re -fu n c tio n  re la tionsh ip  
fo r  th is  class o f  m agnetic  m ateria ls , as w e ll as preparing  new 
m olecu le-based magnets w ith  enhanced Tcs, w e  have pursued 
the study o f  th is  class o f  com pounds.

[M n m T P P ]+ [T C N E ].-  fo rm s u n ifo rm  pa ra lle l 1-D  chains in  
the so lid  state w ith  each S =  2 M n III bonded to  fo u r p o rp h y rin  
n itrogens (ca. 2 .00 A )  and a x ia lly  to  tw o  [T C N E ].-  n itrogens 
(ca. 2 .30 A ) , and each S =  1/2 [T C N E ].-  is tra n s -^ -b o n d ed  to 
tw o  M n m  species, [F ig . 8 (a )]. The m agnetic su sce p tib ility  o f  
[M n T P P ]+ [T C N E j~ -2 P h M e  can be f it te d  to  the C u rie -W e iss
expression above 280 K  w ith  0 ------ 15 K , and betw een 115 and
250 K  w ith  an e ffe c tive  0, 0 ', o f  +61 K . A  m in im u m  in  the va lue 
o f  T , characte ris tic  o f  1-D  fe rr im agne tic  behav ior, is observed 
at ~ 310 K  and fie ld -dependen t su sce p tib ility  is observed be low  
50 K . M ag n e tic  o rdering  occurs b e lo w  13 K  (as de term ined b y  
sca ling  ana lysis22c) and hysteresis w ith  a coe rc ive  f ie ld  o f  
375 G  was obta ined at 5 K .22 Thus, [M n T P P ][T C N E ] is a 
representative exam ple  o f  a new  structure type  o f  organic-based 
m agnetic  m ateria ls, and is an exce llen t m ode l system  fo r
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Fig. 8 (a) Segment of a uniform chain of the ferrimagnetic [M nIIITPP]- 
[TCNE]-2PhMe coordination polymer (the solvent is omitted for clarity). 
(b) Alternating chain segment of the paramagnetic [MnmOEP] [TCNE] 
coordination polymer.

s tudy ing  a num ber o f  unusual m agnetic  phenom ena, fo r  
exam ple , the m agnetic  behav io r o f  m ixe d  quantum /c lass ica l 
sp in systems.

In  a d d itio n  to  m o d ific a tio n  o f  the p o rp h y rin  r in g , the  c lathrate 
nature o f  th is  class o f  m e ta llo p o rp h ry in s23 enables the in tro d u c 
tio n  o f  d iffe re n t solvents in to  the structure to  a lte r the in te r- and 
in tra -cha in  coup lings and the m agnetic  properties. In  th is  
rev iew  w e  focus on m o d ific a tio n  o f  the [M n T P P ][T C N E ] 
structure type  and discuss the consequent m agnetic  properties.

[M n T P P ][T C N E ]-2 P h M e  622a has been c rys ta llog ra p h ica lly  
characterized. L ike w ise , the  [T C N E ]— salts o f  4 -m ethoxy- 
p h e ny l (7X 24 4 -ch lo ro p h en y l (8 )25 and 2 -flu o ro p h e n y l substi
tu ted  [M nT P P ]+  (9 )24 and m eso -te trak is (3 ,5 -d i-fe rf-bu ty l-
4 -hyd roxypheny l)porph ina tom anganese( ), M n T P  P26 (10), 
have been stud ied b y  s ing le  c rys ta l X -ra y  d iffra c tio n . F ur
therm ore, to  extend th is  system  the analogous T C N E  e lectron- 
transfe r sa lt was prepared w ith  the eas ie r-to -ox id ize  M nO E P  
(O EP =  o c tae thy lpo rphyrina to ).27

[M n O E P ][T C N E ] has w eak fe rrom agne tic  coup lin g  as 
evidenced b y  the f it t in g  o f  the  su sce p tib ility  to  the C u rie -W e iss  
expression w ith  a 0 ' o f  +7 K .27 H ow ever, u n like  
[M n O E P ][T C N E ], m agnetic  o rdering  is no t observed above 
2 K . The d iffe rences in  the m agnetic  p roperties are ascribed to 
s tructu ra l d iffe rences. A lth o u g h  bo th  [M n T P P ][T C N E ]-2 P h M e  
and [M n O E P ][T C N E ] fo rm  pa ra lle l 1-D  chains (F ig . 8), due to 
the d iffe r in g  o rien ta tions o f  [T C N E ].-  w ith in  a cha in  they are 
a lte rna ting  chains fo r  [M n O E P ] [T C N E ] instead o f  be ing 
u n ifo rm  chains as fo r  [M n T P P ][T C N E ]2 P h M e . Thus, u n ifo rm  
chains appear to  be im p o rta n t to  achieve long  range m agnetic 
o rder.27

A  co rre la tion  o f  the  d ihedra l angle, , between the 
[M n IIITPP]+ M n N 4 and [T C N E ]— mean planes and the 
m agnitude o f  m agnetic  coup lin g  has been observed fo r  
d ito luene  solvates o f  f iv e  [T C N E ].-  salts, 6 -1 0 .28 The m agn i
tude  o f  m agnetic  co up ling  is de term ined  fro m  Tmin, the 
tem perature  at w h ic h  a m in im u m  in  %T(T) o r j i(T )  p lo ts  occurs, 
as expected fo r  a n tife rro m a g n e tica lly  coup lin g  lin e a r chain 
systems,29 and the e ffe c tive  , , ob ta ined  fro m  a f i t  o f  the  data 
to  the C u rie -W e iss  expression. A  co rre la tion  to  Tmin is pre fe rred  
as i t  is m ode l independent; how ever, fo r  s trong ly  coup led  
systems Tmin is no t observed as i t  occurs at temperatures 
exceeding the m easurem ent range. Tmin, how ever, can be 
estim ated fro m  a f i t  o f  the data to  the Seiden expression fo r  
iso la ted  1-D  chains com prised  o f  a lte rna ting  quantum  (S =  1/2) 
and c lassica l (S >  1/2) spins.30

The sm alle r 0  the stronger the m agnetic co up ling , i.e. the 
greater Tmin and 0 ' (F ig . 9). H ence to  a tta in  strong in tracha in  
coup lin g  systems w ith  m ore acute d ihed ra l angles are sought 
and, based on 10, 3 ,5 -d isubstitu ted  [M nTP P ]+s are p re fe rred  
ove r 2- o r 4 -substitu ted  [M nT P P ]+s w h ich  fro m  the data 
acqu ired  to  date have h ighe r values. T o  test th is  postulate 
several 3 ,5 -d isubstitu ted  systems are be ing  studied. L ike w ise , 
pressure also m ay fo rce  such systems to  have reduced angles 
and also lead to  h ighe r Tc values.

Fig. 9 Correlation of the dihedral angle 0 between the MnN4 and [TCNE]~ 
mean planes with the temperature at which T(T) data has a minimum, 
(Tmin, and solid line) and the effective value ( ;  and dashed
line)28

The a fo rem entioned co rre la tion  betw een and Tmin and is 
a ttribu ted  to  the overlap  between the [T C N E ].-  N -b ou n d  to 
M n m  j t *  S O M O  and the fo u r M n m  S O M O  d  o rb ita ls . [The  
energy o f  the la tte r increase as dxy1 (b i)  <  dxzi, dyz1 (e) <  dz21 
(a i)  <  dx ^ _ y 2 (b 1).31] F ro m  M O  considerations (de te rm ined  
fro m  sem i-em p irica l IN D O /S C F  ca lcu la tions) the expected d  -  
pz (d „  =  dxz, dyz) overlap  is no t as im p o rta n t as the o -d z2/p z 
overlap  betw een M n m  and the [T C N E ].-  (F ig . 10).28 F u r
therm ore, the sm alle r increases the - d z2/pz ove rlap  between 
M n m  and the [T C N E ].-  lead ing  to  an increased in tracha in  
co up ling , as re flec ted  in  Tmin and (F ig . 10).

Dihedral Angle </> (°)

Fig. 10 Correlation of the dihedral angle between the MnN4 and 
[TC NE]~ mean planes with the semi-empirical INDO/SCF calculated dyz-, 
dxz-, dxy- and dz2-like overlap integrals S with the [TCNE]'-  jt *  SOMO and 
the sum of the squares of these overlap integrals S2

W h ile  the o  overlap between the [T C N E ].-  pz o rb ita l and the 
M n  dz2 o rb ita l con tro ls  the in tracha in  m agnetic  exchange, the 
th ree -d im ens iona l m agnetic o rde ring  tem perature, Tc, depends 
upon th is  te rm  and  the in te rcha in  exchange. The la te r te rm  is 
governed b y  the co m p e titio n  betw een an tife rrom agne tic  ex
change due to  o rb ita l overlap betw een p o rp h y rin  m oie ties o f  
adjacent chains and an e ffe c tive  exchange due to  d ip o la r 
in te ractions betw een chains. The d ip o la r te rm  can be fe rrom ag
ne tic  o r an tife rrom agne tic  depending upon the struc tu ra l o rder 
in  the com pound  and the ro le  o f  s ing le  io n  an iso tropy .32
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Table 2 Summary of the structural and magnetic parameters for the several [TCNE]— magnets

Mn-NTCNE Dihedral M n -M n Effective
Porphyrin distance/A angle (°) distancea/A /K Tmin/K

[MNnTPP][TCNE]-2PhMe 2.306 55.4 10.116 61 270
[MnTClPP][TCNE]-2PhMe 2.267 86.8 10.189 13 110
[MnTOMePP][TCNE]-2PhMe 2.289 78.1 10.256 21 134
[MnTFPP][TCNE]-2PhMe 2.313 55.4 10.185 45 240
[MnTP'P[TCNE]-2PhMe 2.299 33.6 8.587 90 >300b

a Intrachain. b Not plotted in Fig. 10.

N os. D E -F G 03-93E R 45504  and D E -F G 02-86E R 45271 .A 000 ) 
and the U .S. N a tio n a l Science Founda tion  (G ran t N o . C H E - 
9320478).

Jo e l S. M il le r  w as  b o m  in  D e tro it ,  M I  a n d  rece ived  h is  
B a c h e lo r o f  Science in  C h e m is try  f ro m  W a y n e  S ta te  
U n iv e rs ity  (1967) a n d  P h D  f ro m  U C L A  (1971). A f te r  a 
p o s td o c to ra l fe llo w s h ip  a t  S ta n fo rd  U n iv e rs ity  he jo in e d  th e  
X e ro x  W e b s te r R esearch  C e n te r in  1972 a n d  la te r  jo in e d  th e  
n o w -d e fu n c t O c c id e n ta l R esearch  C o rp o ra t io n . H e  w as 
V is i t in g  P ro fesso r o f  C h e m is try  a t  th e  U n iv e rs ity  o f  C a l
ifo rn ia ,  I r v in e ,  C A . H e  jo in e d  th e  C e n tra l R esearch  &  
D e v e lo p m e n t D e p a rtm e n t a t th e  D u  P o n t C o m p a n y  in  1983 
w h e re  he w as a R esearch  S u p e rv is o r fo r  s o lid  s ta te  science. 
H e  has been a V is i t in g  S c ie n tis t a t th e  W e iz m a n n  In s t itu te  
(1985) a n d  a V is i t in g  P ro fesso r o f  C h e m is try  a t  th e  
U n iv e rs ity  o f  P e n n s y lv a n ia  (1988). H e  jo in e d  th e  fa c u lty  o f  
D e p a rtm e n t o f  C h e m is try  a t  th e  U n iv e rs ity  o f  U ta h  in  1993. 
H e  is o n  th e  a d v is o ry  b o a rd  o f  Advanced M a te ria ls  a n d  
J o u rn a l o f  M a te ria ls  Chem istry, a n d  a m e m b e r o f  th e  
In o rg a n ic  S yn thes is  C o rp o ra t io n . H is  research  in te re s ts  
fo cu s  o n  th e  s o lid  s ta te  m a g n e tic , e le c tr ic a l a n d  o p t ic a l 
p ro p e rtie s  o f  m o le c u la r  (o rg a n ic , o rg a n o m e ta llic  a n d  in 
o rg a n ic  c o o rd in a t io n )  c o m p o u n d s  a n d  e le c tro n  tra n s fe r  
com p lexes  as w e ll as th e  su rfa ce  m o d if ic a t io n  o f  so lids . 
C u r re n t ly  he is  a c t iv e ly  in v o lv e d  in  syn thes is  a n d  c h a ra c te r
iz a t io n  o f  m o le c u la r /o rg a n ic  based fe rro m a g n e ts . I n  a d d it io n  
to  p a te n ts  he has e d ite d  e leven m o n o g ra p h s  a n d  p u b lish e d  
o ve r 300 papers  in  these an d  o th e r  areas.

A r th u r  J . E p s te in  w as b o rn  in  B ro o k ly n , N Y  a n d  rece ived  
h is  B S  in  P hys ics  f ro m  th e  P o ly te c h n ic  In s t itu te  o f  B ro o k ly n  
in  1966 a n d  h is  P h D  in  P hys ics  f ro m  th e  U n iv e rs ity  o f  
P e n n s y lv a n ia  in  1971. A f te r  a y e a r as M e m b e r o f  th e  
T e c h n ic a l S ta f f  o f  T h e  M IT R E  C o rp o ra t io n  a n d  th ir te e n  
yea rs  a t  th e  X e ro x  W e b s te r R esearch  C e n te r w h e re  he w as 
P r in c ip a l S c ie n tis t, he jo in e d  T h e  O h io  S ta te  U n iv e rs ity  in  
1985 as P ro fesso r o f  P hys ics  a n d  P ro fesso r o f  C h e m is try . I n  
1997 he  w as a p p o in te d  as D is tin g u is h e d  U n iv e rs ity  P ro 
fessor. H e  has been th e  D ire c to r  o f  T h e  O h io  S ta te  U n iv e rs ity  
C e n te r fo r  M a te r ia ls  R esearch  s ince 1989. H e  a lso has been 
a d ju n c t  P ro fesso r o f  P hys ics  a t th e  U n iv e rs ity  o f  F lo r id a  a nd  
has been a v is it in g  P ro fesso r a t th e  U n iv e rs ite  P a ris -S u d  a nd  
th e  T e c h n io n — Is ra e l In s t itu te  o f  T e c h n o lo g y — a n d  is  p res
e n tly  A d ju n c t  P ro fesso r o f  C h e m is try  a t  U n iv e rs ity  o f  U ta h . 
H e  is  a R e g io n a l E d ito r  fo r  Synthetic M eta ls. H is  c u rre n t 
research  in te re s ts  in c lu d e  e x p e rim e n ta l a n d  th e o re tic a l 
s tu d y  o f  m a g n e tic , e le c tro n ic /o p t ic a l a n d  tra n s p o r t p h e n o m 
ena o f  s y n th e tic  m ag n e ts  (m o le c u la r , o rg a n ic  a n d  p o ly m e r ic  
m ag n e ts ) a n d  s y n th e tic  m e ta ls  (c o n d u c tin g  p o lym e rs , o r 
g a n ic  a n d  m o le c u la r  m a te r ia ls ) , in c lu d in g  th e  s tu d y  o f  
e x c ita tio n s  a n d  th e ir  d yn a m ic s . H e  is  a lso  a c tiv e  in  th e  
e x p lo ra t io n  o f  p o te n t ia l a p p lic a tio n s  o f  u n c o n v e n tio n a l 
m a g n e tic , e le c tro n ic  a n d  o p t ic a l m a te r ia ls  fo r  w h ic h  he 
c o n su lts  w ith  seve ra l com pan ies . I n  a d d it io n  to  h a v in g  
o r ig in a te d  tw e n ty  p a ten ts  a n d  e d it in g  f iv e  con fe rence  
p roceed ings , he has p u b lis h e d  o v e r 500 papers  in  these a nd  
o th e r areas.
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