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STRUCTURE AND MAGNETISM OF A NEW 2-0 BIMETALLIC 
COMPOUND OF Mn(ll) AND Cu(ll). 

MARIA CRISTINA BURLA.' BRUNETTO CHIARI., ANTONIO CINTI ., 
and OLIVO P IOVESANA . 
'Dipart imento d i  Scienza d e l l a  Terra, Sezione 
C r i s t a l l o g r a f  i a ,  'Dipartimento d i  Chimica, U n i v e r s i t a  
d i  Perugia, 06100 Perugia, I t a l y .  

ABSTRACT We present the  X-ray s t r u c t u r e  and t h e  
magnetic p roper t i es  o f  t he  new compound 
{ [ Cu( en),l3[ Mn (NCS),]} (NCS), (en = H2N-CH2-CH2-NH2) . 

INTRODUCTION 

I n  recent  years the re  has been an i n t e n s i v e  search f o r  
molecular-based ferromagnets w i t h  h igh  Tc.' 

Most of t h e  s t r a t e g i e s  so f a r  developed on t h i s  purpose 
have made use o f  ferromagnetic o r  f e r r imagne t i c  1 - D  chains 
as s t r u c t u r a l  b u i l d i n g  b locks .I8* Ferromagnetic o rde r ing  
below a c r i t i c a l  temperature ( t h a t  i s  most genera l l y  a 3 - D  
phenomenon, i t  may excep t iona l l y  occur i n  two dimensions b u t  
never i n  one dimension) can be achieved i f  the  1-D chains are 
assembled i n  a ferromagnetic fashion w i t h i n  t h e  c r y s t a l .  I n  
t h a t  case, f o r  a Heisenberg model, T, = S2( IJintrschoin 
JinterchPin1)"2 /k.  Thus, t he  success o f  t he  1-D approach 
c r u c i a l l y  depends on our a b i l i t y  t o  govern both t h e  s i g n  and 
magnitude o f  i n t e r c h a i n  exchange w i t h i n  the  c r y s t a l  l a t t i c e .  

From a chemical v iewpoint ,  t he  not  easy task  o f  
c o n t r o l l i n g  f a c t o r s  such as the  r e l a t i v e  p o s i t i o n s  o f  t h e  
chains i n  t h e  s t r u c t u r e  o r  i n t e r c h a i n  distances between 
magnetic centers  has t o  be accomplished through t h e  synthes is  
process, l a t t i c e  changes induced by thermal t reatments e t c .  

Although, i n  p r i n c i p l e ,  systems i n  which t h e  s p i n  
c a r r i e r s  a re  chemical ly l i n k e d  i n  a 2-D o r  3 - D  network should 
o f f e r  prominent advantages over t h e  1-D ones, at tempts a t  
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construct ing such networks o f  higher dimensional i ty have been 
r e l a t i v e l y  With an aim toward increasing the number 
o f  2-D b ime ta l l i c  systems and contr ibut ing t o  understand 
t h e i r  po ten t ia l ,  we here describe a novel compound o f  Mn(I1) 
and Cu( I I ) ,  t h i s  being {[Cu(en),],[Mn(NCS),])(NCS),, where en 
= H,N-CH,-CH,-NH,. 

STRUCTURAL INFORMATION 
The compound c r y s t a l l i z e s  i n  the t r i c l i n i c  space group P i .  
C e l l  constants are: a = 11.175(2), b = 11.832(2), c = 
9.197(2) A, a = 111.47(2), p = 103.35(2), y = 98.45(2) O .  

2 = 1. The st ructure was ref ined t o  an R value o f  0.034, f o r  
2377 re f l ec t i ons  and 189 parameters. 

A schematic view o f  the structure,  along the [0  0 11 
d i rec t ion ,  i s  presented i n  Figure 1 .  Each Mn(I1) i o n  i s  
octahedral ly coordinated t o  s i x  N-bound NCS- groups, each o f  
which i s  S-bound t o  the ap ica l  pos i t ion  o f  a near ly planar 
Cu(en), fragment. A l l  the MnA(NCS) angles are - 172" but the 
br idg ing (NCS)^Cu angles are o f  two types: -90" i n  t h e  case 
o f  the four  br idg ind l igands occupyng the equator ia l  
pos i t ions on the Mn atom and -145" f o r  the remaining two .  
Owing t o  t h i s  feature, cross- l inked chains d i rected along the 
[ l  0 01 and [ 0  1 13 di rect ions,  respectively, generate 
i n f i n i t e  pseudo 2-D networks p a r a l l e l  t o  (0 1 7 ) .  I n  each 
plane, the chain along [ l  0 01 consists o f  a l te rna t ing  and 
uni formly spaced Mn and Cu atoms (Mn.. .Cu = 5.599 A,  (NCS) ̂ Cu 
- go"), whi le t w o  Cu atoms intervene between successive Mn 
atoms along [0  1 11 .  The Mn ... Cu separation along t h i s  
l a t t e r  d i r e c t i o n  al ternates between 5.587 A and 6.862 A; the 
corresponding (NCS)^Cu br idging angles are -90" and.-145", 
respect ively.  

The shortest  M...M in terp lanar  contact occurs between 
Mn and CU, 6.435 A. 

MAGNETIC PROPERTIES 
The magnetic behavior o f  the compound i s  presented i n  Figure 
2, i n  the XT vs T fashion, x being the corrected molar 
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Figure 1 .  A schematic view o f  the  st ructure  o f  the  
compound along the c ax is .  The carbon atoms 
of the  l igands,  as w e l l  as the  non-coordinate 
N C S  anions have been omitted for c l a r i t y .  
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Figure 2. P l o t  o f  XT (per MCu, u n i t )  vs T between 3 and 
270 K. The f u l l  l i n e  through the data 
represents the f i t  discussed i n  the tex t .  

Upon cooling, XT weakly increasas, reaches a maximum (6.21 
emu.mo1-'.K) around 20 K, and f i n a l l y  decreases steeply when 
T approaches zero. 

Neglecting in te rac t ions  between b ime ta l l i c  planes, the 
exchange problem f o r  the present compound involves a 2 - D  sp in 
Hamiltonian w i t h  a t  l eas t  three coupling constants, 
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corresponding t o  the three d i f f e r e n t  separations observed 
between nearest neighboring Mn(I1) and Cu(I1) ions along the 
[l 0 01 and [0  1 11 crossing chains. Since such a complex 
Hamiltonian cannot present ly be used f o r  data analysis, the 
fo l lowing approximate model, suggested by the s t r u c t u r a l  
data, was ten ta t i ve l y  selected f o r  est imating exchange. 

As indicated i n  Figure 1, the 90" exchange pathways 
invo lve ap ica l  Cu-S distances (3.041 (1 ) A and 2.984( 1 ) A) 
t h a t  are considerably shorter than the corresponding distance 
o f  3.156(1) A f o r  the 145" exchange pathway. Figure 1 a lso 
shows t h a t  i f  the increase i n  the Cu-S distance i s  
accompanied by a s ign i f i can t  decrease i n  the magnitude o f  the 
exchange coupling constant, as expected from o r b i t a l  overlap 
considerations alone, the 2-D network can be t reated as a 
system o f  weakly in te rac t ing  1-D chains. 

The chains, formed by the a l te rna t ion  o f  (Cu-Mn-Cu) 
t r i nuc lea r  u n i t s  and Cu atoms along the [l 0 01 d i rec t ion ,  
can be schematized as hereunder, where S, symbolizes the 
e f f e c t i v e  spin o f  the t r i nuc lea r  u n i t .  

. . . s,. . . . s,, . . . . s,. . . . s,, . . . 
On the assumption o f  purely i so t rop ic  in teract ions,  the  

magnetic suscep t ib i l i t y  o f  the S,Sc, chain, xchain, can be 
generated considering S, as a c lass i ca l  sp in  (whatever the  
temperature may be, 7 /2  c St L 3/2) and S,, as a quantum 
spin.5 The equation f o r  xchain (per MnCu, un i t ,  and w r i t i n g  
the exchange constant as -2J) is: 

where P, Q and R are funct ions o f  2J,/kT, J, being the 
exchange i n t e g r a l  between the S, and S,, spins. 

A t  each temperature, the S, e f fec t i ve  spin i s  given by eq 
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2, where X ,  i s  the s u s c e p t i b i l i t y  o f  the t r i nuc lea r  u n i t .  

S, = ( - 1  + [ (1 + 4~tT/(g,20.1251)]"2}/2 (2 )  

xt i s  calculated from eq 3, where J, describes the 
Mn(I1) ... Cu(11) i n te rac t i on  w i t h i n  the t r i m e r .  

Xt = (Npp2gt2/4kT) [ l o  + 35 exp(SJ,/kT) + (3) 
35 exp(7JJkT) + 84 exp(l2JJkT)I / [ 2  + 
3 exp(5JJkT) + 3 exp(7JJkT) + 4 exp(12Jt/kT)] 

Residual 2-D in te rac t ions  were accounted f o r  by the 
addi t ion o f  a mean f i e l d  correct ion term t o  eq 1. The 
equation f o r  the s u s c e p t i b i l i t y  (per MnCu, u n i t )  then has the 
form o f  eq 4. J' i s  the in terchain exchange-coupling energy, 
and z is the number o f  nearest neighbors, two i n  t h i s  case. 

The best f i t  from eq 4 t o  the data was found f o r  J, = 
+1.28 cm-', J, = +0.32 cm-', and J' = -0.09 cm" (w i th  g, = 2.04 

118 observations. As i t  also appears f rom Figure 2, the f i t  
may be considered as f a i r l y  good. 

expected from the rather  la rge  distances between magnetic 
ions, and the ]Jtl > IJ,! > IJ'1 sequence p a r a l l e l s  the 
r e l a t i v e  lengths o f  the proposed superexchange paths. I n  
addi t ion the equal s ign found f o r  J, and J, i s  consistent 
w i th  the s im i la r  br idg ing geometry ((N-C-S)"Cu - 90') w i t h i n  
the  t r i nuc lea r  u n i t s  and the chains along [l 0 01. 

The unusual ferromagnetic coupling between Mn(1I) and 
Cu(I1) suggested by the model f o r  the 90" br idg ing geometry 
may be traced back t o  the nature o f  the l igand o r b i t a l  t h a t  
i n te rac ts  more s t rongly  w i th  the copper x y - l i k e  magnetic 
o r b i t a l  d i rected toward the ni t rogen l igands. This i s '  the 

and g,. = 2.13). F = x, (xi oba)-l(Xiobs xIcp1cd)2 = fo r  

The exchange constants are a l l  weak, as reasonably 
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HOMO nxnb a [3p,(S) -2p,(N) ] o r b i t a l  whose lobes p o i n t  toward 
t h e  CuN, plane. For an (N-C-S)^Cu angle o f  -90" t he re  i s  
zero over lap between t h i s  o r b i t a l  and the xy magnetic o r b i t a l  
o f  copper, which favors ferromagnetic Mn(I1) ... Cu(11) 
exchange. 

To conclude, t he  present compound, despi te  a seemingly 

nearest neighboring magnetic i ons  throughout the  whole 
l a t t i c e ,  i s  f a r  from being a s u i t a b l e  candidate f o r  molecular 
ferromagnetism. Ac tua l l y ,  i t  e x h i b i t s  a ground s t a t e  o f  low 
s p i n  m u l t i p l i c i t y .  Model ca l cu la t i ons  i n d i c a t e  t h a t  such a 
fea tu re  a r i s e s  from exchange o f  opposite s ign  between t h e  
Mn(I1) and Cu(I1) ions.  The ferromagnetic exchange between 
Mn(I1) and C u ( I I ) ,  although unusual, may be explained by 
l o c a l  symmetry considerat ions.  

s t r u c t u r e  i n  which Mn(I1) and Cu(I1) are the  
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