
2884 Inorganic Chemistry, Vol. 11, No. 12, 1972 GINSBERG, MARTIN, BROOKES, AND SHERWOOD 

CONTRIBUTION FROM BELL LABORATORIES, MURRAY HILL, NEW JERSEY 07974, 
AND THE DEPARTMENT OF INORGANIC CHEMISTRY, UNIVERSITY OF MELBOURNE, PARKVILLE, 3052 AUSTRALIA 

Magnetic Exchange in Transition Metal Complexes. 
Dimeric Nickel(I1)-Ethylenediamine Complexes 

IX.Ia 

BY A. P. GINSBERG,*lb R. L. MARTIN,l0 R. W. BROOKES,lC AND R. C. SHERWOODlb 

Received April 18, 1972 

The magnetic susceptibility of the dimeric complexes [Ni2(NH2CH2CH2NH2)4Xt]Y% (X, Y = C1, Br; X = NCS, Y = I )  has 
been determined as a function of temperature in the range 1.5-300’K and as a function of field from 1 to 15.3 kOe. The 
results are interpreted on the basis of an isotropic intradimer exchange Hamiltonian with the inclusion of single-ion zero- 
field splitting and interdimer exchange in the molecular field approximation. Intradimer parallel spin coupling (5’ = 2 
ground state) is found in all three compounds; the exchange integrals are J ( X  = Cl) = 10 cm-l, J ( X  = Br) = 8 cm-’, 
and J ( X  = NCS) = 5 cm-’. The intradimer coupling in the thiocyanate complex is the first example of ferromagnetic 
exchange via a polyatomic bridge in a cluster complex; it evidences the transmission of parallel spin coupling through multi- 
center molecular orbitals. 

Introduction 
Di-p-chloro-tetrakis (ethylenediamine) dinickel(I1) 

chloride and di-p-bromo-tetrakis (ethylenediamine) di- 
nickel(I1) bromide are, respectively, C1- and Br- 
bridged dimers with the structure2 illustrated in Figure 
1. The related thiocyanate complex, di-p-thiocyanato- 
tetrakis(ethylenediamine)dinickel(II) iodide, has the 
NCS-bridged dimer structure3 shown schematically in 
Figure 2 .  We have measured the magnetic suscepti- 
bility of these compounds as a function of temperature 
from 300 to 1.5”K and as a function of field from 1 to 
15.3 kOe. The results demonstrate that the intra- 
molecular exchange coupling in the three compounds is 
ferromagnetic (spins in the molecular ground state 
aligned parallel, exchange integral J positive) with 
similar exchange integrals. This is a significant con- 
clusion in two respects. In the first place [I\Jiz(en)4- 
(SCN)2]12 represents the first example, in a cluster 
complex, of ferromagnetic exchange coupling between 
metal atoms linked by polynuclear  bridge^;^ all other 
examples of this phenomenon, e.g., Ni8(acac)c5 or Ni4- 
(OCH3)4(a~a~)4(CH30H)d,6 involve monatomic bridges 
between the metal atoms, as in [Niz(en)4X2]X2 (X = 
C1, Br). In the second place the occurrence of ex- 
change coupling with the same order of magnitude 
in both [Niz(en)dX2]X2 and [Ni~(en)4(SCN)z]I2, j n  spite 
of the great difference in Ni-Ni distance (5.8 A in the 
thiocyanate complex and probably about 3.5 A in the 
chloride complex), demonstrates the relative unimpor- 
tance of the metal-metal distance in determining the 
strength of exchange interactions, so long as there exist 
appropriate pathways for exchange coupling through 
bridging ligands. 

Theory 
The nickel dimers contain “octahedrally” coordinated 

Since the single-ion ground state is an divalent nickel. 
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orbital singlet, i t  is appropriate to use the isotropic 
spin-coupling Hamiltonian’ 

Xo = -2J^sl.;z (1) 

where J is the exchange integral for the intradimer 
interaction between nickel atoms with spin operators 
>I and ̂ s2. If we include the effect of an external mag- 
netic field H along the z direction and also allow for an 
interdimer interaction in the molecular field approxi- 
mation, la the Hamiltonian becomes 

X = -2Ji1*:2 - gpH.!?, - 2Z’J’$(S,) (2) 

where is the operator for the z component of total 
dimer spin, J‘ is the effective interdimer exchange inte- 
gral, and 2’ is the dimer lattice coordination number. 

Let s be the eigenvalues of j-1 or ^sz, S the eigenvalues 
of The eigen- 
values of ( 1 )  are 

( 3 )  

+ ;2, and M s  the eigenvalues of $. 

Eo(S,Ms) = - J [ S ( S  + 1) - 2s(s  + I ) ]  

while those of (2) may be written 

E(S ,Ms)  = Eo(S,Ms) - gpHMs - 2Z’J’M~($)  (4)  
Divalent nickel has two unpaired spins per atom, so 
that s = 1 and S = 2, 1, 0. The energy levels 
Eo(S,Ms) are therefore Eo(0,O) = +4J, Eo(l ,MJ = 
+2J,  and Eo(2,i\12) = -2J,  where .Us = S, 
S - 1, . . . , -S and each level is (2s + 1)-fold degen- 
erate when H is zero. Proceeding as in ref l a  we ob- 
tain the susceptibility, X A ’ ,  per gram-atom of nickel 

XA’ = (Ng2P2F(J,T)/  
[kT - 4Z’J’F(J ,T)]]  + N a  ( 5 )  

where 

N a  is a correction added to take account of the tem- 
perature-independent paramagnetism. 

Figure 3a shows plots of eq 5, in the form of peff = 
(3k(xA’ - N a )  T/Np2)1/’2 os. the reduced temperature 
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Figure 1.-Schematic illustration of the structure of [Nit(en)l- 
Cln] Cln. 

n 

Figure 2.-Schematic illustration of the structure of [Niz(en)4- 
(SCN)zI In. 
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kT/I JI, for positive and negative J with Z'J' = 0 and 
*O.O51JI. All of the curves have the same high- 
temperature limit, p e t f ( T  + ..) = 2/29. When J is 
negative, the low-temperature limit is p e f f ( T  + 0) = 0,  
and a Z'J' value of =kO.O5jJl does not have a signifi- 
cant effect ofl the curve. When J is positive and the 
intercluster exchange is zero, the low-temperature 
limit is p e f t ( T  + 0) = l / zgsg .  Intercluster exchange 
has a significant effect for positive J .  Thus when 
Z'J' = -0.051 JI, the curve passes through a maximum 
at  kT/IJI = 1.77, where p e f f  = 1.608g. When 2'. 
J' = j=O.O51J/, the curve reaches peff = d g  a t  kT/  
1 JI = 2.4; after this it continues rising, going up very 
rapidly below kT/l  JI = 2.0. 

Since divalent nickel can have a large zero-field split- 
ting parameter (D = 5-1Ok), it is necessary to eval- 
uate the effect of single-ion zero-field splitting on the 
dimer susceptibility. Let the system be quantized 
along the z direction and assume axial symmetry. In  
the absence of a magnetic field and neglecting inter- 
dimer interaction, the Hamiltonian is 

Xo = -2J&*& - D(?iZ2 + :zzz) (7) 

Since 2i1.j.2 = sz - 24s  + 1) = $2 - 4, Hamiltonian 
(7) may be written 

Xo = - JS2 - D(&,' + &cz) (8) 

0 

Figure 3.-Theoretical dependence of perf (BM) per Ni atom upon the reduced temperature k T / ( J \  for a dimer complex: (a) eq 5; 
(b) eq 19. 
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The basis functions $8"~ in terms of the kets lMXl, 
M8J are 

$2*2 = l * l , A l )  

Xo is easily diagonalized within this basis set to obtain 
the eigenfunctions $ o . ~  and the eigenvalues EO ,n 

$O,I = $2'; 

$0,3 = $2'; 

$ 0 , ~  = $ z - ~ ;  Eo,i = Eo,z = -6J - 2 0  

$0,4 = $z-';  EO,^ =  EO,^ = -6J - D 

$o , j  = C2$zo + Ci$oo;  EO,^ = -3J - D - 6 

h , 6  = $1'; $0,7 = $I-';  EO,^ = E0,7 = -2J - D 

$0,8 = $1'; Eo,s = -2J - 2 0  

$ 0 , ~  = C1$z0 + Cz$oo; Eo,s = -3J - D + 6 

where 

6 = [(3J + 0)' - 8JDI"' 

Ci = 27JzD/[(9J - D + 36)' + 8D2]'" 

Cz = (9J - D + 36) /[ (9J  - D + 36)' + 8D2]''2 

Let an external magnetic field H be applied along the 
x ,  y ,  or z direction ; the Hamiltonian becomes 

x = xo - g,pH& (9) 
where XO is given by (8) and i = x ,  y, or z. When the 
external field is along the z direction, the eigenvalues 
E ,  of (9) are given exactly by first-order pFrturbation 
theory since the $ o , ~  are eigenfunctions of S,; we have 

En = E0,n - gzPH($o,n/j.el+o,ni (10) 
When the external field is along the x direction, the 
first-order perturbation energy is zero because sz has 
no diagonal elements with $o,~. We must therefore 
calculate the second-order perturbation term. Al- 
though some of the $ o . ~  are degenerate, there are no 
matrix elements of & between degenerate functions, 
nondegenerate perturbation theory may therefore be 
used. The results are 

E1 = E2 = -6J - 2 0  - gZ2p2H2D-' 
E 3 = E 4 =  - 6 J - D +  
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The susceptibility is now readily calculated by 
making use of the relation 

the partition function being given by 

We obtain for the field-independent susceptibilities 

and 

where 

(17) 

Taking g x  = g z  = g (a very good approximation for 
Ni2+) and expressing J and D in units of k, the powder 
susceptibility per gram-atom of Ni2+ is 

As before, NCZ is a correction term for the temperature- 
independent paramagnetism. 

Figure 3b shows plots of eq 19, in the form of p e f f  = 
( 3 k ( x ~ ~  - N c ~ ) T / N / ~ ~ ) ' / ~  against the reduced tempera- 
ture, for positive and negative J with D = * l k  and 

In its effect on the dimer susceptibility, zero- 
field splitting is qualitatively similar to an antiferro- 
magnetic interdimer interaction. 

To derive a stisceptibility equation including the 
effect of both zero-field splitting and interdimer inter- 
action, the term -2Z'J'343J is added to the Harnil- 
tonian (9). Proceeding as above and in ref l a  we ob- 
tain eq 20 

10k. 
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Fi(J,D,T) X*’ = - 
T - 4Z‘J‘Fl(J,D,T) + 

} + Na! (20) 
2F’(J,D,T) 

1 - 4Z’J’F’(J,D,T) 

Experimental Section 
[Niz(en)&lz] Clz was prepared by allowing NiClz .6Hz0 to 

react with [Ni(en)s] Clz.2HzO in methanol containing 5% water, 
according to the procedure in ref 8. Anal. Calcd for NicaH16- 
NaC12: Ni, 23.5; C, 19.2; H, 6.5; C1, 28.4. Found: Ni, 
24.0; C, 19.3; H,6.6; C1, 28.4. 

[Niz(en)4Brz]Brz was prepared in the same way from the corre- 
sponding bromide salts. Anal. Calcd for NiC4HlsN4Brz: 
C, 14.2; H, 4.8; N, 16.55; Br, 47.2. Found: C, 14.4; H, 
4.7; N, 16.7; Br, 47.2. 

[Niz(en)a(SCN!z]Iz was prepared9 by crystallization from an 
aqueous ethanolic solution (50y0 v/v) containing equimolar 
amounts of [Ni(en)z(SCN)z] and NaI. The product was twice 
crystallized from aqueous ethanol. Anal. Calcd for NiCjHle- 
NJS: Ni, 16.1; C, 16.5; H, 4.4; N, 19.25; S ,  8.8. Found: 
Ni, 16.3; C, 16.7; H,4.4; N, 19.4; S,9.0. 

Susceptibility measurements were made on polycrystalline 
samples a t  temperatures between 1.5 (pumped helium) and 
300°K, with a null-coil pendulum magnetometer,1° using the 
techniques described previously.i1 The field dependence of the 
susceptibility was determined at  field strengths in the range 1- 
15.3 kOe at  several temperatures between 1.5 and 10°K. 

Results 
Table I contains the results of our measurements in 

the form of XA’, the field-independent susceptibility 
per gram atom of Ni, and also as peff  = 2 . 8 2 7 3 [ ( ~ ~ ’  - 
Nor) TI‘”. A diamagnetic correction12 has been in- 
cluded in the susceptibilities. Measurements on the 
thiocyanate complex were checked on three different 
samples; the results quoted in Table I are a typical set. 
From the three sets of measurements on [Niz(en)k- 
(SCN)2]12, the maximum uncertainty in peff is +0.05 
BM; this is indicated by the error bars in Figure 4 
which shows a plot of peff and of 1/xA’ for the thio- 
cyanate complex. The susceptibility of [Niz(en)4Clz]Clz 
has been reported previously for the range 297-95OK;I3 
the present results for this range are in agreement with 
the reported values. The susceptibilities of all three 
compounds were field independent from 1 to  15.3 kOe 
between 1.5 and 10’K. 

Discussion 
The peff  vs. temperature curves for the three nickel 

dimers are similar. At room temperature peff is in the 
range expected for octahedrally coordinated Ni (11) 
with a 3Az(t~96e,2) ground state. As the temperature is 
lowered, peff gradually increases until a maximum is 
reached in the 15-25”K temperature range. At lower 

(8) H M. State, Inorg Syn., 6, 198 (1960). 
(9) A. V. Babaeva and C. Shou-Kang, Zh. Neorg. Khzm., 5, 1274 (1960). 
(10) R. M. Bozorth, H. J Williams, and D. E. Walsh, Phys. R e v ,  105, 572 

(1956). 
(11) A. P. Ginsberg, €2. C .  Sherwood, and E. Koubek, J. Inovg. Nucl .  

Chem., 29, 353 (1967). 
(12) P. W. Selwood, “Magnetochemistry,” 2nd ed, Interscience, New 

York, N. Y., 1956, pp 78, 92. 
(13) M. E. Farago, J. M. James, and V. C. G. Trew, J. Chem. Soc., 728 

(1967). 
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Figure 4.-Temperature dependence of peff (BM) per Ni atom 
and 1 / X A ’  for [Niz(en)r(SCN)z]I~. 

temperatures peff decreases rapidly. Qualitative com- 
parison of the experimental curves, as exemplified by 
Figure 4, with the theoretical curves in Figure 3 indi- 
cates that there is a ferromagnetic intracluster inter- 
action (positive J )  and one or both of a much weaker 
antiferromagnetic interdimer interaction (negative 
Z’J’) and single-ion zero-field splitting. 

Quantitative comparison of the experimental peff 
with the peff  form of eq 5 and 20 leads to the results 
summarized in Table 11. The values in the table were 
obtained by using a nonlinear least-squares fitting 
subroutine14 based on Marquardt’s algorithm. Im- 
proved agreement between observed and calculated 
peff  a t  low temperatures is found with the four-param- 
eter fits as compared to the three-parameter fit. The 
difference between the fits with positive and negative D 
is not significant, so that i t  is not possible to decide the 
sign of D from our measurements. The parameters D 
and Z‘J’ are very strongly correlated with each other 
but are only weakly correlated with g and J .  To 
illustrate this we give the parameter correlation matrixlB 
(Matrix I) for the fit of eq 20 with negative D to  the 

MATRIX I 

J 1.00 -0.77 -0.31 0.37 
E -0.77 1.00 -0.16 0.05 
Z‘J’ -0.31 -0.16 1.00 -0.96 
D 0.37 0.05 -0.96 1.00 

[Niz(en)a(SCN)z]Iz data. The estimates of g and J 
are therefore essentially unaffected by the inclusion of 
zero-field splitting in the theory. Figure 4 illustrates 
the comparison between theory and experiment for the 
thiocyanate complex. 

According to the above results, the increase in peff 
with decreasing temperature is a consequence of the 
increasing population of the S = 2 molecular ground 
state. The chloride, bromide, and thiocyanate dimer 
molecules are almost entirely in the S = 2 spin state by, 
respectively, 14, 12, and 7’K. The combined effects 
of single-ion zero-field splitting and lattice antiferro- 
magnetism causes the rapid low-temperature decrease 
in peff. 

In [Niz(en)4Xz]Xz (X = C1, Br) the pairs of metal 

J g Z’J’ D 

(14) Bell Laboratories subroutine NLLSQ by W. A. Burnette and C S. 
This is an improved version of Share Program Library SDA 3094 Roberts. 

by D. W. Marquardt. 
(15) D. W. Marquardt, J .  SOL. I n d .  A p p l .  Math., 11, 431 (1963). 
(16) See the write-up accompanying Share Program Library SDA 3094 by 

D. W. Marquardt. 
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Figure 5.-Schematic illustration, in terms of atomic orbitals, 
of the exchange pathway eg/ lob,IabE\ (eg’ in [Ni2(en)&X!N)z] 12. 

atoms are linked by two essentially 90’ monatomic 
bridges. Parallel spin coupling is now well known to 
take place in this situation and may be understood in 
terms of the Goodenough-Kanamori rules” or Ander- 
son’s expanded orbital theory. l3 In terms of the latter, 
and using the notation 1 1  to symbolize overlap and I 
to symbolize orthogonality, the pathways for parallel 
coupling may be written7” egllpulpz~leg’, egllpylsIleg’, 
and egl~slpz~leg’ ,  where eg refers to the orbitals on one 
metal atom and eg‘ to those on the other, and s, py, and 

(17) J. B. Goodenough, “Magnetism and the Chemical Bond,” Inter- 

(18) P. W. Anderson in “Magnetism,” Vol. 1, G. T. Rad0 and H. Suhl, 
science, New York, N. Y., 1963, pp 165-184. 

Ed., Academic Press, New York, N. Y., 1963, Chapter 2. 

pz refer to  bridge atom orbitals. These pathways, es- 
pecially the first, predominate over the lone pathway 
for antiparallel coupling, egl Is1 leg’. 

In  [Nie(en)e(SCN)2]12, where the pair of metal atoms 
is connected by two three-atom thiocyanate bridges, 
we have a more novel situation. Since the Ni-Ni dis- 
tance is so great, i t  is clear that the exchange coupling 
takes place via the bridging thiocyanate groups. By 
analogy with the molecular orbital description of the 
isoelectronic molecule COZlg the ground state of NCS- 
may be written as (2sN) 2(3sS) 2(ubs) ( U b v ) Y  ab,,,) 4(  a, ,,> 4, 

where the a orbitals are of the form abZ = C12PzN + 
c22p,c + c33ps8 and a, = C42PzN - cdpZs, and the u 
orbitals are abs = C&C -I- c72p,~ + c83pUs and uby = 
c92pyN -/- c&p,c + cll3pUs. Assumirig an idealized 
geometry with linear thiocyanate bridges and 90” 
N-Ni-S angles, the pathways for ferromagnetic 
coupling are egllubul abzljeg’, egljubuI azlleg’, egllubZI 
abzjleg’, and e g / / u b s I  azl/eg’. The first of these, illu- 
strated in Figure 5, is exactly analogous to  the principal 
pathway for ferromagnetic coupling in a monatomic 90” 
Ni-X-Ni bridge, namely, egl /pylpzJ/eg’ .  The other 
pathways are not present in a monatomic bridge but 
occur here because the thiocyanate bridge is poly- 
nuclear. This description of the exchange coupling in 
[Niz(en)c(SCN)z]Iz leads to the conclusion that  the 
essential requirement for ferromagnetic coupling be- 
tween metal atoms in a cluster is the availability of 
connecting orbitals of proper symmetry. If the con- 
necting orbitals are multicenter molecular orbitals, the 
coupling can take place over long distances and through 
polyatomic bridges. 

As a final remark we note that the decrease in J 
along the sequence of bridging atoms C1-, Br-, NCS- 
may be attributed to the increasing size of the expanded 
magnetic orbital and the consequent decrease in intra- 
atomic coupling on the bridging group. 

(19) For a simplified description see H. B. Gray, “Electrons and Chemical 
Bonding,” W. A. Benjamin, New York, N. Y., 1964, pp  95-100 


