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Zero-field splittings have been determined for the spin tri-
plet ground state of Ni(II) in Ni (pyrazole) 4C12 and Ni(pyr-
azole) 4Br2 , by means of heat capacity measurements in the 
1 — 80 K region and by paramagnetic susceptibility measure-
ments in the 2 —80 K region. 

The results of both measurements can be fitted with theory 
using the spin Hamiltonian 

H=gßHS+D[Sz*-S(S+l)l3]+E(Sx*-Sy2) 

with the parameter D equal to 7.2 c m - 1 for the chloride and 
5.4 c m - 1 for the bromide. The value of E appeared to be 
close to zero for both compounds, indicating nearly axial sym-
metry. 

The anisotropic ^-values (calculated from the susceptibili-
ty) are #^ = 2.21 + 0.03 and <?j|=2.14 for the chloride and 
<7^=2.20, #|| = 2.12 for the bromide. 

Introduction 

Nickel (II) ions (3d8) with axially distorted octa-
hedral coordination are known to yield a spin splitting 
of the ground state ( 3 A 2 g ) , even in the absence of a 
magnetic field 1. Usually these splittings are of the or-
der of 0.1 — 1.0 c m - 1 and are caused by second-order 
pin-orbit coupling. The magnitude of this splitting, D, 
deends upon the orbital splittings in the excited states 
(1. c . 1 ' 2 ) . 

LIEHR and BALLHAUSEN 3 derived D from the orbital 
splittings by means of the relation D= — 9kX2jA-, with 
k = the magnitude of the trigonal 3 T 2 g splitting, ?. = 
spin-orbit coupling constant and A = distance between 

* Reprint requests to Dr. J. REEDIJK, Department of Chem-
istry, State University, P.O. Box 75, Leyden, The Nether-
lands. 

the 3 A 2 g and 3 T 2 g term. In a previous study 4 - 6 on the 
spectra, structure and bonding of tetragonal pyrazole 
compounds, we found unusually large orbital splittings 
for a number of compounds Ni (ligand) 4 (anion) 2 . This 
would yield zero-field splitting much larger than 1 c m - 1 , 
u s i n g t h e r e l a t i o n o f L I E H R a n d B A L L H A U S E N 3 . 

In order to examine if a relation exists between D. 
the orbital splitting and the nature of the ligand and 
the anion, we determined Z)-values for a number of 
compounds of formula NiL4X2 , in which L is a pyr-
azole or imidazole ligand, and X is a halide or nitrate 
anion. The Z)-values were determined with the aid of 
specific heat and paramagnetic susceptibility measure-
ments. The results for two typical examples are dis-
cussed in the present paper. 

Experimental 

Ni (pyrazole) 4C12 and Ni (pyrazole) 4Br2 were prepar-
ed from the metal salt hydrates by adding the ligand 
in the ratio 1 : 4 in ethanol as a solvent. The com-
pounds were checked for purity by chemical analysis. 
The crystal structures of both compounds have been 
published 7 ' 8. 

The heat capacity measurements were performed 
with the usual heat pulse method. To cool the sample 
to bath temperature a mechanical heat switch was used. 
The powdered salts were pressed into a thin walled 
gold-plated finned copper calorimeter to improve in-
ternal heat contact 9. 

The paramagnetic susceptibility was measured by 
means of a P A R vibrating sample magnetometer, mo-
del 150, in the 2 —80 K region at fields around 5000 
Oersted. 

Results and Discussion 

From the methods avaialable for determining large 
D-\alues (viz. single-crystal EPR spectra, heat capacity 
measurements, single-crystal magnetic anisotropies, 
paramagnetic powder susceptibilities, and direct spec-
troscopic measurements), we have chosen the heat ca-
pacity and powder paramagnetic susceptibility at low 
temperatures, as single crystals of the compounds of 
sufficiently large size were not available and far-infra-
red and Raman spectra were expected to be disturbed 
by interaction with lattice vibrations. 
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Figure 1 and 2 show the measured heat capacities 
in the 1 —14 K region for the chloride and bromide 
respectively. The high temperature specific heat has 
been omitted from the figures for clearness. Both salts 
have an anomalous heat capacity in the He-temperature 
region. In order to substract the lattice heat capacity 
a CT2 vs. T5 plot was made. The estimated lattice heat 
capacities are drawn in the figures and can be repre-
sented by a three-dimensional Debye temperature, 0 D , 
of 64.2 K for the chloride and 63.2 K for the bromide. 
The resulting heat capacity after subtraction of the 
lattice contribution is interpreted as a Schottky anomaly 
resulting from the Ni(II ) ion, which has a low-lying 
singlet and a doublet at 7.2 c m - 1 for the chloride and 
at 5.4 c m - 1 for the bromide. The best theoretical 
Schottky heat capacity curves are drawn in the figures. 
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Fig. 1. Cp vs. T for Ni(Pz)4Cl2 (dotted curve). The dashed 
line is the estimated lattice heat capacity. The full curve is 

the theoretical Schottky heat capacity anomaly for 
D = 7 .2cm- 1 . 

Fig. 2. Cp vs. T for Ni (Pz) 4Br2 (dotted curve). The dashed 
line is the estimated lattice heat capacity. The full curve is 

the theoretical Schottky heat capacity anomaly for 
D = 5.4 cm" 1 . 

The observed magnetic susceptibility of the com-
pounds was tried fitted with the theoretical expression 
for ^ as a function of D, g\\ , g]_ and T. However, the 
usual theoretical expressions 1 0 , 1 1 do not take into ac-
count the field dependent part of the susceptibility, and 
as our compounds were investigated at fields near 
5000 Oersted, this would introduce serious errors. 

Therefore we made use the basic equation for the 
susceptibility 

X = N 2 (dw/dH) exp{ — w/k T}/H 2 exp{ - w/k T} 

and calculated the ab initio % values directly from this 
equation and the matrix for the 3 A 2 g ground term 
under simultaneous zero-field splitting and magnetic 
field splitting (Table 1 ) . 

Table 1. Matrix of simultaneous action on 3A2 g by zero-field 
splittings and magnetic fields. 

Ms - 1 0 +1 

- 1 D-gl{ßHz V29lßHxl2 0 
0 V2 gL ß Hxl2 0 V2 g± ß Hxl2 

+1 0 V291 ß nx\2 D+g]lßHz 

The principal susceptibilities %\\ and thus ob-
tained, are averaged by the relation 

Z p o w d e r = § + £ Zll 

and the observed % vs. T is compared with several of 
these theoretical curves. First a rough value for D is 
obtained from extrapolation to T —> 0 of the expres-
sion 11 

Zpowder ( 0 ) = 4 N ß 2 g l 2 / 3 D 

with an initial value for gj_ obtained from the averaged 
value in the powdered compound at high temperature. 
Then the rough values were refined by fitting with the 
experimental curves. The splitting in the doublet was 
found to be very close to zero and is ignored in the 
fitting. 

The results of the best fit of % vs. T with D, g\\ , gj_ 
are listed in Table 2, together with the D and E values 
obtained from the heat capacity measurements. The ex-

Table 2. Zero-field parameters and «/-values for compounds 
Ni (pyrazole) 4X2 . 

Compounds Heat capacity Susceptibility 

Ni (Pz) 4C12 

Ni (Pz) 4Br2 

D (cm"1 ) E ( cm - 1 ) 
7.2(1) b 0.0(1) 
5.4(1) 0.0(2) 

a D (cm -1) g± 
7.2(2) 2.14(3) 2.21(3) 
5.5(2) 2.12(3) 2.20(3) 

a E stands for the doublet splitting. 
b Uncertainties in the last digit are shown between parenthe-

sis. 



Fig. 3. x vs. T for Ni(Pz)4X2 with X = C1 and Br. The calcu-
lated curves for the parameters listed in Table 1 are drawn 

through the experimental points. 
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