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Angular-overlap Parameters for Tetrahalogeno-complexes of Copper(ii) 
and Cobalt(i1) t 
By Denis A. Cruse and Malcolm Gerloch,' University Chemical Laboratories, Lensfield Road, Cambridge 

Single-crystal magnetic susceptibilities and electronic spectra of Cs,[CuCI,], Cs,[CuBr,], Cs,[CoCI,] CI, Cs,[Co- 
Br,] Br, and [NEt,],[NiCI,] are interpreted within the angular-overlap model for ligand fields. Unambiguous 
values foro- and x-bonding parameters are determined by the spectra of the copper complexes. Ranges for these 
parameter values are obtained from the magnetic moments and zero-field-splitting values of the cobalt complexes. 
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WE have recently developed1 a system of interpreting 
the paramagnetic susceptibilities and electronic spectra 
of low-symmetry transition-metal complexes, in which 
the ligand field is represented by the angular overlap 
model (a.0.m.) ., Several applications have revealed 
chemically sensible trends in the angular-overlap para- 
meters and as part of our efforts to establish series of 
these parameters, ' inner spectrochemical series,' we 
have re-examined some tetrahalogeno-complexes of 
copper(r1) , nickel(Ir), and cobalt(I1) ions. The copper 
and cobalt systems provide rather severe tests for the 
present model. The magnetic anisotropy of these 

RESULTS 
The complexes studied are Cs,[CuCl,], Cs,[CuBr,] , 

Cs,[CoCl,]Cl, Cs,[CoBr,]Br, and [NEt,],[NiCl,]. Except for 
the magnetic susceptibilities of Cs,[CoCl,]Cl, all the data dis- 
cussed below are drawn from the literature. In the case of 
Cs,[CoCl,]Cl we extended measurements of susceptibilities 
parallel and perpendicular to the unique axis of these 
tetragonal crystals from 80 down to 20 K. These measure- 
ments were made as part of the calibration checks on our 
new Faraday balance.* They confirm earlier magnetic- 
susceptibility measurements 5v6 in the range 80-300 K 
and, for the sake of completeness, we report the un- 
exceptional new results from 80 down to 20 K in the Table. 

Low-temperature principal susceptibilities (x/c.g.s. units x lows) and moments (p/B.M.) * of Cs,[CoCl,]Cl. A molar 
diamagnetic correction, 3.02 x lo-, c.g.s. units, has been applied 
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* 1 B.M. ~tl 9.27 x A m2. 

nearly perfect tetrahedral cobalt molecules is very small 
and the principal magnetic moments vary little with 
temperature, as is also the case for the moments of the 
tetrahalogenocopper systems. We are therefore con- 
cerned to discover how much bonding information can 
be obtained from these near-high-symmetry species in 
what might reasonably be regarded as limiting cases for 
the a.0.m. 

t No reprints available. 
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therein. 

Crystals of Cs,[CoCl,]Cl were prepared and recrystallised as 
described earlier.5~~ 

DISCUSSION 

Cs,[CuCl,] and Cs,[CuBr,] .-Calculations were made 
within the complete 2D free-ion term as basis using the 
model described ear1ier.l In addition to C, the spin- 
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orbit coupling coefficient, and k ,  the orbital-reduction 
factor, there are only two ligand-field parameters: e, 
and e, describing CJ and x interactions. Fitting this 
model to the published 7 magnetic susceptibilities is un- 
satisfactory in that fair agreement is possible for a wide 
range of parameter values. Similar situations obtain 
for both [CUC~,]~- and [CuBr4I2- ions, proper allowance 
for the exact molecular geometries * y 9  having been made 
in both cases, although a.0.m. parameters have been 
averaged over the somewhat unequal Cu-X (X = C1 or 
Br) bond lengths in each complex ion. The best defined 
parameter is k ,  being ca. 0.6 for the chloro- and ca. 0.3 
for the bromo-complex. The spin-orbit c parameter is 
virtually completely undefined by the magnetic suscepti- 
bilities in this treatment. Similarly, wide variations in 
e ,  with correlated e,  values are possible for fitting to the 
magnetic properties. These poor results are dramatically 
improved, however, by consideration of the electronic 
spectra. Single-crystal polarised spectra have been 
reported and assigned1° for all the d-d transitions in 
Cs2[CuC14] and for the two highest bands l1 in Cs,[CuBr,]. 
Fitting these transitions to our model gave unique 
values for the angular-overlap parameters, for both 
complexes, viz. : 

Complex e,/cm-l e,,/crn-l ea/et7 
cs 2 [ cu  Cl,] 6 800 1 800 0.26 
Cs,[CuBr,] 6 600 850 0.15 

In the chloro-case the quotient e,/e, is close to 0.25, a 
value suggested by overlap considerations l2 in idealised 
circumstances. Despite the presumably greater size of 
bromine orbitals relative to those of chlorine, it seems 
that their greater diffuseness and the longer Cu-Br 
bonds determine the lower e values for the bromo- 
complex. Insofar as the relation (1) l3 holds in these 

Atet = *(3e, - 4e,) (1) 
distorted tetrahedra, we note that the corresponding 
Atet values for these ions are essentially equal (ca. 
5 880 cm-l). Interpretations of this equality within a 
point-charge electrostatic model are clearly less satis- 
factory than that revealed by the angular-overlap 
parameters. 

Cs3[CoC14]C1 and Cs,[CoBr,]Br.-Here calculations were 
made within the complete spin-quartet basis, 4F + 4P, 
using the same parameters as for the copper complexes 
plus the interelectron-repulsion parameter, B. The 
complexes have both been the subject of much 
s t ~ d y . ~ * ~ * ~ ~ $ 1 ~  The criteria for good fit include the agree- 
ment with the zero-field splitting factor 6 determined 
from e.s.r.l3 and spectral studies l4 as well as the repro- 
duction of the principal molecular and crystal suscepti- 
bilities (over the range 20-300 K for the chloro-complex, 
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80-300 K for the bromo-complex 6). Excellent agree- 
ment for all these quantities (better than 2%) was 
possible for both complexes. (Calculations were made 
for the [CoBr4l2- ion assuming identical geometry as 
that determined l6 for [COC~,]~-.) However, these fits 
were obtained for wide ranges of the parameters. Spin- 
orbit coupling parameters were again ill defined but best 
fits occur for c close to the free-ion value To. The 
orbital-reduction factors are close to unity but are not 
well established for either complex. Fitting values for 
the angular-overlap parameters are shown in the Figure. 

I I 1 I I I \  
2 000 4 000 6 000 

ea / cm-’ 

Relations between e, and en values in Cs,[CoCl,]CI and Cs,[CoBr,] Br 
reproducing the observed magnetism and spectral and e.s.r. 
properties (see text). 

The molecular geometry of these ions very closely 
approximates to Td symmetry so that relation (1) should 
hold quite well. The values of e, and en lying on the 
lines in the Figure correspond, within fitting margins, 
to this relation. The lines of fit are bounded to some 
extent, fits beyond the end points being less good. 
Attempts to restrict the fitting regions by recourse to 
spectra are, not surprisingly, ineffective. Any values of 
e, and e ,  on the line for the chloro-complex, but not 
elsewhere, reproduce the 4A 2( Td)+4T,( F ,  Td) spectral 
bands satisfactorily. Transitions to 4T1(P) may be 
accommodated by variations in B which does not assist 
the determination of e values. The criterion for ‘ satis- 
factory ’ fit here is that the average energy and spread 
of transitions within the ,T1(F) band are reproduced. 
It does not appear possible to improve the agreement 
beyond what has been attempted by Jesson: l4 in any 
case, the general pattern of energies within this band is 
reasonably well reproduced. The spectral fitting does 
suggest a t: value for the chloro-ion close to the free-ion 

For the solid line, es/eo = 0.25 
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value and slightly larger than To for the bromo-complex. 
From relation (1) we find Atet = 3 100 cm-l for 
Cs3[CoC14]C1 and 2 750 cm-l for Cs,[CoBr,]Br. Little 
more may be deduced, beyond the observation that equal 
values for e, in the chloro- and bromo-ions require 
e,(Br) > e,(Cl) : alternatively, by moving parallel to the 
broken line in the Figure, a larger decrease in e, on 
replacing C1 by Br is accompanied by a smaller decrease 
in e,. Whatever the actual values for e, and e, in these 
systems it seems clear that rather different behaviour 
obtains for the cobalt(I1) and copper(I1) complexes. 
The quotient e,/e, varies along the lines of fit in the 
Figure from the limiting case of zero for very low e, 
values to ca. 0.5 when e, - 7 000 cm-l. For comparison 
with the tetrachlorocopper complex, if we assume that 
e,/e: for [COC~,]~- is 0.25, we have e, = 3 600 cm-l and 
e, = 900 cm-l. 

[NEt4J2[NiC1,] .-The susceptibilities of this complex 
undergo an abrupt change l7 at  ca. 220 K so we attempted 
to fit the magnetic properties only in the restricted range 
230-300 K. Calculations were made within the basis 
3F + 3P using the same parameter set as for the cobalt 
complexes. A qualitatively similar situation emerges 
in that a ' diagonal ' correlation between the e, and e, 
values is apparent. However, the fitting region is so 
flat, because of the restricted temperature range, that 
further analysis is impossible. 

CoutcZusions.-At the outset of this work we had hoped 
to find straightforward relations between e, and e, values 

and as functions of the electron configuration of the 
metal atom. The rather different degrees of distortion 
from Td symmetry observed in [CuC1,]2-, [CuBr,J2-, 
[COC~,]~-, and [NiC1,I2- (ref. 17) should not be too 
important a factor here, for the a.0.m. explicitly takes 
all the ligand positions and orientations into account. 
Our failure to analyse the data for [NiC1,I2- is dis- 
appointing but hardly surprising. Similarly the lack of 
separation between e, and e, values for the cobalt com- 
plexes is almost certainly determined by the very small 
amount of distortion from tetrahedral symmetry in 
these ions, together with the orbital-singlet nature of 
their ground terms, giving rise to very small magnetic 
anisotropy. It is perhaps more surprising that so little 
could be deduced from the magnetism alone in the case 
of the copper complexes and we presume from this and 
other, unpublished, experience with copper complexes 
that the essential lack of temperature dependence of the 
moments is largely responsible for this. We sense that 
a useful rule of thumb may be that magnetic studies on 
mononuclear copper( 11) systems may be unrewarding. 
On the positive side, e, and e, values for [CuC1,I2- and 
[CuBr,12- ions seem well established from the spectra. 
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