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Effect of Bridge Geometry on Exchange Coupling in 
Ligand-Bridged Copper(l1) Dimers and Chains 

The singlet triplet splitting resulting from exchange coupling in three series of ligand-bridged 
copper(I1) complexes is primarily controlled by the angle at the bridging ligand atom and by the 
length of the superexchange pathway. Magnetic and structural data exist for chloro-, bromo-, and 
sulfur-bridged complexes. The smooth correlation between the exchange coupling constant J and 
the quotient of structural parameters 'p / ro  (where 'p is the angle at the bridging ligand atom and r,, 
is the long out-of-plane bond distance) may be explained in terms of extended Hiickel molecular- 
orbital theory. but the theory does not permit an explanation why only complexes which obey 
the simple correlation exist. It is predicted that a family of such structurally and magnetically 
related complexes should exist. 

Introduction 

Systematic studies of the structural and magnetic properties of the series of di- 
p-hydroxo-{ bis-diamine[copper(II)] 1 complexes with the general formula 
shown in Figure 1, and structural and magnetic properties summarized in 
Table I have established that the single-triplet splitting in this series of 
compounds is a function of the angle at the bridging oxygen atom only.'--3 
The N,Cu0,CuN2 units are largely planar with copper oxygen bond 
distances of 1.92 & 0.03 A, copper-nitrogen bond distances of 2.00 f0.03 A, 
and there are water molecules or counterions coordinated to copper in some, 
but not all of the  compound^.'.^-^^ Consequently, the coordination environ- 
ments of the single ions are either planar24 or tetragonal pyramidal. The Cu~- 
0 -Cu  angle ranges from 95.6( 1)" in [C~(bpy)0H] , (N0, ) ,~  to 104.1(2)' in 
[ C ~ ( t m e n ) O H ] ~ B r ~ , ' ~  and the singlet-triplet splitting varies linearly from 
+ 172 c m - ~ '  (triplet ground state)' in the former compound to -509 ern-.' 
(singlet ground state)25 in the latter compound. Since the Cu-0,-Cu unit is 
planar, and the copper-oxygen bond distances are equal, the singlet-triplet 
splitting also varies linearly with the copper- copper separation. As discussed 
in a subsequent section of this Comment, this observation provides very good 
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FIGURE 1 
bridged copper( II) complexes. 

General structural formula for the cxchangccoupled unit in the di-jr-hydroxo- 

evidence for the mechanism of the exchange interaction, since the compound 
with the greatest singlet state stabilization has the longest copper-copper 
separation. There is a further extremely interesting trend observed with three 
di-p-hydroxo-bridged complexes. These complexes are a- 
[Cu(dmaep)OH],(C10,)2,1 2.1 [C~(bpy)OH],(C10,), ,~~~ and [Cu(2- 
mi~)OH],(Cl0,),.2h~O.~~.'~ In addition to the two hydroxo bridges, there 
are symmetrical perchlorato bridges positioned above and below thr N,Cu- 
0,-CuN, plane. The singlet-triplet splitting for these three compounds are 
approximately 50 cm- ' more positive than would be predicted by the 
expression 25 = - 74.53((p)+ 7270 cm- ' .  This problem is not addressed in this 
Comment. 

There has been considerable interest in determining if the singlet-triplet 
splitting from exchange coupling in other dimeric complexes, small clusters, 
and low dimensional compounds could be explained in terms of the structural 
properties of the compounds. The purpose of this Comment is to show that the 
exchange coupling constants in a number of chloro-, bromo-, and sulfur- 
bridged copper(I1) compounds can be correlated with the structural properties 
of the compounds. 

First, it is instructive to consider what may be expected. The dependence of 
the singlet-triplet splitting on the angle at the bridging atom for the di-p- 
hydroxo-bridged complexes is shown as the solid portion of the line in Figure 
2, where the abscissa is the bridge angle and the singlet-triplet splitting is 
plotted on the ordinate. Although experirnental data exist only for a range of 
bridge angles from 95" to 104", on the basis of the theoretical calculations by 
van Kalkeren ef L / / . . ~ "  Hoffmann and c~workers ,~ '  Kahn and Briat," and 
Brower and Hatfield,2y it is anticipated that the singlet-triplet splitting will 
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FIGURE 2 Dependence ofthe singlet triplet splitting on the angle at the bridging oxygen atom 
in the exchange-coupled di-p-hydroxo-bridged copper(I1) complexes. 

reach a maximum value in the vicinity of 90“, and that the singlet state will be 
stabilized below that bridge angle. 

As indicated in Figure 2, at some smaller bridge angle, a second mechanism 
of exchange coupling will become important, that being a direct, through- 
space interaction, and below this angle the singlet state will be stabilized 
strongly. At larger values for the bridge angle than the current experimental 
maximum value of 1W, the singlet state will continue to be stabilized with the 
absolute value of 25 reaching some maximum near 180”. In real compounds, it 
will be necessary for one of the bridging connections to be lost, and that the 
series of compounds become mono-ligand bridged. Unfortunately, at this 
time, real bimetallic hydroxo-bridged compounds which exhibit a wide range 
of angles at the bridging ligand have not been prepared and characterized. 
However, there are several compounds with either chloro-, bromo-, or sulfur- 
ligand bridges which do exhibit widely varying bridging angles. A com- 
plication exists in the interpretation of the data in that there are changes in 
structural features other than the bridge angle. It will be shown that these data 
can be accounted for in terms of a physically meaningful, theoretically based 
model. 

Theoretical Considerations 
The Hamiltonian which is appropriate for the description of exchange 
coupling in copper(I1) systems is given in Eq. (1) for the special case of a dimeric 
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Exchange coupling in copper( 11) systems is largely an isotropic phenomenon 
and, consequently, the Heisenberg exchange theory is appropriate for the 
clusters and chains which will be discussed in this Comment. As a general rule 
one can use the g tensor as a gauge for the appropriate theory. If the g tensor is 
nearly isotropic, as it is for most copper(I1) complexes, then an isotropic 
exchange model is likely to apply. This means that there are no energetic 
factors which tend to constrain the electron spin to lie along a given preferred 
direction. In the case of multimetallic complexes with anisotropic y tensors, it 
is usually necessary to use an anisotropic exchange coupling model with the 
most commonly used ones being the Ising model or the XY model. 

The exchange coupling constant J , ,  is evaluated by fitting the appropriate 
expression for magnetic susceptibility to experimental data. For a bimetallic 
complex, the exchange coupling constant thus determined is a measure of the 
energy separation between the singlet and triplet states, and the J,, value is 
not generally a measure of the strength of the exchange interaction. This may 
be understood in terms of the data which exist for the di-phydroxo-bridged 
complexes. When a compound with an angle at the bridging oxygen atom 
somewhere near 97.5" is prepared, the correlation between cp and 25 predicts 
that the singlet-triplet splitting will be zero. The two copper ions in such a 
complex will be strongly exchange coupled, but the singlet and triplet states 
will be energetically degenerate. On the other hand, if two copper ions are 
present in a dimeric complex and are separated by non-bridging, magnetically 
insulating ligands, say at a distance of approximately 10 A or greater, the 
exchange coupling will, for all practical purposes, be nonexistent, each copper 
ion will exhibit doublet state magnetism, and 25 will be zero. 

Hoffmann and coworkers2' have shown that the singlet-triplet splitting is 
given by 

where Kab is the molecular exchange integral, Ja, and Jab are the one- and two- 
center Coulomb repulsion integrals, and el and e, are the energies of the 
orbitals which are involved in the exchange coupling. Hoffmann and 
coworkers have pointed out that the exchange and Coulomb integrals are 
relatively insensitive to subtle structural distortion and substituent effects and, 
as a result, the singlet-triplet splitting is largely determined by the energy 
difference (el - e,). When el =e,, the triplet state is the ground state. As will be 
shown later this occurs when the angle at the bridge is 90". 

It is instructive to examine the nature of the orbitals involved in the 
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6 
FIGURE 3 The symmetric and antisymmetric combinations of B,, and B,,, symmetry in the di- 
p-hydroxo-bridged copper(I1) complexes. 

exchange process. For the di-phydroxo-bridged copper(I1) systems these are 
the largely metal-based, symmetric and antisymmetric combinations of sigma 
antibonding orbitals of B,, and B,, symmetry which are shown in Figure 3. 
These symmetric and antisymmetric combinations of largely metal-based 
orbitals may interact with like combinations of orbitals on the bridging 
ligands. At 90", the interactions are equal, the triplet state is the ground state, 
and the interaction is termedferromag,ietic. As the angle deviates from 90", the 
overlaps of the two combinations differ and finite values arise for the 
numerator (es - eA). At some angle the singlet state will become the ground 
state and the interaction is said to be antiferrornagnetic. This discussion 
suggests that a plot of the singlet-triplet splitting as a function of bridge angle 
would not be symmetric as the angles depart from 9 0  to larger and smaller 
values, respectively. 

Examination o j  Experimental Results 

Chloro-bridged copper(l1) dimers and chains Structural and magnetic data 
now exist for five examples of chloride-bridged parallel planar copper(I1) 
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d i m e r ~ . ~ l - ~ *  These five compounds are listed in Table I1 along with the 
pertinent structural data3'*32,34.36*37 and the exchange coupling constants 
which have been determined from magnetic susceptibility measure- 
m e n t ~ . ~ ' ~ " ~ ~ ' ~ ~ ~  I t  may be seen by inspecting the data that the angles at the 
bridging chloride ion range from 86' to over 100'. While the in-plane copper- 
chloride bond distances are nearly constant at 2.28 -I 0.03 A, the out-of-plane 
bond distances vary from 2.7 A in the dimethylglyoxime compound3' to 3.37 
A in the 2-methylpyridine compound.32 It may reasonably be concluded on 
the basis of the results of the work on the hydroxo-bridged complexes' and 
theoretical that the exchange coupling constant will be 
dependent on the magnitude of the angle at the bridge as well as the bond 
length in the superexchange pathway. It may be predicted on orbital overlap 
considerations alone that an increase in the bond distances will be accom- 
panied by a decrease in the magnitude of the exchange coupling constant. 
These results and considerations suggest that the exchange coupling constants 
be examined in terms of the quotient cplr,, where 40 is the angle at the bridging 
ligand and ro  is the long, out-of-plane bond distance. Further refinements on 
the correct structural parameters will probably require that ro be raised to 
some power n, but sufficient data do not exist at this time to justify the 
refinement. 

Magnetic and structural data also exist for a number of mono-p-chloro- 
3 9 - 4 5  and di-p-chloro-c~pper(II)~~-~~ chain compounds. These data are 
summarized in Table Ill. For the sake of completeness data have been listed in 
Table I11 for [CU(IZH),C~,],,~' 43  but these data are not considered in the 
following discussion since the material undergoes long range order below 7 
K.41 The structural and magnetic data for all of the chloro-bridged copper(I1) 
compounds are collected in Figure 4, where it may be seen that the exchange 
coupling constant increases from approximately - 10 cm- ' at a cplr,, value of 
about 28, reaches a maximum of J equal to about 2.5 cm- ' at cplr, near 37, and 
then the exchange coupling constant decreases as the angles increase in the 
series of single chloro-bridged complexes. This observed behavior parallels the 
expectation outlined in Figure 2. An important question surfaces, and that 
involves the effect of the number of bridges, and hence the number of 
superexchange pathways, on the magnitude of the exchange coupling 
constant. 

Although there are large numbers of copper(I1) compounds with di-p- 
chloro-bridged structures, few have been structurally characterized by single 
crystal X-ray diffraction studies. Available data4' -54 for these compounds are 
collected in Table 111, where it may be seen that all but one have the general 
formula (CuL,CI,),. The structure of these compounds may be visualized as a 
uniform chain formed by the stacking of parallel planar units. The unique 
compound in the series is [(CH,),NH]CUCI,.~H~O,~~-~~ which has the basic 
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FIGURE 4 

25.0 31.0 37.8 43 .0  4 9 . 8  55.0 

The dependence of the exchange coupling constant on the parameter cp/r,, for thc 
chloro-bridged dimers and chains. Not the antisymmetric nature of the phenomenological curve 
reflects the number of superexchange pathways. Data points for dimers are designated by 4 for 
monc-p-chlorebridged chains by 0, and for di-p-chloro-bridged chains by t. 

di-p-chlorebridged structure, but in this case the Cu,Cl,-bridging unit is 
an t i~ymmet r i c~~  with short copper-chloride bond distances of 2.296(6) and 
2.268(5) A, longcopper-chloride bond distances of 2.910(6) and 2.751(5) A, and 
angles at the bridging chloride ligands of about 91.0 and 95.8". Although the 
Cu,CI, unit is not constrained to be planar, it is nearly planar. An average q / ro  
values of 33" cm- '  is tabulated. The data for these compounds are plotted in 
Figure 4. 

The recent studies by Willett and  coworker^^^-^' on the ferromagnetic 
chains of copper(I1) in compounds such as [(CH,),N]CuCI, have a bearing on 
the queslion concerning the effect of the number of superexchange pathways 
on the exchange coupling. The copper ions in the ferromagnetic compounds 
studied by Willet t and coworkers are bridged by three ligands. Necessarily, 
one of the bridges spans sigma antibonding orbitals on both copper ions, and 
the magnetic exchange interactions are much greater than in the chloro- 
bridged complexes considered here. In these latter complexes, the bridging 
ligand does not interact with the primary sigma antibonding orbitals on the 
neighbouring exchanpe-coupled copper ions. The antisymmetric nature of the 
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phenomenological line in Figure 4 reflects the number of bridges as well as 
other factors. The significance of the correlation between molecular structural 
features and magnetic properties are discussed below. 

Di-p-hrorncrhridged copper(l1) Structural and magnetic data exist for four 
parallel planar, bromo-bridged copper(I1) These data 
are summarized in Table TV, where it may be seen that the angle at the bridge 
ranges from 84' in the complex [C~(u-Me,en)Br,],~~ to 100' in the 2- 
methylpyridine complex.58 The out-of-plane copper-bromide bond distances 
range from 2.9 A in the former compound to 3.9 A in the latter compound. The 
dependence of the exchange coupling constant on the quotient of structural 
parameters q / r 0  is illustrated in Figure 5, where the four data points are 
suggestive of the behavior exhibited by the more extensive series of chloro- 
bridged cbpper( 11) systems, and once again parallels the anticipated behavior 
of the exchange coupling constant on qlr , .  Available data43*47*62-64 for 
bromidebridged copper chain compounds present an interesting deviation 
from the behavior thus far noted for these exchangecoupled systems. 

Sulfur-bridged copper(Z1) complexes The available structural and magnetic 
for sulfur-bridged copper(I1) complexes are collected in Table V, 

where it may be seen that there are three dimeric complexes, those being the 
thiocarbonohydrazidium complex,65 [C~(dedtc) , ]~ , '~  and the cr-form of 
[C~(dbtc),],,~" one alternating chain compound, [CU(KTS)],,~' and one 
uniform chain compound, [C~(dmdtc) , ] , , .~~ For the purpose of this study, the 
structural features of the more tightly bound unit in [Cu(KTS)], are used, 
since it is anticipated that this unit will dominate the exchange at the low 
temperatures used by Blumberg and Peisach" to estimate the exchange 
coupling constant by monitoring the intensity of the EPR signal. As shown in 
Figure 5, the exchange coupling constant once again exhibits the dependence 
on q / r ,  seen for the chloro-bridged and the bromo-bridged compounds. 

Significance of the 0hserz:ations 

A structural model which is appropriate for the analysis of the experimental 
results for the parallel planar dimers and the comparable unit in the chains is 
shown in Figure 6. The symmetry of the idealized model is C,,, and the 
symmetric and antisymmetric combination of sigma antibonding orbitals 
transform as A, and B,. The appropriate linear combinations of metal orbitals 
and ligand orbitals may be constructed in the same manner as those given in 
Figure 3 for the di-p-hydroxo-bridged complexes. The analysis of the magnetic 
data for the parallel planar complexes is complicated by an additional 
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8 . 6  

8 . 2  

X cu E -0.2 

-0.6 

- I  

25.0 26.6 28.2 29.8 31.4 33.0 

FIGURE 5 The dependence of the normd\ized exchange coupling constant on the parameter 
cplr,, for the bromo- and sulfur-bridged dimers and chains. The exchange coupling constants havc 
been normalized with thc maximum value ofJ for each set of compounds taken as unity. The solid 
line is drawn through the data poinls for the sulfur-bridged compounds, and the broken line is 
drawn through the data points for the bromide-bridged compounds. 

structural feature, that being a wide variation in the out-of-plane bond 
distance. Furthermore, additional metal orbitals become involved in the 
exchange mechanism. The A, and B, combinations of the dzl orbitals are not 
shown in Figure 6 since their inclusion would unnecessarily complicate the 
drawing. However. i t  is easy to visualize the appropriate combinations. It is 
now possible to summarize the metal and ligand orbitals that arc primarily 
involved in the exchange coupling mechanism, these are the sigma antibond- 
ing dx2-y* orbitals, the dzZ orbitals on the metal, and the ligand pl and py 
orbitals. The ligand s orbitals are of secondary importance because of the 
relatively larger difference in energy of these orbitals and the metal orbitals. I t  
must be recognized that the energies of the highest occupied molecular orbitals 
are influenced by the nature of the ligand which are not primarily involved in 
the exchange process since the symmctry of the exchange coupled unit is 
relatively low. 

Extended Hiickel molecular orbital calculations have been carried out  on a 
number of model systems of chloro-bridged, parallel planar copper(I1) 
complexes'9 and the results are in qualitative agreement with the experimental 
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FIGURE 6 The symmetric and antisymmetric combinations of sigma antibonding orbitals Tor 
the parallel-planar dimeric units. Note that the combinations ofd,r orbitals are not shown in the 
drawing 

observations. More importantly, one of the purposes of this Comment is to 
draw attention to a very interesting and significant question, and that is, why 
does the simple correlation exist at all. Consider the following: the angle at the 
bridge is the most important factor in determining the sign of the exchange 
coupling constant but the bond distances in the superexchange pathway is the 
primary factor determining the magnitude of J .  This leads to  the immediate 
conclusion that there should be a family of J versus q / r ,  curves, not one 
universal curve. This conclusion is supported by a limited amount of 
experimental data which exist for bromide-bridged copper(I1) chains. Reedijk 
and coworkers63 have summarized the data which exist for 
[Cu(pyridine),Br,],, [Cu(3,5-dirnethylpyridine),Br,l,, and [Cu(M-methyl- 
imidazole),Br,],. The quotient cp/r,, for the three compounds is 27.5(2), yet the 
exchange integral varies from -5.8 cm- ' for the N-methylimidazole com- 
pound63 to - 21 cm- ' for the 3,5-dimethylpyridine However, it 
has now been established that [Cu(N-methylimidazole),Br,l, undergoes a 
structural phase transformation, probably to an alternating chain structure, 
and this process presents an additional complication in the interpretation of 
the magnetic and structural data for the bromidebridged systems. 

Although it is widely known that the energies which result from extended 
Huckel molecular orbital calculations are subject to question, the results of 
calculations of minimum energy structural configurations on several model 
systems yield no information permitting a conclusion concerning the mole- 
cular design of appropriate systems. New compounds with structural and 
magnetic properties which do  not fall on the curve in Figure 4 or the 
normalized curves shown in Figure 5 will emerge from systematic research in 
this field and will permit an explanation of the diverse array of properties for 
these compounds as signaled by the results for the bromide-bridged chain 
systems. 
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