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A generalized angular overlap approach is sug- 
gested for the interpretation of the magnetic proper- 
ties of transition metal dimers. The ferro- and anti- 
ferromagnetic coupling constants are related to the 
splitting of the ten d orbitals of the two metal 
centres. Sample calculations are perfomzed, using 
model complexes where the two metals are bridged 
by two ligands in square planar, square pyramidal 
and trigonal bipyramidal coordinations. The use of 
the diagrams in the rationalization of the magnetic 
properties of copper dimers is discussed. 

Introduction 

One of the more distinctive characteristics of 
dimeric transition metal complexes is that their 
magnetic properties differ notably from those of the 
monomers [l-7] . The model generally used for 
rationalizing the magnetic properties of dimers makes 
use of the Heisenberg-Dirac-an Vleck exchange 
Hamiltonian and of superexchange considerations [8, 
93. Only quite recently have models been proposed 
which relate the orbital energies of the dimer with the 
observed exchange coupling constants [9-151. All 
the proposed models describe the interaction between 
the two metal atoms in the dimer by means of 
molecular orbital calculations or, at least, by means 
of molecular orbital symmetry parametrizations. 
Some of these models, however, use a ligand field 
approach in order to parametrize the orbital energies 
of each monomeric unit in the dimer and limit the 
molecular orbital treatment to the description of the 
interaction. 

Glerup [ 121 in particular proposed that the orbital 
energies in the dimer can be obtained through a 
potential of the form: 

V=V*+VntVm 

where VA is the ligand field potential for metal atom 
A, Vn is the ligand field potential for metal atom B 
and VAB is the interaction potential [ 161. He did not 
give an explicit form to V,, but he accounted for its 
effects by means of symmetry considerations and on 
the basis of the baricenter rule of energies. A similar 

approach to the energies of LsM-L-ML5 dimers was 
suggested also by Schmidtke [ 171 and Kahn and 
Briat extended it to other chromophores [ 14, 181. 

The advantages of a ligand field treatment over a 
molecular orbital one for the interpretation of the 
optical and magnetic properties of transition metal 
complexes are well known [ 191. We wish therefore 
to report here a new angular overlap parametrization 
scheme of the orbital energies of transition metal 
dimers which is as general as possible. Further in 
order to check the validity of the suggested approach 
we report some sample calculations on model com- 
plexes, and show their use in the interpretation of the 
magnetic properties of several copper(I1) dimers. 

The Model 

If the dimer is considered as formed by two mono- 
meric moieties and the direct metal-metal inter- 
actions can be neglected the assumptions which 
support a ligand field treatment on one metal centre 
keep their validity. An explicit form of the ligand 
field potential can be given provided that the sym- 
metry properties of the whole dimer are taken into 
account. 

It is convenient to consider first the very simple 
dimer shown in Figure 1. It is known that the energy 
levels of the ligand orbitals can be parametrized 
using bonding parameters similar to the antibonding 
ones used to express the energies of the metal orbitals 
[20] . The ligand “sees” two metal atoms on opposite 
directions on the z axis, and their effects must be 
considered as additive. The bonding effect of the two 
identical metals on the p ligand orbitals will be 2e, 
for the pZ and 2e,, and 2e, for the pX and p,, 
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Figure 1. The coordinate axes for a linear symmetric dimer. 
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orbitals respectively. The metal orbitals which are 
responsible for this effect can be written in the form: 

Idght) = (l/fi)(l& + I&)); I& = 

(l/~)(l&) - Idif)) (1) 

where U, g, and u are symmetry labels of the D-h 
group and A and B refer to the two metal atoms. The 
overlap (dA ld~) has been neglected. 

It is now apparent that the dz, c and dF or- 
bitals, which span the same irreducible representa- 
tions of D,, as the pz, px and py ligand orbitals 
respectively, will have the antibonding energies 2e,, 
2e,, and 2e,,, while all the other metal orbitals will 
be non-bonding. 

Formally we can achieve these results by defining 
the following one-electron operator: 

A = Ip:)(p:l + IpF)(pTl + Ip~:s)(p~l (2) 

where the p:’ are the p ligand orbitals labelled by 
symmetry. The energies of the metal d orbitals in the 
dimer are found by a first order perturbation calcu- 
lation. Considering for instance the u orbital one 
finds: 

(d:lAld;) = (d:lp%p:ld:) = (1/2)[l<d~lp~)l* + 

I(dg lpE)l* - 2<di lp~)(p~ld~)] = (1/2)[e,* + 

eon t 2(eoAe,,n)r’* ] = 2ei 

where we have used the definitions: 

eoM = I(d&b:)l* M=A,B 

and considered that eOA = e,,n by symmetry and 
(dilpz) and (p:ldg) are of opposite sign (see Figure 
1). It is therefore possible to write in general: 

(d~‘lAld~‘) = 2egt (3) 

all the (&lAldphf) being zero. 
A first generalization of (2) can be made consid- 

ering contributions of ligand orbitals with 1 values 
different from p. In this case (2) becomes: 

A = Cl & $ll~‘>(Z”fl i = g, u (4) 

in which the $ coefficient is required since ligand 
orbitals of different I can span the same irreducible 
representation of D-h. Equation (3) then becomes: 

(d?‘lAldht’) = 26.6 16 I I J M ttle’ht (5) 
where 

eit = &~:‘l(d>~l1~‘)l* (6) 

is different from zero only if d?’ has the same parity 
as the ligand orbital. Therefore ford metal orbitals up 
to six parameters (e”,, e,U, ef, e,U, eg, es”) can be 
required to parametrize the orbital energies. This 
makes a noteworthy difference from the case of a 
monomeric complex, where only three parameters are 

required [20]. In the M-L-M dimer I ligand orbitals 
of different parity, which in the monomer M-L of 
C,, symmetry span the same irreducible representa- 
tions, are now bases for different representations of 
D +. So for instance the e: parameter is relative to 
the u bonding interaction with s or d ligand orbitals, 
while et is relative to the (I interaction with the p 
ligand orbitals. However following the common 
assumption that the bonding interaction is mainly 
with the p orbitals [ 131 the relation (3) is valid and 
the number of parameters which must be used in the 
case of the dimer is the same as in the corresponding 
monomer. 

In order to apply the model to real dimers a 
further generalization must be made. The most 
general unit which can be found in a dimer where the 
two halves are bridged by single atoms is that shown 
in Figure 2, where a ligand is unevenly shared by two 

Figure 2. The coordinate axes for a bent asymmetric dimer. 
The y axes are not shown for the sake of simplicity. They are 
perpendicular to the A-L-B plane. Also the (XMAZA) and 
(x&!+& axes (see text) are not shown. 

different metal atoms. Since in general on each metal 
centre also other ligands will be present, it is 
convenient to define two coordinate systems (XA, 
y_&, zA) and (xn, Yn, zn) centered on metal A and B 
respectively, chosen according to the symmetry of 
each monomeric moiety. The bridge atom L will have 
angular coordinates eA and PA in the system of metal 
A, and eu and vn on metal B. According to the 
postulates of the angular overlap model [20], in 
order to define the effect of the bridge atom on the 
metal d orbitals, we have to pass to primed coordi- 
nate systems oriented as in Figure 2. The d orbitals 
defined in the not-primed and primed coordinate 
systems, IMu) and IMu’) respectively, are connected 
by the usual angular overlap matrix, F!jr (M = A, B). 
Finally we need a reference system, (X,, Yw, Z,) 
on the ligand. In one-centre angular overlap model, 
it is assumed that the coordinate system on the ligand 
is parallel to that on the metal, but in a dimer there 
are two metals and one single choice is not possible. 
A convenient choice is that shown in Figure 2 with 
ZA coincident with the A-L bond direction and XA 
parallel to xi. Zn and Xn are defined correspon- 
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dingly relative to B. The ligand orbitals in the two 
reference systems are related by the angular overlap 
matrix, Ff . In order to have the ligand reference 
frame parallel to one of the metal frames it is 
necessary to use the most general angular overlap 
matrix which contains the three Eulerian angles cp, 0, 
and $ [20]. All the above relations can be expressed 
in a formal way as shown below: 

IAn)= 5 i F$lAi’) (7) 
1 

1 Bu) = i i F:ilBi’) (8) 
1 

21+1 

ILlmA)= x ,, F&,,nlLlnB) (9) 
1 

(7) and (8) refer to metal and (9) to ligand orbitals 
respectively. On the angular overlap matrix for the 
metal orbitals we have omitted the d index for sim- 
plicity purposes. 

If we consider interactions only with the p ligand 
orbitals the potential can be written as 

A= i .ILpnANLpnAl= i n ILpnd&m~i 
1 1 

where the second equality holds due to the ortho- 
gonality of the F,” matrix [20]. Using the assump- 
tions of the angular overlap model one finds: 

(Av’IAlAu’) = i n (Av’lLpnA)(LpnA 1Au’) _. 

= ;u’u’t?uA 

(Bv’lAlBu’) = 6.‘,1 c”n 

with 

l(Mv’lLpnM)12 = 6,1,, e&r (M = A, B) (10) 

The matrix elements coupling an A and a B metal 
orbital can be computed in the following manner: 

(Au’lAlBv’)= ;: ,,, (Au’lLpmA)(LpmAIB~‘) 

and by (9) 
1 

O\u’lAlBv’) = i m i ,, FpL,mn(Au’lLpmA>(LpnBIBv’l 
1 1 

olu’ IA1 Bv’) 

In order to have a compact expression for the matrix 
element, using (lo), it must be recalled that for u’, 
v’ = 6s or 6c FL, P lllu* is not defined. A formal way to 
overcome this inconvenience is to define a matrix 
F; such that 

F;,ti = 

i 

F&j for i and j = U, ns, TTC 

Oforiorj=&r,6c 

The matrix element can now be written as 

(h’iAiBV’) = F~,u~u~(eu~A eV’n)1’2 

Using (7) and (8) we obtain the required relations for 
the non primed basis functions: 

(AvIAl&) = ii F$ F$(Ai’lAlAi’) 
1 

(11) 

(BvlAlBu)= i i FzFffiein (12) 
1 

(AvlAlBu)=ii ij F$Ffii(AiIA’IW’) 
1 1 

= $ i $j F$F~F~,~(eiAejB)1’2 (13) 

Now we can parametrize the energies of weakly 
interacting dimers, making only the assumption, 
common to the one-centre angular overlap model, 
that the contributions from different ligands are 
additive [21] . Equations (11-13) show how a 
perturbation matrix can be constructed for every 
ligand using ten metal orbitals, five for metal A and 
five for metal B. 

Cakulations 

All the calculations described below were per- 
formed using a CII 10070 computer. A FORTRAN 
program was written which used the angular overlap 
matrix defined in the previous section. The input 
parameters were the geometrical (0, cp, $ and /I) and 
the bonding ones (e,, ens, e,,J for each ligand. The 
program evaluates the angular overlap matrix for each 
ligand and sums the results over all the ligands. 
Diagonahzation yields the eigenvahres and the 
eigenvectors. 

In order to test our calculations, copper(I1) dimers 
were considered since many spectral and magnetic 
data are available for these compounds [4, 22-261. 
We will discuss doubly bridged dimers, which are by 
far the most common. We will consider dimers 
formed by two square planar moieties, and those 
formed by five-coordinate moieties, either square- 
pyramidal or trigonal bipyramidal. Dimers formed by 
six-coordinate moieties will not be considered 
explicitly, because they can be reconduced to the 
square pyramidal cases. 

Some of the model complexes below were 
considered previously by Hoffmann [ 131. In every 
case our calculations were found to yield the same 
pattern as the Extended Hiickel calculations, thus 
confirming that our approach is correct. 

The coordinate system used for the square planar 
dimers is shown in Figure 3. We have fixed the 
bonding parameters (e, and e, for each ligand; for 
bridging ligands it is necessary to define e, and e, 
on both the metal atoms) and considered first of all 
the effect of varying 0, the M-X-M angles (Figure 
4a). Throughout this paper we will use the symbol fi 
to indicate the angles at the bridge ligands. The other 
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Figure 3. The coordinate system and the geometrical para- 

meters for a general square planar dimer. 
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Figure 4. Energy level diagrams for square planar dimers. (a): 

the effect of varying p with ek = ez = 6000, e,” = e,” = 600 

cm-l, 7 = O”, 6 = 180”; (b), (c), (d) and (e): the effect of 

changing e:, @z/e:), 7, 6 in turn with ek = 6000, ef; = 600 

cm-l, p = 95”. The L-M-L angle is 90”. Upper: Energy 

differences between the two highest energy levels. 

geometrical parameters are defined in the caption to 
Figure 4, and the dimers were considered to possess 
an inversion centre. All the ligands were considered 
as equivalent at this stage. 

The effect of varying all the other parameters has 
been considered by varying them in turn, one at a 
time. So the effect of varying the nature of the bridge 
ligand has been simulated by changing the e, and e,/ 
e, parameters and keeping all the other bonding and 
geometrical parameters constant, with p = 95” 
(Figure 4b, 4~). Besides n antibonding effects of the 
ligand on the metal orbitals also 71 bonding effects 
were taken into account. These can occur with 
ligands which have low lying empty 7~ orbitals, and in 
the angular overlap scheme they correspond to 
negative values of e,. 

The effect of what was called “tetrahedral distor- 
tion” [27] was also considered (Figure 4d), by 
changing the angle 7 of Figure 3 from 0’ to 90”. 

Finally we have considered the effect of changing 

the dihedral angle 6 between the two CuLzXz planes 
(Figure 4e). In terms of the classification suggested 
by Lintvedt [28] this corresponds to passing from 
type b to type d complexes. For the bridge ligands 
the angle /3 was kept constant. In order to do this 
however it was necessary to change slightly the X- 
Cu-X angles, 7, according to the relation y = 2siK’ 
[sin@ /2) sin@/2)] . 
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Figure 5. Energy level diagrams for five coordinate square 

pyramidal dimers. (a): the effect of var ing o! in the model 

dimer shown in Figure 6, with ek = e, - 6000, ef; = e,” = xy- 

600 cm-r , p = 95” and the L-M-L and X-M-X angles at 90” ; 
from left to right the effect of changing the geometrical para- 

meters for the model dimer of Figure 7. (b): et = e: = 6000, 

e,” = eg = 600 cm-l, (Y = 90”. (c) and (d): ek = 6000, e,” = 

600 cm-l, p = 80”, 01 = 90”. The L-M-L and L-M-X angles 

are 90”. Upper: Energy differences between the two highest 

energy levels. 

The energy level diagrams relative to five-coordi- 
nate square pyramidal complexes are shown in Figure 
5. Two different geometries can occur, differing from 
one another in the way in which the two square 
pyramidal moieties join to form the dimer [28] : the 
two bridging ligands can be both equatorial on the 
two metal centers, or one is equatorial for metal A 
and axial for metal B, and the other is axial for metal 
A and equatorial for metal B. These two models and 
the chosen reference systems are shown in the Figures 
6 and 7. The first case, corresponding to Figure 6, can 
be considered as derived from the square planar case 
described above by the addition of a ligand in an axial 
position. It is of interest to notice that this has little 
effect on the splitting of the highest orbitals (Figure 
Sa). We considered also the possibility of removing 
the copper ions from the plane of the pyramid, 
according to the mode1 shown in Figure 6, i.e. the (Y 
angle was varied from 90”. The variation was per- 
formed so that the symmetry of the model com- 
pound is Czh, conserving therefore an inversion 
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i 
Figure 6. The coordinate system and the geometrical para- 
meters for a square pyramidal dimer with the two bridging 
ligands in equatorial position. 

Figure 7. The coordinate system and the geometrical para- 
meters for a square pyramidal dimer in which a bridging 
ligand is in axial position for one metal and in equatorial 
position for the other metal. 

centre. This means that the L4Xz moiety is planar, as 
is the MzXz moiety. The variation of the angle cr was 
performed by keeping constant the p angles. In order 
to obtain this result a small deformation of the 7 
angle was required, according to the relation 7 = 
2~0s~’ [cos(fl/2)/sina]. 

The diagrams for dimers whose geometry corre- 
sponds to the model of Figure 7 are shown in Figure 
5b, c, d. The symmetry of the dimer is CZh, and a 
variation of the angle fl causes a variation also of the 
angle (Y according to the relation cr + p = 180’. It is 
apparent that in the present case the predicted 
splitting of the energy levels is very small - smaller 
than that calculated in all the previous cases. The 
effect of decreasing the values of the parameters is 
that of decreasing the splitting and a similar pattern is 
followed for a decrease in the value of the ratio 

err le, . 
In Figure 8 are shown the coordinate systems used 

for trigonal bipyramidal dimers. Also in the present 
case a deformation of the fl angle was taken into 
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Figure 8. The coordinate system and the geometrical para- 
meters for a trigonal bipyramidal dimer. 
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Figure 9. Energy level diagrams for five coordinate trigonal 
bipyramidal dimers. (a): the effect of varying p with &’ = ez 
= 6000, et = e: = 600 cm-’ w = 120”; (b) and (c): the 
effect of changing e$ and (e$/e:) respectively with p = 
loo”, w = 120” ; (d): the variation of w with ef; = ez = 6000, 
ef; = .cz = 600 cm-l, p = 95”. The axial ligands have been 
kept orthogonal to the ML2 plane. Upper: Energy differences 
between the two highest energy levels. 

account, this time however no rearrangement of the 
rest of the molecule was considered (Figure 9a). The 
splitting appears to be small and increases very little 
for small deviations of /3 from 90”, while it increases 
far more rapidly as fl becomes larger than 100” 
(Figure 9a). The effect of the variation of the e, and 
e,/e, parameters is shown in Figure 9b, c. 

The square pyramidal and trigonal bipyramidal 
complexes can be easily interconverted one into the 
other by changing the angle o of Figure 8. When it is 
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120”, the complex is trigonal bipyramidal, while 
when o = 90’ the complex is square pyramidal. The 
effect of this interconversion on the splitting is shown 
in Figure 9d. 

Survey of Experimental Results 

The calculations of the previous section show how 
it is possible to express the orbital energies of transi- 
tion metal dimers using an angular overlap approach. 
It is now important to check if the calculations can 
be used in interpreting the magnetic properties of 
copper complexes. 

In the MO scheme suggested by Hoffmann [13] 
the separation in energy between the two lowest 
singlet and triplet states is given by 

E,-E,=J=2Kab- 
(G - %)* 

J, - Jab 

where Es and E, are the energies of the singlet and 
of the triplet respectively, J and K are coulomb and 
exchange integrals respectively, a and b are localized 
molecular orbitals centered on the two different 
metal atoms, el and e2 are the energies of the two 
highest molecular orbitals. Hoffmann showed that in 
a series of complexes the most rapidly changing para- 
meters are the differences in orbital energies (el - E*) 
and therefore he focused the attention on this para- 
meter. An increase in the splitting of the two highest 
molecular orbitals would favour an antiferromagnetic 
coupling between the two metal ions, while a 
decrease of the splitting would favour a ferromagnetic 
behaviour. In our model it is necessary to substitute 
the angular overlap energies to the molecular orbital 
energies. It is worth noting that the main advantage 
of the angular overlap approach over the molecular 
orbital one is that in the angular overlap the para- 
meters to be used are, at least in principle, the same 
which are commonly used for the interpretation of 
the spectral and magnetic properties of monomeric 
complexes [29]. 

In the last years the number of attempts to 
interpret by the angular overlap approach all the 
properties which depend on the electronic structure 
of the complexes has steadily increased [30-331 and 
the possibility to use them also for the interpretation 
of the spectral and magnetic properties of dimers 
appears tempting. As a matter of fact it is only with 
models which can use easily the same sets of para- 
meters to interpret the largest number of experimen- 
tal data that it can be hoped to understand fully the 
electronic properties of low symmetry complexes. 

Several attempts have been performed to give 
reasonable sets of radial parameters for copper(I1) 
complexes with various donor atoms, relating them 
also to the metal-ligand distance [34, 351. In the 

above calculations we chose the values of e, = 6.000 
cm-’ which compares well with the values suggested 
for nhrogen and oxygen ligands [34]. Also calcula- 
tions with different starting values of e, and e,/e, 
were performed, in order to check if changing the 
bonding parameters might alter the qualitative 
behaviour which was shown in Figures 4, 5, 9. In 
general it was found that for reasonable values of the 
parameters the pattern of the levels was not substan- 
tially altered. 

We will now consider the series of square planar 
and square pyramidal di-hydroxo bridged copper(I1) 
complexes discussed by Hatfield and Hodgson [36- 
391. They related the experimental J values to the 
variation of the Cu-O-Cu, 6, angle throughout the 
series. These complexes appear to be well suited for 
such a correlation because the bridge ligand is not 
changed throughout the series, and the metal- 
hydroxo ligand distances appear to be substantially 
constant (the extreme values are 190 and 195 pm). 
The diagram of Figure 4a can be used to confirm on a 
theoretical ground the suggested relation, since the 
energy difference E(b,,) - E(b2& increases dramati- 
cally as fl departs from 90”, and as stated above an 
increase in the orbital energy separation (el - E*) 
increases the tendency to antiferromagnetic coupling. 
The transition from a ferromagnetic to an antiferro- 
magnetic coupling has been found experimentally for 
0 values of -98’. 

If one looks more into the detail of the series of 
complexes described by Hatfield and Hodgson several 
points can be raised. As a matter of fact, although all 
the complexes in the series are reasonably similar to 
each other, some differences do exist, and they might 
influence the value of J. First of all the nature of the 
non-bridge ligands. Our calculations show that this 
should not be a major effect, at least as long as the 
bJU and b2g orbitals remain the highest ones. In the 
series there are both square planar and square 
pyramidal complexes. In the latter case the (Y angles 
are different from 90°, and this deviation may play a 
role. For instance the difference in the bridge angle 
between the strictly similar [Cu(bpy)OH] *(N03)* 
[39] and [Cu(bpy)OH] 2S04.5HZ0 [40], where bpy 
is 2,2’-bipyridyl, is of only l”, but J in the latter is 
+172 cm-’ and only +48 cm-’ in the former. The 
two complexes have very low symmetries, so it is 
necessary to make some idealization of the structures 
in order to discuss them. Since the axial ligand is 
closer to the metal in the sulphate derivative as 
compared to the nitrate it might be argued that 01 is 
larger in the sulphate. According to our calculations 
(Figure 5a) an increase in a! increases the splitting of 
the levels, thus decreasing the ferromagnetic coupling. 

Another geometric distortion whose effect might 
be important was noticed by Lintvedt [28]. He 
considered the two complexes [Cu(bpy)OH] 2S04* 
5H20 [4O] and bis(picolinoyl)3-amino-l-propoxi- 
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diaquocopper(I1) dihydrate [41] . Both of them have 
CuOs bridges, with very similar fl angles (97’ for the 
former and 98” for the latter). Although the oxygen 
ligands are different, hydroxo in the former and 
alkoxo in the latter, the two bond distances are 
identical. The two complexes are square pyramidal, 
but the planes of the pyramids in the dimers are not 
parallel, making a dihedral angle of 172O in the 
hydroxo and 164” in the alkoxo dimer. The J values 
are +48 and -130 cm-’ respectively. According to 
the diagram of Figure 4e it is apparent that the 
separation of the two highest molecular orbitals 
increases as the dihedral angle 6 decreases, thus 
providing a justification to the transition from ferro- 
magnetic to antiferromagnetic coupling observed for 
the two complexes above. 

The above examples require that the problem of 
the nature of the bridging atom be investigated. 
Lintvedt [28] noticed the difference between [Cu- 
(teen)OH] &lo4 [42] and [C~ANPY 1 2 WI , 
where teen is N, iV, N’,N’-tetraethylethylenediamine 
and BAA is benzoylacetylacetone. In both cases the 
angle fl is 103”, but in the former the bridge is an 
hydroxo group, while in the latter it is a keto oxygen. 
The bridge bond distances are larger in the [Cu- 
(BAA)py] 2 complex than in [Cu(teen)OH] 2C104 
(195 against 190 pm), and the antiferromagnetic 
coupling follows the same pattern (J = -370 cm-’ 
for the former and -205 cm-’ for the latter). If it is 
assumed that the main difference between the two 
sets of donor atoms is due to the different bond 
distances, a large decrease in the rr bonding effects 
must be expected. Such effects might be responsible 
for the increase of J, since a decrease of tr effects 
increases the splitting of the highest orbitals accord- 
ing to the diagram of Figure 4c. 

Another structurally interesting class of com- 
pounds is that of pyridine-N-oxide dimers, which 
typically have very strong antiferromagnetic inter- 
actions [43]. In a reported structure [44] the /I angle 
is very large, 108”, and this factor can have a large 
influence on the magnetic coupling. Other factors 
which could be of interest are the long distances 
(197-203 pm), which decrease the tr bonding effects 
as compared to the hydroxo bridged complexes 
discussed above, and increase consequently the anti- 
ferromagnetic interactions. 

An example of the so called “tetrahedral distortion” 
has been found by Sinn [27], who suggested that the 
effect of this distortion is to lower the antiferromag 
netic coupling constant, i.e. complexes where the dis- 
tortion is operative should have less negative J values 
as compared to those where it is not present. This 
result can be rationalized using the diagram of Figure 
4d which shows that on increasing 7, the separation 
of the highest orbitals is lowered. A similar distortion 
was observed also in the Cu2C1z- dimers [45], and 
the same consideration apply also in that case. 

Finally we want to mention the complexes whose 
structures can be reconducted to the models of 
Figure 7 and 8. The examples of square pyramidal 
complexes are numerous, and they are in general 
characterized by small magnetic effects, either ferro- 
or antiferromagnetic in nature. Sinn [46] collected 
many examples of this class of compounds reporting 
strong antiferromagnetic coupling only in one case in 
which fl = 101’. Our model calculations suggest that 
in every case the magnetic interactions are small, a 
large angle stabilizing antiferromagnetic effects. A 
trigonal bipyramidal complex was reported by 
Bertrand [47], in which the low magnetic moment 
(1.1 pg at room temperature) was interpreted as a 
proof of strong antiferromagnetic exchange. This is in 
line with the observed large fl angle of 110” and with 
the diagram of Figure 9a. 

In all the above discussion the symmetry of the 
complexes was always kept as high as possible in 
order to reduce the number of parameters to a 
minimum. However, most of the complexes described 
have lower symmetries, and in principle low sym- 
metry components might have large influence on the 
magnetic properties. Another factor which has been 
purposedly ignored in the above discussion is the 
possibility of non linearly ligating ligands [48]. As a 
matter of fact, most of the ligands considered are non 
linearly ligating. Although the suggested model can 
easily take into account both the low symmetry 
components and the non linear ligation, it appears 
that the problem at present is largely overpara- 
metrized, and that more experimental data are 
required in order to help in fixing the values of the 
parameters. In particular we have used e, and e, 
values corresponding to those calculated for inter- 
preting the d-d transition, but the problem is still 
open for assigning the values of the parameters of the 
bridge ligands. It appears that accurate studies of the 
electronic spectra of the dimers could in principle 
provide the required information. However, we feel 
that the model in its present form is suited to 
substitute the superexchange considerations with 
semiquantitative calculations, and that u, tr, in-plane, 
out-of-plane superexchange pathways can be easily 
computed also in the case of low symmetry dimers. 

Thanks are due to Prof. L. Sacconi, Prof. R. S. 
Drago and Prof. I. Bertini for helpful discussion. 
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