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A. INTRODUCTION 

Diazoles, diazines, and other nitrogen heterocycles having two or more ni- 
trogen atoms in a molecule have a potential capacity to coordinate, as “exo- 
bidentate ligands”, on two different metal ions to form -M-L-M- links. 
The bridging type is characteristic of these nitrogen heterocycles in contrast 
with common “endobidentate ligands” such as 2,2’-bipyridine. Figure 1 shows 
some examples of various types of bridging exobidentate ligands as confirmed 
by X-ray crystal analysis. The -M-L-M- links give rise to dime& clusters, 
chain molecules, and two- or three-dimensional network structures, all of 
which attract attention in relation to the electronic state of metal complexes 
including those of biological interest such as imidazole and purine complexes. 

When -M-L-M- links are formed between paramagnetic ions, spin ex- 
change interaction is expected to operate between the metal ions. According- 
ly, complexes having bridging heterocyclic ligands present an interesting topic 
of magnetic interaction. The statistic theory of spin lattices has already been 
well advanced to formulate exactly the magnetic susceptibilities of simple 
clusters and one-dimensional lattices. It is now possible to discuss the energies 
of the spin interaction determined for crystals containing these spin aggrega- 
tions in relation to other physical quantities observable in magnetic resonance, 
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electronic spectra, etc. The spin exchange interaction is due to the delocaliza- 
tion of unpaired electrons in metal ions diffusing into ligand molecules or ions. 
Therefore, the mechanism of the interaction involves the electronic state of 
M-L bonds as well as of ligand molecules or ions as a whole. The effect of 
spin delocalization is revealed by Fermi contact shifts obtainable from proton 
magnetic resonance_ Thus, the study of PMR provides valuable information 
for the elucidation of the mechanism of spin exchange interaction. 

In this review, magnetic parameters evaluated from the temperature 
dependence of magnetic susceptibility are discussed to clarify the effect of 
bridging ligands on the exchange interaction energy by taking into account 
information on the mech,anism of interaction obtained from the study of 
PMR. 



B. EXAMPLES OF METAL-LIGAND-METAL LINKS 

Although the formation of -M-L-M- links in diazole and diazine com- 
plexes had been suspected for a long time from chemical compositions, mag- 
netic moments, IR and W spectra, etc., it was mostly during the last decade 
that many structures were confirmed by X-ray crystal analysis. 

farvis [I] carried out an X-ray analysis on a crystal of CuCl,(trH) and 
found that the coordination of exobidentate 1,2,43riazole molecules leads 
to the formation of -M-N-N-LM- links in the crystal as shown in Fig. 2. 
Each copper ion has a distorted octahedral coordination grcup consisting of 
four chloride ions at the comers of a slightly distorted square and two nitto- 
gen atoms located above and below the plane of the square. Neighboring oc- 
tahedral groups are joined by sharing Cl-Cl edges and are also linked by a 
1,2,4-triazole molecule to form an infinite chain as a structural unit in the 
crystal. Reimann and Zocchi [Z] report an interesting structure involving 
-Ni-N-N-Ni- links for Ni~NO~~~(~H~~ - 8/3Hz0. In this crystal, linear tri- 
nuclear cluster ions, [(H,0)~Ni(trH)3Ni(tfH),Ni(Hi,0)~]”’, exist as structural 
units, neighboring nickel atoms being bridged by three 1,2,4-triazole mole- 
cules. 

On losing a proton, an imidazole molecule (imH) acts as a uninegative exo- 
bide&&e ligand. The X-ray crystal analysis of Cu(im), [3,4] has shown the 
formation of -Cu( l)-(im)-Cu( 2)-( im)-Cu(l)- chains in crystals. Each 
Cu(1) atom has a flattened tetrahedral coordination, whereas the Cu(2) atom 
has square coordination. The chains are kinked at Cu(1) atoms to give rise to 
a three-dimensional network structure. A preliminary X-ray analysis of 
Zn(im)* [4] has shown that each imidazolate ion is coordinated to two dif- 
ferent zinc atoms to form a -Zn-(im)-Zn- link and that each zinc atom 

Fig. 2. Structure of CuCiz(trH) and spin densities on the Iigand [ 1,56,97 1. 

Fig. 3. Linear chain structure of CuC~(im)(imH~~ [6]. 
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has a tetrahedral coordination. Lundberg and co-workers [ 5,6] report that 
--Cu-(im)-Cu- links are formed in the crystals of Cu3(C104)4(im)z(imH)8 
and CuCI(im)(imH),_ The former consists of Iinear trinuclear clusters, in 
which (imH) is unidenbte whereas an (im) ion is a bidentate iigand forming 
a --Gd-(im)-Cu- link. The latter crystal contains one-dimensional infinite 
-Cu-(im)-Cu- chains having unidentate (imH) ligands as shown in Fig. 3. 

The complexes MX,(paz) of cobalt(H) or nickel(H) halides with pyrazine 
or its derivatives have been suspected from their eIectronic spectra, magnetic 
moments, and.IR spectra to have a structure shown in Fig. 4(A) 17-g). In 
this structure, metal atoms are bridged by halogen atoms to form linear 
chains of the same type as in CoCl,(pyridine)z and CuCl,(pyridine), shown 
in Fig. 4(B) [lO,ll], and the resulting chains are crosslinked by exobidentate 
pyrazine molecules. The proposed structure has been confirmed by Ayres et 
al. [12], who have carried out X-ray crystal analysis on NiBr,(2,5-dimethyl- 
pyrazine). Later, several examples of -M-(pax)-M- links have been reported. 
In a crystal of Cu(NO&(paz), infinite -Cu-(paz)-Cu- chains are formed 
as shown in Fig. 5 [13]. The shortest distance between copper atoms belong- 
ing to different chains amounts to as much as 5.142 A, suggesting the absence 
of chemical bonds between chains. Accordingly, the crystal represents typical 
examples of one-dimensional magnetic lattice. 

Belford et al. 1141 investigated the pyrazine adduct, Cu(hfac)~~paz~ (hfac: 
COCF,CH,CF,CO) of bis(l,lt,l,5,5,5-hexaflucropentane-2,4~dionato)copper- 
(II), and confirmed the presence of -Cu-(paz)--Cu- chains analogous to 
those in Cu.(NO&(paz). In Fig. 5, nitrate Tons are replaced by (hfac) ions, and 
coordination octahedra are elongated along Cu-N directions. The Cu-N 
bond distance amounts to 2.529 A indicating a rather weak bond. Belford et 
al. [14] report also that in the crystal of ~~u(hfac)~]*(p~), two molecules of 
Cu(hfac)* are bridged by a pyrazine molecule to form a binuclear cluster, in 
which each copper atom has a distorted square-pyramidal coordination elon- 
gated along the Cu-N bond (2.25 A). Morosin et al. [15] found that the 
pyrazine adduct of copper(H) acetate has a structure characterized by alter- 
nating linear chains shown in Fig. 6, in which dimeric units of copper(H) 
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Fig. 4. Crystal structures of MX2(pyrazine) (A) and MXz(pyridine)z (B). 



Fig. 5. Linear chain structure of Cu(NO,)z(paz) and spin density on the ligand [13,62J. 

acetate monohydrate [16,17] are linked by pyrazine molecules. They per- 
formed X-ray crystal analysis at 300 and 100 K, and found that the Cu-Cu 
distance decreases from 2.583 to 2.576 A with decreasing temperature_ 

Several bis(pyrazine) complexes, CoX,(paz), (X: Cl, Br, I), of cobalt(I1) 
halides have been subjected to X-ray crystal analysis. Car-reck et al. [lS] 
found that in the crystal of CoCl,(paz),, cobalt atoms are bridged by pyrazine 
molecules to form an infinite square array shown in Fig. 7 and that the re- 
sulting atomic sheets are stacked on one another by being shifted in parallel 
to themselves. The crystal forms a tetragonal lattice, the cell dimensions being 
a = 7.12 A and c = 10.63 A. CoBr,(pa&, which is isomorphous with the fore- 
going compound, has lattice parameters, a = 7.26 .A end c = 11.2 A [19]. It is 
interesting to note that the crystals of the two compounds have different cell 
dimensions along the c-axis but practically the same value along the a-axis 
that coincides with the direction of a --Co-(paz)--Co- chaiti 

Sletten [20] carried out X-ray analysis on the copper(I1) complex of 6- 
aminopurine, Cu(ap)z - 4 El@, in which a condensed ring compound forms 
-M-L-M- links. Nitrogen atoms at positions 3 and 9 of 6-aminopurinate 

CH3 @3 

- JL-- , -- J’ -J- -J’- 

Fig. 6. Alternating linear chain of Cu(CH~~OO)~(paz) [15]. 



Fig. 7. Structure of CoX2(paz)Z (X: Cl, Br) [la]. 

ions are coordinated on two copper atoms to form a binuclear cluster bearing 
some resemblance to the dimeric cluster of copper(I1) acetate monohydrate 
(see Fig. 8). The same type of dimeric structure has been found for Cu(ClO,),- 
(a@-& - 2 Hz0 [Zif. In this structure, nitrogen atoms at positions 3 and 9 of 
neutral 6-aminopurine molecules are coordinated on a pair of copper atoms 
to form [Cu,(apH),(H,O),]“*. In a complex of copper chloride with 6- 

Fig. 8. Dimer structure of Cu(ap)z + 4 H20 Z2Ol. 
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aminopurine, CuClz(apH), l 3 H20, and a similar complex with 6-hydroxy- 
purine, CuCl,(hpH), * 3 HzO, dimeric [CU~L&~~]~+ ions exist as structural 
units [22-243. The dimeric complex ion is of the same type as that in Cu- 
tClO~)~(apH)~ - 2 H,O except that chloride ions rather than water molecules 
are involved in coordination_ In the crystal of [Cu,Cl,fapH,),] * 4 I&O, neigh- 
boring copper atoms share two chloride ions and are bridged in addition by 
an (apH,)’ ion, thus forming linear trinuclear clusters [ 251. In CuBrq(apH&, 
two nitrogen atoms each at position 7 of a 6aminopurinium ion are coordi- 
nated on a copper atom along with four bromide ions [ 261. Accordingly, 
the structural unit is monomeric. 

The X-ray crystal analysis of a nickel complex of 1,8-nap~thyrid~e, 
[Ni,Br,(l,8-nph),] - B(C,H,),, in which nickel is apparently l-5-valent, has 
revealed the existence of dimeric units bearing a close resemblance to those 
in Cu(ap), - 4 H,O [27]. The dimeric unit is formed by four bridging Ni-N- 
C-N-Ni links each from a l,S-naphthyridine molecule_ The Ni-Ni distance 
in the dimer is as short as 2.415 a. 

C. A SURVEY ON THE THEORY OF SPIN INTERACTION 

The Hamiltonian for the exchange interaction between electron spins S is 
given by 

Bc=-2 CJSj -Sj 
i>j 

where J stands for the exchange integral, a positive value of which implies 
ferromagnetic interaction while a negative value implies antiferromagnetic 
interaction. Although the summation should be taken over all conceivable 
combinations of Sj and Sj, it is usually sufficient to take into account all pairs 
of nearest neighbors. The magnetic susceptibility of isolated clusters can be 
easily derived from eqn. (1) [ 281. In the simplest case of binuclear clusters of 
spins equal to l/2, the magnetic susceptibility is given by 

* =~[l +fexp(-g)]-’ -l-No 

where iV is the Avogadro number, ~(s denotes the Bohr magneton, g is the g- 
value, k is the Boltzmann constant, T is the absolute temperature, and MY 
denotes temperature-independent paramagnetism. For various types of clusters, 
the susceptibility has been formulated rigorously [ 28-331. 

For a one-dimensional spin lattice, the Hamiltonian is given by 

a = d-25 5 IS,,, m St+l.z + 7lSi.x . Si+l,x + Si. y * S;+l.y)] (3) 
i=l 

where 7 is a parameter expressing the extent of anisotropy of exchange inter- 
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action. The Ising model is based on extreme anisotropy (7 = 0), whereas the 
Heisenberg model refers to ideal isotropy (y = 1). In the case of a linear Ising 
Iattice of spins equal to l/2, rigorous analytic formulae have been derived for 
parallel and perpendicular susceptibilities [ 341. 

N4& 
xu =4hTexp 

1 + Nor1 

(4) 

(5) 

The magnetic susceptibility of crystalline powder is given by 

x=$(xll “2XJ (6) 

No rigorous analytic formulae have been derived for a linear Heisenberg chain 
of S = l/2. Bonner and Fisher 1351 have performed numerical calculations 
for the susceptibility of N-membered rings (SV+r is equivalent to S,) with 
N = 3-11 in order to estimate the susceptibility of infinite chains by extrapo- 
lation. For linear Heisenberg chains of spins greater than l/2, the susceptibility 
has not been calculated rigorously. However, the susceptibility formulated in 
the ckssical limit of infinite spins is applicable to lattices having a large spin 
quantum number 1361. The theoretical formula reproduces the temperature 
variation of the magnetic susceptibility of CsMnC& l 2 H20, which contains 
-Mn-Ci-Mn- chains in crystals [ 371. A rigorous theoretical calculation has 
been performed for the susceptibility of arpaltemating linear chain of S = l/2 
[38-421. 

For two- and three-dimensional spin lattices, it is difficult to derive rigorous 
theoretical formulae even for S = l/2, and several approximate formulae have 
been proposed 1421. In particular, the series expansion method gives a good 
approximation in the temperature range of IJI << kT [43,44]. In this method, 
the reciprocal susceptibility is expressed by a power series of 1Jl/kT. 

The values of b, have been evaluated for various types of spin lattices. Ignoring 
terms having n > 2, one has the Curie-Weiss law 

C -- X-tp@+N@ 

in which C is the Curie constant, and 8 is the Weiss constant, given by 

8 =$zS(S+ l)$ 

Here, z denotes the number of nearest neighbors. 
Because strict analytic formulae are available for the susceptibility of vari- 



9 

ous types of spin lattices of S = l/2, exchange integrals can be evaluated for 
complexes containing metal atoms having a single unpaired electron. For this 
reason, copper complexes are particularly suitable as objects of magnetic 
studies. Often the dependence of magnetic susceptibility on temperature 
reveals the type of spin aggregation, which is closely related to crystal struc- 
ture. It is thus possible to obtain structural information from magnetic data 
by taking into account the structures of analogous compounds already 
studied by X-ray analysis. In fact, a number of structures have been ade- 
quately proposed from observed magnetic susceptibility prior to the confir- 
mation of the structures by X-ray crystal analysis. 

When two metal ions are sufficiently close to each other as to lead to the 
overlap of orbit& of unpaired electrons, a metal-metal bond is formed 
through which direct spin interaction operates. When metal ions are bridged 
by a ligand, superexchange interaction takes place through it. The Cu-F--C% 
system in potassium ~~uorocupra~(II), KCuF,, shown in Fig. 9 represents 
one of the simplest cases ]45]. When the half-filled d,+,z orbital of the Cu(1) 
atom overlaps the px orbital of a fluorine atom, partial transfer of an electron 
takes place from the latter orbital to the former. In this case, only an electron 
having its spin antiparallel to that in the d,z_,,2 orbital can take part in the 
transfer, In thep, orbital, the fractional population of an electron having its 
spin parallel to the spin in Cu(1) predominates over that of an~ip~a~lel spin. 
Because the predominant spin induces an unpaired electron spin in the 
d,+,z orbital of Cu(Z), antiferromagnetic interaction operates between Cull) 
and Cu(2). 

The sign and magnitude of exchange integrals depend on the symmetry and 
extension of orbit& involved in superexchange interaction as well as on the 
geometry of superexchange paths. It is difficult to calculate theoretic~ly the 
accurate values of superexchange integrals, but the sign and the absolute val- 
ues of J have been discussed to obtin rough estimations for various types of 
spin systems [ 46-481. 

As is shown in Fig. 9, spin density is distributed on ligands, which other- 
wise are diamagnetic. If the spin density can be determined, valuable informa- 

dX2_y2 Px dX2+ 

Fig. 9. Mechankm of superexchange interaction in Cu-F-Cu system. 
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tion can be obtained on the mechanism of the superexchange interaction. In 
fact, the superhyperfine structure of ESR absorptions and the Fermi contact 
shifts obtainable from NMR can afford information about spin delocalization 
on ligands in metal complexes. In particular, the Fermi contact shift method 
has an advantage that the sign of the spin density can be determined. The 
high-resolution PMR of various metal complexes in solutions has indicated 
spin delocalization in ligands, and has given valuable information about the 
nature of metal-ligand bonds 149,501. In order to elucidate the mechanism 
of superexchange interaction, one must observe PMR in the crystalline state. 
However, the PMR spectra of solids are in general broad. Hence determination 
of contact shifts usually involves some difficulties for complexes having vari- 
ous kinds of non-equivalent protons in ligands because it is difficult, in such 
cases, to resolve the absorption curve into component curves attributable to 
one kind of equivalent protons. Fortunately, the metal complexes of diazoles 
and diazines are amenable to the NMR method because only a few kinds of 
non-equivalent protons are contained in these complexes. The Fermi contact 
shift is given by [49-521 

AH X--l% -=--a 
Ei ii?NPrJN 

Here AH/H denotes the Fermi contact shift, e is a coupling constant (in Oe), 
and & and &N are the g-factors of the nucleus and the nuclear magneton, 
respectively. The coupling constant a is related to the spin density p on a car- 
bon or nitrogen atom bonded to the resonant proton by 151,533 

Q=QP (111 

where Q is a proportionality constant characteristic of the particular mecha- 
nism giving rise to interaction between a nuclear spin and an electron spin. 
The absolute values of Q have been determined by ESR experiments on a 
variety of free radicals, The sign of Q and p are not determinable from the 
ESR experiments. However, the signs of p in paramagnetic systems are mani- 
fested in NMR experiments by the direction of resonance field shifts be- 
cause the sign of Q is determined theoretically. For aromatic - C-H frag- 
ments, Q has been empirically determined as Q(CH) = -22.5 Oe as an aver- 
age value [54]. On the other hand, few data are available in the literature 
on the values of Q(NH) for protons bonded to a nitrogen atom involved in a 
a heterocyclic ring. Barton and Fraenkel 1551 have carried out ESR experi- 
ments on pyrazine cation radicals. By use of Q(CH) = -23.7 Oe, they ob- 
mined Q(NH) = -33.7 Oe for protons attached to nitrogen. Because the 
sign and the approximate values of & are already known, one can find the 
sign as well as the absolute value of p. A positive value of p implies the pres- 
ence of spin density in parallel to the unpaired electron spin on a central met- 
al, and vice versa. 
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D. COMPLEXES OF PYRIDAZINE AND ITS ANALOGS 

Exobidentate pyridazine can form -M-N-N-M- links. Accordingly, it is 
expected that linear chains of the same type as in CuCl,(trH) are formed in 
the crystals of CuX,(pid) type complexes (X: Cl, Br). Emori et al. 1561 deter- 
mined the magnetic susceptibilities of CuX,(pid) and CuX2(pht) in a tempera- 
ture range of 4.2-300 K. 

The magnetic susceptibility of CuCl,(pid) plotted against the temperature 
shows a broad maximum at about 60 K attributable to interaction within one- 
dimensional chains as shown in Fig. 10. Below 20 IS, the SusceptibiIi~ in- 
creases sharply with decreasing temperature. This behavior is due either to a 
trace of magnetically isolated metal ions or to magnetic interaction between 
one-dimensional lattices. The contribution of this effect to susceptibility is 
assumed to be given by the second term in the following equation in accor- 
dance with the Curie law, C,,, being the Curie constant for the susceptibility 
in the low temperature range. 

X = Xlinear + clo*IT (14) 

where hear is tne susceptibility intrinsic in one-dimensional lattices given by 
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Fig. 10. Magnetic susceptibilities of CuCl,(pid) (0) and CuClz(pht) (a) and theoretical 
curves based on the linear Heisenberg model [ 561. 

Fig. 11. Magnetic susceptibilities of CuBr&pid) (0) and CuBrz(pht) (of and theoretical 
curves based on the linear Heisenberg model [56 J. 
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eqns. (4) and (5) for the Ising model and by Banner-Fisher’s theoretical 
curvkfor the Heisenberg model. Above about 200 K, the susceptibility obeys 
the Curie-Weiss law. Denoting the Curie constant by Cuti, one can estimate 
the fractional ~o~cen~ation of copper ions participating in the paramagnetic 
behavior in the low temperature range by Crow/Chieh_ The ratio is equal to 
0.0003, indicating that only a trace of isolated metal ion is involved in the 
Iow temperature paramagnetism. The observed temperature dependence of 
susceptibility can be well reproduced by a full curve in Fig. 10 if Bonner- 
Fisher’s theoretical cu]Ne is used for anear. The values of parameters, J and 
g, are listed in Table 1. Hyde et al. [57] evaluated the zero-field splitting con- 
stant from the line width of ESR as about 5 X 10m2 em”‘, and estimated the 
anisotropy parameter 7 to be almost equal to unity. Accordingly, the Heisen- 
berg model is more adequate in this case than the Ising model. In fact, formulae 
(4)-(6) for the Ising model do not reproduce observed susceptibility unless an 
abnormally small value is chosen for the g-value. 

The susceptibility of CuBrz(pid) shows two maxima at about 12 and 55 K, 
as shown in Fig. 11 [SS]. The maximum on the high temperature side is due 
to interaction within chains, whereas that on the low temperature side is at- 
tributable to interaction between chains. The susceptibility in the high tem- 
perature region was analyzed by the same method as used for CuClz(pid) and 
gave results shown in Tabfe I. The g-value is smaller than the value of g - 2.1 
commonly observed for a variety of copper(H) complexes and also smaIIer 
than the g-value (2.13) evaluated from the Curie constant in the high tem- 
perature region. Presumably, interaction between chains is so strong that mod- 
els based on isolated chains are no longer adequate. The appearance of the 
low temperature maximum supports this view. 

The temperature dependence of the susceptibilities of CuX,(pht) (X: Cl, 

TABLE 1 

Magnetic parameters of CuXlfpid) and related compounds: Weiss and Curie constants, 
o,, and Ctifi, at high temperatures, p-value &C evaluated from C’~~, and parameters, J, 
g, and CI,,T, evaluated by assuming the linear Heisenberg model [ 56,961 

Compound &i,(K) CM, gc J/I: (W g Glow 

CuClzfpid) -61.5 0.413 2.10 -51.7 2.06 0.000135 
CuBr2(pid) -69.0 0.424 2.13 -45.8 1.98 0.000129 
CuCl~(ph~) -61.2 0.440 2.17 -40.6 2.08 0.000151 
CuBr&ht) -47.4 0.404 2.08 -36.0 1.98 0.000274 
CuCiz(lrH) a -19.0 0.426 2.13 -17.9 2.07 0.027 
CuBrz( trI5) a -6.7 0.424 2.13 -8.3 2.10 0.046 
CuC12(atrH) -18.3 0.427 2.13 -17.6 2.17 0.000377 
CuBrJatrH) -10.1 0.413 2.10 -7.58 1.93 -b 

a The parameters were evaluated on the basis of the linear Ising model. 
b No paramagnetic behavior was observed at low temperature. 
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Br) bears a striking resemblance to that of the corresponding pyridazine com- 
plexes as shown in Figs. 10 and 11. The exchange integral of CuX,L (X: Cl, 
Br; L: pid, pht) varies with the kind of ligands but not so much with the kind 
of halogens, indicating that superexchange interaction takes place mainly 
through the heterocycles. 

Tetradentate bridging ligands can be prepared by introducing some groups 
capable of being coordinated into pyridazine or phthalazine. Andrew et al. 
[ 581 synthesized nickel(U) and cobalt(U) complexes I-III, and observed the 

R R 7” #H 

(1) R:H. dpp HzN H--N \nH* 

(ID R : CH3. mdpp (Ill) dhp 

temperature dependence of susceptibility in a temperature range of 80-300 K. 
Lever et al. [ 591 determined the susceptibility of a cobalt(I1) complex IV 
over 30-300 K. Since these complexes are suspected to form binuclear clusters, 
susceptibility has been analyzed by theoretical formulae for binuclear clusters 
consisting of spins S = 3f2 or 1. Although no susceptibility maxima were ob- 
served in the temperature range of observation, the values of J were deter- 

TABLE 2 

Magnetic parameters of some bin&ear cobalt(H) and nickel(H) complexes f58,59] 

Compound M = Co M = Ni JNifJCo 

-J/k g -J/k g 

WI W 

WNWddw) - H2O 10.6 2.38 33.8 2.22 3.2 
M(ClO~)~(dpp) - R Hz0 = 8.2 2.26 21.1 2.15 2.6 
M&Os)z(dpp) * 5 K20 7.5 2.41 17.7 2.18 2.4 
Mz(NO&(mdpp) b 11.6 2.41 29.8 2.18 2.6 
MC12(dhp) - n Hz0 = 10.6 2.39 32.1 2.15 3.0 

MBr*(dhp). 3 Hz0 11.9 2.41 34.3 2.16 2.9 
Ma%(dap) 4.88 = 2.24, - - 
MzW(dap) 6.23 = 2.17s - - 
M2Udap) 7.90 e 2.15, - - 

a The number n of water of hydration is different between the cobalt(H) and nickel(H) 
complexes. 
b M = Co, methanol adduct; M = Ni, hydrate. 
c The values are reported in em-’ in ref. 59. 

Abbreviations: dpp, 3,6-di(2-pyridyifpyridazine; mdpp, 3,6-di(6-methyf-2-pyridyl)pyrid- 
azine; dhp, 1,4-dihydrazinophthalazine; dapH, l,~-di(2-pyridyl~aminophthaI~ine. 
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(IV) dapH 

mined as shown in Table 2. The absolute values of J of nickel(H) complexes 
are 2-3 times as large as those of the corresponding cobalt(If) complexes. 
Andrew et al. [ 581 presume that coupling between t, electrons contributes 
to ferromagnetic interaction in cobalt(U) complexes. 

E. COMPLEXES OF PYRIMIDINE 

The magnetic susceptibility of C~Cl~(pim) has been de~rmined from 110 
to 369 K f 5’71. It changes monotonically with temperature. Although the 
crystil structure of this compound has not as yet been clarified, the suscep- 
tibility has been analyzed by assuming eqn. (4), and yielded a J-value equal 
to -39 cm-’ or J/k = -56 K. Because the exchange integral is comparable 
with that of CuCl,(pid), it is undoubtable that -Cu-(pim)-Cu- links are 
formed in crystals. 

F. COMPLEXES OF PYRAZINE AND ITS ANALOGS 

Because Cu(NOX)z(paz) has a structure as shown in Fig. 5, it is expected 
to show magnetic properties characteristic of one-dimensional lattices. By 
applying magnetic field in parallel and at right angles to -Cu-(paz)-Cu- 
chains, Losee et al. 1601 determined magnetic susceptibilities, XIJ and xl, in a 
temperature range of 1.7-60 K, as shown in Fig. 12. Broken curves were 
calculated by eqns. (4) and (5) for the Ising model, according to which xu 
vanishes while xI assumes a finite value at absolute zero temperature_ Ob- 
served susceptibilities show no sign of this type of anisotropy. On the other 
hand, Banner-Fisher’s theoretical curves based on the linear Heisenberg 
model reproduce well the observed susceptibilities, and yield J/k = -5.30 K 
in both parallel and perpendicular directions and gr = 2.03 and g, = 2.10 for 
g-values. The single-crystal ESR spectrum of the complex yielded three g- 
factors, g, = 2.0563, g, = 2.0742, and g, = 2.2740, the axes of which are 
defined in Fig. 5 [61]_ The parallel and pe~endic~~ g-values determined 
from the magnetic susceptibility agree well with the values, gli = g, = 2.0563 
and g, = G(g$ f g,‘>I I” = 2.1763, evaluakd from the data of the ESR ex- 
periment. This supports the validity of the linear Heisenberg model. 

Inoue et al. [62] recorded the broad-line PMR spectrum of crystalline pow- 
der of C~(N0~)~(paz). The composite derivative curve showing a low-field 
shift can be decomposed into two simple derivative teurves ;LS is done in Fig. 13. 
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Fig. 12, Magnetic susceptibility of the single crystal of Cu(NOs)z(paz) and theoretical 
curves based on the linear Heisenberg model (solid curves) and the linear lsing model 
(broken curves) [ 601. 

Equation (10) indicates that the contact shift is directly proportional to reso- 
nance field strength and bulk magnetic susceptibility corrected for the tem- 
perature-independent paramagnetism. In the temperature range of the PMR 
experiment, the magnetic susceptibility obeys the Curie-Weiss law with a 
Weiss constant of -6 K. The observed shift AH varies with temperature obey- 

H-Ho,& 
Fig. 13. Broad-line PMR absorption derivative curves observed at 30 MHz and room tem- 
perature. A, Cu(NO&(paz); B, CuCIz(paz); C, CuBr2(pazf i62). 
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ing the Curie-Weiss law (see TabIe 3 and Fig. 3.41, whereas the separation 
8U between the centers of the component curves is almost independent of 
temperature, because the peak-to-peak width W shows no marked variation 
with temperature. The shift AH was cunfiimed to depend on the magnetic 
field strength as we& These facts indicatxz that AH is due to the irontact shift 
and that the origin of the composite curve is the dipole interaction between 
protons in a pyrazine molecule. In Fig. 13, Eirjl can be approximated to 3p/r3 
where r denotes the distance between neighboring protons. From 6H = 2.6 Qe, 
r is calculated to be equal to 2-5 A in agreement with 2.3 A as determined by 
X-ray cry&& analysis. From the observed susceptibility and AH, the coupling 
constant in was caiculated (Table 3), and the spin density on carbon atoms 
adjacent to nitrogen was evaluated by eqn. (II) as pc = -0.08 using Q(CM) 
= -23-7 Oe. 

The pw orbitals of the carbon atoms are populated by unpaired electrons 
having their spins antiparalle~ to that in the dxzy2 orbital. of a copperfTi) ion 
(see Fig. 5). The distribution of the negative spin density is presumed to take 
place in accordance with the following mechanism. In the first place, a posi- 
tive spin density in the pn orbital of a nitrogen atom due to the polarization 
of a metal-ligand CI bond induces a negative spin density in the pn orbit&s 
of adjacent carbon atoms by polarizing the N-C x bonds. Secondly, one must 
take into account the diffusion through a Cu-N a bond of unpaired electrons 
raised into the & orbitais of copper owing to the mixing of the e and tz orbit- 
~4s due to spin-orbit coupling. 

Inoue et al. [621 observed the magnetic susceptibility and broad-line PMR 
of CuXz(paz) (X: Cl, Br). As shown in Fig. 15, the susceptibility can be re- 
r,roduced by Banner-Fisher’s theoretic& curves very web, and yields J-values 
given in Table 4. It is known that bisfpyridine) complexes, CuX,(pyridine), 
(X: Cl, Br), aSSume a structure shown in Fig, 4(B), in which 

TABLE 3 

Contact shift A~~~~* peak-to-peak width IV, coupling constant o, spin density p on a carbon 
atom, and magnetic parameters 4 g of CuXz(paz) [ 62 1 

ch?q?ound t%EuH~ x 3.0” sf foe1 a COe3 P J/k 6 
CT1 Kl tx w GQ 

-.- 
Cu(N03)2tp=) -1.4 (295) 4.8 (295) 1.9 -0.08 -5.2 2.07 

-2.7 (156) 5.8 (156) 
CuCl2( paz) -1.4 (293) 7.0 (293) I.8 -0.08 -14.6 2.03 

-1.9 (198) 7.6 (198) 
CuBr&%z) -1.2 1298) 6.2 (288) 1.6 -O*W -24.2 2.03 

-1.6 <197) 6-4 @97) 
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Fig. 14. The reciprocal of shifts AH/He is plotted against the temperature. The solid 
curves represent the theoretical shifts cakulated by eon. (LO) with the coupling constants 
fisted in Table 3 and the susceptibilities evaluated from the Curie and Weiss constants. A, 
Cu(NO&(paz); B, CuClz(paz); C, CuBr,(paz) [ 62 1. 

Fig. 15. Magnetic susceptibilities of CuClz(pat), A; CuBra(paz), B; and CuC12(2-mpaz), C. 
The solid curves are based on the linear Deisenberg model, while the broken curve is based 
on the dimer mode1 [62,69 1. 

chains are not crosslinked. The J-values of CuXz(paz), J/k = -14.6 and -24.2 K, 
respectively, are close to those of the corresponding values of the bis(pyridine) 
complexes, J = -9.15 cm-’ or J/k = -13-2 K for the chloride complex and 
J = -18.9 cm-’ or J/k = -27.2 K for the bromide complex [ 63,641. The 
broad-line PMR spectra of CuX,(paz) bear a close resemblance to that of Cu- 

TABLE 4 

Magnetic parameters, J and g, and XT-~* transition of Cu(NO&(L) and pKt of the ligands 

[66,67 I 

Ligand -J 
-1 (cm ) 

g n--x* 
(lo3 cm-l) 

Phenazine 6.3 
Quinoxaline 4.5 
2,6-Dimethylpyrazine 4.0 
Pyrazine 3.7 
2,5_Dimethylpyrazine 3.5 
Methylpyrazine 3.1 
Chloropyrazine 1.4 
1,5-Naphthyridine 10.8 
1,4,5_Triazanaphthalene 9.6 

2.14 

2.14 
2.10 
2.08 
2.10 
2.06 
2.09 
2.10 
2.07 

27.6 1.23 
29.0 0.56 
35.1 1.90 
34.6 0.65 
33.7 1.85 
34.2 -1.45 
36.4 - 
- - 
- - 

a The pK of dissociation of monoprotonated bases. 
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(NO,),(paz) (see Fig. 13); the spin density on carbon atoms is almost the same 
in the three compIexes, indicating that superexchange interaction operates to 
almost the same extent through -Cu-(paz)-Cu- paths. The fact that never- 
theless the J-value depends to a great extent on the kind of anionic components 
leads to the conclusion that the mechanism of spin interaction is governed by 
-Cu-X-Cu- links rather than the -Cu-(paz)-Cu- paths in the halide com- 
plexes. 

The magnetic susceptibilities of Cu(NO&L type complexes having pyrazine 
analogs as the Iigand can also be explained by Bonner-Fisher’s curves. Ac- 
cordingly, it is concluded that one-dimensional chains are formed [ 65-W]_ 

Richardson and Hatfield [67] determined the J-values of a series of com- 
pounds listed in Table 4, and also recorded their electronic spectra. They 
observed an absorption at 27,000-36,000 cm-’ in addition to a d-d band 
appearing at about 18,000 cm-‘. They assigned the former to the x--71* transi- 
tion of Iigands, and pointed out a close relation between the transition energy 
and the J-value. On the other hand, the J-value shows no relation to the pR, 
value (pK of the dissociation of monoprotonated bases), which expresses the 
donor capacity of o-electrons in nitrogen atoms. From these facts, the authors 
propose a mechanism in which unpaired electrons in the dXz_+ orbital diffuse 
into ligand molecules through the direct overlap of the d-orbital of copper 
with the pn orbit.& of carbon atoms. 

Stoklosa et al. [66] found that the magnetic susceptibility of CU(NO~)~L 
type complexes having 1,6-naphthyridine (l,Snph) and 1.4,5-triazanaphthalene 
(taz) as ligands could be expressed by Banner-Fisher’s theoretical formula 
for linear chains. They concluded that one-dimensional -Cu-( 1,5-nph)-Cu- 
chains are formed and that nitrogen atoms at positions 1 and 5 of the nitrogen 
heterocycIe (see Fig. f) must be coordinated on two different copper atoms. 
The same type of one-dimensional chains, -Cu--(taz)-Cu-, are suspected for 
the 1,4,5&iazanaphthalene complex as well. The absolute values of J of the 
two compounds are much greater than those of the corresponding pyrazine 
and phenazine complexes as shown in Table 4. 

The copper halide complexes of 2,6_dimethylpyrazine and 2,5dimethyl- 
pyrazine, CuX,L, have-been suspected to have a structure shown in Fig. 4(A), 
and the magnetic susceptibility has been analyzed by the linear Ising model 
168,691. On the other hand, the magnetic susceptibility of 2-methylpyrazine 
complexes, CuXs(2-mpaz) (X: Cl, Br) show a temperature dependence quite 
different from that of CuX,(paz) [69], In Fig. 15, the susceptibility of the 
chloride complex is plotted against the temperature. Curve C was caIcuIated 
for the chloride complex by eqn. (2) usingg = 1.89 and J = -10.5 c-n-’ 
(J/k = -3.5.1 K). The dimer model seems to be more suitable than the one- 
dimensional chain modei although the g-value must be assumed to be abnor- 
mally smail. l[t is presumed that owing to the low symmetry of the ligand, the 
lattice shown in Fig_ 4(A) is distorted to give rise to pairing of copper atoms. 

The CuX,L, type complexes of pyrazine derivatives also show magnetic 
susceptibility characteristic of one-dimensional magnetic lattices, and the 
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structure shown in Fig. 4(B) is anticipated 169,701. For the CuX2L and 
CuXzL2 (X: Cl, Br, NOJ) typ e complexes of quinoxaline and its derivatives, 
effective magnetic moments have been determined only at room temperature 
171-733 l 

The pyrazine complex of copper acetate, Cu(CH,COO),(paz), presum- 
ably represents an alternating linear antiferromagnet as shown in Fig. 6. Be- 
cause exchange integrals differ from each other very much, i.e., IJI >> IJ’I, 
only J has been determined from the temperature dependence of magnetic 
susceptibility as J/k = -230 K, whereas J’ has been estimated to be equal to 
about 1100 Oe (-1 cm-‘) from the line width of ESR [l&74]. 

The magnetic susceptibility of CoXz(paz)z (X: Cl, Br) having a structure 
shown in Fig. 7 has been determined in a temperature range of 1.8-300 K. 
However, no marked behavior revealing the presence of exchange interaction 
has been found 1191. The susceptibility of NiXz(paz), (X: Cl, Br, I) has been 
observed from 90 to 300 K. The Weiss constant amounts to only +2 to +4 K, 
indicating a very weak interaction [75] _ 

The magnetic susceptibility of AgS10s(paz)2 obeys the Curie-Weiss law 
from 80 to 300 K; the Weiss constant equal to -84 K is very large in its abso- 
lute value [76]. The effective magnetic moment is equal to 1.61 B.M. at 
299 K and decreases to 1.27 B.M. at 83 K. A network structure involving 
-Ag-(paz)-Ag- links has been proposed. The large negative Weiss constant 
of the silver complex is noteworthy in contrast with very weak spin interac- 
tion through pyrazine in the copper( nickel(H), and coba.lt(If) complexes. 

The magnetic moments of a variety of complexes presumably having pyra- 
zine bridging have been determined at room temperature, but none of them 
reveals definiteIy the presence of spin interaction [77-SO]. 

Reports have been published on the magnetic susceptib~i~ies of copper 
complexes having pyrazine derivatives as tetra- or hexadentate ligands 176,811. 
Pyrazine-2,3-dicarboxylatocopper(II) is suspected to have a linear chain struc- 
ture V. From its magnetic susceptibility determined in a temperature range of 

SO-300 K, the Weiss constant was evaluated as -4 K 1761. Fleischer et al. 
[Sl] synthesized a copper(H) complex VI, and confirmed the existence of a 
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dimer structure by X-ray crystal analysis. They observed the magnetic sus- 
ceptibility down to 4.8 K, and found that it deviates from the Curie--Weiss 
law below about 12 K, the Weiss constant being equal to -1.5 K. 

G. COMPLE~S OF PYRAZOLE 

The uninegative anion of pyrazole acts as a bridging ligand. A number of 
metal complexes of this type have been synthesized, and the existence of 
dimeric or polymeric structures has been concluded [ 82-871. The tempera- 
ture variation of the susceptibility of Cu(py), - l/2 Hz0 * l/2 NH3 has been 
determined in a temperature range of 80-300 K [ 871. It shows a broad maxi- 
mum at about 130 K, and can be expressed by a Banner-Fisher’s theoretical 
curve for a one-dimensional lattice with J/k = -105 K and g = 2.08. A cop- 
per(I1) complex having a pyrazolate ion at position X in VII has been syn- 
thesized. Its susceptibility can be explained by eqn. (2) for dimeric clusters 

over a temperature range of 80-300 K, the exchange integral being deter- 
mined as -160 to -186 cm-’ or J/k = -230 to -259 K [84,86]. Probably, 
a pyrazolate ion is coordinated on a pair of copper atoms with two nitrogen 
atoms to form a Cu-N-N-& link. However, the possibility of bridging 
through a single nitrogen atom cannot be entirely ruled out 1861. 

H. COMPLEXES OF IMIDAZOLE 

A large number of the metal complexes of imidazole have been synthesized, 
and their stsuctures have been discussed. Some have been subjected to X-ray 
analysis, while others are conceived to have imidazole bridges from consider- 
ation of chemical composition [83,88--94]. CuCl(im)(imH), has beer sub- 
jected to X-ray crystal analysis and magnetic investigation at room tempera- 
ture 1931. The effective magnetic moment was found to be equal to 1.68 B-M., 
whereas those of the corresponding bromide and iodide complexes are equaI 
to 1.69 and 1.71 B.M., respectively 1931, suggesting the presence of spin 
interaction through imidazolate ions. Three magnetically different modifica- 
tions have been reported for Cu(im), (831: a brown modification (effective 
magnetic moment, 1.46 B.M. at room temperature), a blue modification 
(1.57 B.M.), and a green modification (1.62 B.M.). Jarvis and Wells [3] do 
not describe the method of synthesis of their sample employed for X-ray 
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crystal analysis, but they seem to have used the blue modification. Inoue and 
Kubo [87] determined the magnetic susceptibility of the three modifications 
in a temperature range of 80-300 K. The susceptibility of the blue modifica- 
tion obeys the Curie-Weiss law in the whole range of temperature investigated, 
the Weiss constant being equal to -156 K. The green modification obeys the 
law below 170 K, yielding 0 equal to -101 K. The brown modification shows 
a broad maximum of susceptibility at about 110 K. In all of these modifica- 
tions, a strong antiferromagnetic interaction operates through -Cu-(im)- 
Cu- links. 

The complexes of various metalloporphyrins with imidazole have been 
studied owing to their biological importance. Cohen and Ostfeld 1951 synthe- 
sized the iron(III) tetraphenylporphin {tppI&) complex of imidazole, Fe(tpp)- 
(im) * H20, and determined its magnetic susceptibility in the temperature 
range of 4.2-300 K. The susceptibility assumes its maximum at 80 K and in- 
creases sharply with decreasing temperature below 40 K. The field dependence 
of the susceptibility was examined in a temperature range of 77-300 K under 
a field strength H of O-13 kOe. From a plot of x vs. l/H, the authors found 
that the susceptibility consists of a component independent of the magnetic 
field strength and another component dependent on the field. The former 
yields an effective magnetic moment equal to 2.15 B.M. at 300 K and 1.9-2.1 
B.M. at 77 K. The latter component amounts to about 22 X 10m3 emu mol-’ 
at 300 K and decreases to 4 X 1W3 emu mol-’ at 80 K under a field strength 
of 6.44 kOe. The authors insist that the behavior is intrinsic in -Fe-(im)- 
Fe- chains, and is not due to impurities. 

I. COMPLEXES OF 1,2.&TRIAZOLE 

~i~hloro(l,2,4-~azole)copper(II), Cu~l~(trH), has a structure in which 
two neighboring nitrogen atoms in a molecule of the nitrogen heterocycle 
are coordinated on two copper atoms bridged in addition by two chlorine 
atoms, copper atoms being arranged in a one-dimensional array as shown in 
Fig. 2 [l]. Its magnetic susceptibility shows,a maximum at about 11 K and a 
minimum at about 8 K, below which it increases with decreasing temperature 
in accordance with the Curie-Weiss law [96]_ The x-7’ curve resembles that 
of CuCl,(pid) qualitatively. The magnetic susceptibility of CuBr,(trI-I) [56] 
increases at high temperature with decreasing temperature by obeying the 
Curie-Weiss law. Below 40 K, it deviates from the law without showing any 
clear maximum. With decreasing temperature below 6 K, it increases sharply 
in accordance with the Curie-Weiss law. The susceptibilities of these com- 
pounds have been analyzed tentatively by eqn. (4) for the parallel susceptibi- 
lity of the linear Ising model, and have yielded exchange integrals shown in 
Table 1. Unlike in other halide complexes, the interaction is weaker in the 
bromide complex than in the corresponding chloride. 

The PMR derivative curve of CuCl,(trH) [ 56,971 is asymmetric and can be 
decomposed into two simple derivative curves of intensity ratio equal to 2 : 1 
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as shown in Fig. 16. Since all 1,2,4-triazole molecules are equivalent in a 
crystal, the two component curves are attributable to two kinds of non-equiv- 
alent protons in a 1,2,4-triazole molecule. From the intensity ratio, the com- 
ponent curve showing a low-field shift is assigned to CH protons, whereas 
that of a high-field shift is attributed to NH protons. From the observed 
shifts AH/H, the spin densities are calculated by eqns. (10) and (11) using 
&(CH) = -23.7 Oe and Q(NH) = -33.7 Oe as pc = -0.08 and PN = +0.06. 
The PMR derivative curve of CuBr*(trH) is essentially the same as that of the 
foregoing compound, and yields pc = -0.11 and pN = +0.08. The spin den- 
sities are practically indistin~ishable from those of the chloride complex 
because the decomposition of composite derivative curves involves uncertainty 
to some extent. It is a characteristic of 7r spin delocalization that positive 
and negative spin densities are distributed alternately, and that the absolute 
value of density shows no particular tendency towards its attenuation 1501. 
Spin delocalization in the complexes is induced through 7~ spin delocalization, 
and a positive spin density is distributed on each nitrogen atom adjacent to 
a copper atom. The presence of spin density on the 7r system of the ligand 
indicates the adequacy of superexchange interaction through the nitrogen 
heterocycles. 

Although CuSO,(trH), - 3 H20, CuCl(tr) l 2 H20, and Cu(tr), have not as 
yet been subjected to X-ray crystal analysis, the temperature dependence of 
magnetic susceptibility observed in a range of 80-300 K indicates plausible 
types of spin aggregation 1871. The susceptibility of CuSOl(trH), - 3 E-I20 
shows a broad maximum at about 100 K &d can be explained by the linear 
Heisenberg model with J/k = -80 K and g = 2.09. CuCl(tr) - 2 -HZ0 has an 
effective magnetic moment of 1.32 B.M. at room temperature. Its susceptibil- 
ity increases with decreasing temperature without obeying the Curie-Weiss 
law. This behavior is characteristic of-magnetic clusters containing an odd 
number of copper atoms; a trinuclear cluster is considered to be the most 
probable structural unit (J/k = -155 K). The magnetic susceptibility of 
Cu(tr), obeys the Curie-Weiss law (f3 = -87 K) in the whole temperature 
range investigated, suggesting a network structure as in Cu(im),. 

The copper(H) complex of 4-amino-1,2,4&riazole, CuCl,(atrH), shows a 
susceptibility vs. temperature curve resembling that of CuCl,(pid) [ 561. On 

H-Ho, Oe 

Fig, 16. PMR of crystaliine powder of CuClz(trH) [97]. 
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the other hand, the susceptibility of CuBr,(atrH) can be reproduced neither 
by the linear Heisenberg model nor by the linear Ising model unless an ab- 
normally small value is assumed for the g-value (Table l), indicating the pres- 
ence of a strong interaction between chains. 

J. COMPLEXES OF CONDENSED RING HETEROCYCLES 

The copper(I1) complexes of 6-aminopurine and 6-hydroxypurine such as 
Cu(ap), - 4 H&, CuCl,(apH), - 3 H20, and CuClz(hpH)t - 3 Hz0 having a 
dhner structure shown in Fig. 8 gradually lose their water of crystallization 
in air_ Accordingly, the determination of magnetic susceptibility involves 
some difficulties. In fact, the exchange integral of Cu(ap), - 4 H,O evaIuated 
by eqn. (2) shows the scatter of data over -105 to -129 cm-’ (J/h = -151 
to -186 K) [98,99]. When dried over silica gel, these compounds yield 
Wap), - 3 HzO, CuCl,(apH), - 3/2 HZO, and CuCl,(hpH), - HZO, respectively, 
which no longer lose their water of crystallization even in a vacuum. The sus- 
ceptibility of each of these compounds can be expressed by eqn. (2) for bi- 
nuclear clusters, yielding exchange integrais shown in Table 5 (loo]. The cor- 
responding bromide complexes also show a similar variation of susceptibility 
with temperature. Some mono(6-aminopurine)copper( II) complexes aIso 
show x-2’ curves characteristic of binudear clusters, the g- and J-values being 
listed in Table 5 [loo]. 

TABLE 5 

Magnetic parameters of some copper(I1) complexes having binuclear structure 

Compound -_jliz g 
WI 

-__-- 
Cu(ap)z . 4 Hz0 151,185 a 2.06. 2.10 
Cu(apj2 * 3 Hz0 156 2.07 
c~Ci~(apH)~ - 3/2 Hz0 206 2.15 
CuBrz(apHfz - 2 Hz0 208 2.12 
CuCll(apH) 44 2.10 
CuCll(hpH)Z - Hz0 200 2.11 
CuBrz(hpN)z - 2 Hz0 206 2.13 
CuCll(hpH) l H20 104 2.12 
CuBr2(hpH) - l/2 Hz0 134 2.C7 
Cu(azf2 + 2 DMSO 280 = 2.11 
Cu(CH3COO),(azH) 230 a Z-15 
Cu(CH&OO)(az)(azH) 167 a 2.11 
Cu(CH$OO)(az)(C,HSN) 196 a 2.12 
CU(C!H$OO)~ - Hz0 204 2.13 

a The values are reported in cm-’ in ref. 99. 
b The crystal analyses were carried out on trihydrates. 

cu-cu Ref. 
distance 
(A) 

2.949 98, 99, 20 
100 

3.066 b 100,23 
100 
100 

3.024 b 100.24 
100 
100 
100 

99 

.99 
99 
99 

2.64, 2.556 104,16,17 
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According to the mechanism of the direct exchange interaction, the abso- 
hte value of exchange integral increases with decreasing metal-metal distance 
in a dimerie unit. However, Table 5 shows that the J-value has no correIation 
to the Cu-Cu distance. Comparison between copper(I1) complexes of acetate 
and formate also shows the absence of any correlation between the J-value 
and the Cu-Cu distance [ 101,102]. For example, copper(I1) formate mono- 
urea exhibits a stronger magnetic interaction (effective magnetic moment, 
1.08 B.M.) than does copper(H) acetate monohydrate (1.40 B-M.) [103,104], 
whereas the formate has a longer Cu-Cu distance (2.657 A) than that in the 
acetate (2.556 a) [17,103. J. Goodgame et al. [lOZ] have aIso obtained ex- 
perimental evidence against the direct exchange interaction in binuclear cop- 
per(II) alkanoates, [(CH,)lN] [Cu(HCOO),(NCS)] and [(CH,),] [CU(CH,COO)~- 
(NCS)], both of which have dimeric units, [CU~(RCOO)~(NCS)~], analogous 
to that in copper(H) acetate monohydrate: the formate has a Iarger abso!ute 
J-value (J/k = -349 K) than that of the acetate (J/k = -220 K), whereas the 
former has a greater Cu-Cu separation (2.716 A) than that of the latter 
(2.643 A). Inoue and Kubo [105J recorded the PMR spectra of two different 
modifications of copper(I1) formate and obtained direct experimental evi- 
dence for superexchange interaction through formate groups. The carbon 
atoms of formate groups carry negative spin density (-0.024) on the prr or- 
bital in the blue form exhibiting two-dimensionat antiferromagnetism, while 
negative spin density (-0.023) is distributed on the o orbital of the carbon 
atoms in the royal blue form displaying ferromagnetism. Zelonka and Baird 
[106] observed the PMR spectrum of cop$er(II) benzoate in acetone solution, 
and conchrded spin deIocalization in a benzene ring and hence the predomi- 
nance of superexchange mechanism. Taking these experimental results into 
account, we can conclude that magnetic interaction is dominated by super- 
exchange mechanism in the copper(H) complexes of purine derivatives also, 
although the effect of direct exchange interaction is not entirely negligible 
[loo]. 

Brookes and Martin [99,107,108] have determined the magnetic suscep- 
tibility of the nickel(II), copper( and eoba.h(II) compIexes of ‘i’-azaindo!e. 
The formation of dimeric units is suspected for diamagnetic Ni(az):, from mass 
spectra [lo?]. The magnetic susceptibility of Cu(az), * 2 DMSO (DMSO: 
dimethylsulfoxide) has been explained by eqn. (2) over a temperature range 
of 80-300 K [ 991. The formation of binuclear clusters has been confirmed 
for Cu(CH,COO),(azH), Cu(CH,COO)(az)(azH), and Cu(CH,COO),(azH)- 
(pyridine) by the variation of magnetic susceptibility in the temperature range 
of 80-300 K; the g- and J-values are g&n in Table 5. For a cobaR(I1) com- 
plex, Co40(az),, a very interes%ng structure has been conceived; four cobalt 
atoms are arranged t&shell* ~11~ about an oxygen atom and are bridged by 
azaindolate ions to form a tetranuclo.~~ cluster. The dependence of magnetic 
susceptibility on temperature (SO-500 K) has been analyzed successfully 
with a theoretical equation for tetramers consisting of spins S = 3/2, and 
yielded J = -16 cm-’ or J/h = -23 K. 
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Sacconi et al. 12’7) measured the magnetic susceptibility of a nickel com- 
plex of l,&naphthyridine, [Ni,Br2(l,8-nph)4] - B(C6HS)+ in which nickel is 
formally 1.5vdent. At room temperature, the effective magnetic moment is 
equal to 4.19 B.M. per molecule of the chemical formula, a value which is 
close to the spin-only moment, 3.87 B-M., for S = 3/2. In the temperature 
range of 85---300 K, susceptibility obeys the Curie-Weiss law, yielding a 
Weiss constant equal to -3 K. The authors presume that the three highest 
levels of the ten molecu!ar orbitals formed from the d orbit& of two nickel 
atoms have aIrno& the same energy, and hence three ucpaired electrons in 
these levels have parallel spins in accordance with the Hund rule, Magnetic 
moments have been determined at room temperature for various metal com- 
plexes of l&naphthyridine having a normai central metal valency: CO(NC&)~- 
(1,8-nph)z (effective magr,etic moment, 4.60 B.M.), Ni(NOs)2(1,8-nph)2 
(3.23 B.M.), NiBr,(l,8-nph)z (3.18 B.M.), and Cu(NOJ)z(l,S-nph)z (1.98 B.M.) 
[27,109]. The magnetic susceptibility of CuCl&l&nph) and CuBr,(l,S-nph) 
can be explained by eqn. (2) for binuclear clusters in a temperature range of 
8U--300 K, the exchange integral being equal to -70 cm-’ (J/k = -100 K) 
and -114 cm-’ (J//z = -164 K) for the chloride ancfbromide complexes, re- 
spectively [ 1101. Because the exchange integral depends on the kind of halide 
ions, bridging by halide ions is conceivable, whereas l.,&naphthyridine is coor- 
dinated to copper as an endobidentate ligand. 
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