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Magnetic properties of bridged azido complexes
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It was shown on the basis of the generalized angular overlap model that specific features of
the electronic structure of the N3

– anion in polynuclear complexes with the M(µ1,1�N3)2M
magnetic fragment should result in strong ferromagnetism. The µ1,3�N3 coordination mode
favors antiferromagnetic properties. The theoretical results agree with experimental magneto�
structural correlations.
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Polynuclear complexes of transition metals with the
N3

– bridging ligands manifest such a wide variety of prop�
erties from strong antiferromagnetism to strong ferro�
magnetism that N3

– was named an ideal ligand for design
of molecular magnetics.1 In this work, we analyzed the
influence of specific features of the electronic structure of
this linear ligand on the magnetic properties of com�
plexes in the framework of the modern theory of ex�
change interactions and the generalized angular overlap
model.2—4 The development of this theory is urgent, be�
cause the popular model of spin polarization of the N3

–

ligands proposed5 to explain ferromagnetism of the
LnM(µ1,1�N3)2MLn complexes has not been confirmed
by a recent neutron diffraction study.6 Below we shall
show that the theoretical results agree well with experi�
mental data.

Theory

The modern theory of magnetic exchange interactions
is based on the Hay—Thibeault—Hoffman model,7 ac�
cording to which the exchange parameter –2J for homo�
dinuclear systems is the following:

–2J = –2Jf – 2Jaf = Σij – 2Jij/(4SaSb) =

= [Σij – 2Jij
f + Σi∆2(ia,ib)/Kab]/(4SaSb). (1)

Here Sa and Sb are spins of the metal ions a and b, respec�
tively, and indices i and j numerate orbitals of unpaired
electrons of these ions. In the antiferromagnetic contri�
bution –2J af, the magnitude Kab = 5—10 eV 7 has a sense
of the metal—metal charge transfer energy and is rather
stable for atoms of the same transition series.2 The ∆(ia,ib)
parameters are the differences between the energies of
MO |ψ±> of the dimer or dimeric fragment, which are

formed by orbitals of unpaired electrons of mononuclear
fragments |ia> and |ib>: |∆(ia,ib)| = |E(ψ+) – E(ψ–)|.
These MO should be related by a symmetry operation, so
that |ψ±> ∼(|ia>±|ib>). In the case of heterodinuclear
systems, the estimates of –2J af somewhat increase but
remain low for metals of the same Period.8

Rewrite expression (1) in the form

–2JΣ = Σij – 2Jij = –2J•4SaSb. (2)

Unlike –2J, the –2JΣ value is independent of the spin
factor and is determined only by contributions of pairwise
interacting orbitals. Therefore, this magnitude has a physi�
cal sense of the exchange energy and can conveniently be
used for analysis of changes in mechanisms of exchange
interactions when paramagnetic ions with different num�
bers of unpaired electrons are replaced.

The determination of the |ψ±> orbitals and ∆(ia,ib)
splittings for the triatomic linear fragment is shown in
Fig. 1. It is seen that the antiferromagnetic contribution
has the same nature as the chemical bond and, hence, the

Fig. 1. Antiferromagnetic interaction of unpaired electrons of
two centers through the occupied orbital of the ligand (a) and
the corresponding scheme of molecular orbitals (b).



Magnetism of bridged azido complexes Russ.Chem.Bull., Int.Ed., Vol. 53, No. 4, April, 2004 767

presence of an effective metal—ligand—metal (MLM)
overlap chain always produces strong antiferromagnetism.9

The predominant part of the –2Jij
f ferromagnetic con�

tributions is expressed through combinations of one�cen�
ter integrals of the bridging ligand.2 Therefore, they are
proportional to the product of squared amplitudes of un�
paired electrons directed to the ligand.

The –2Jij
f values change slightly with a change in the

M—L—M angle. On the contrary, the antiferromagnetic
contributions depend strongly on this angle. For instance,
the scheme of 90° exchange is presented in Fig. 2, a. It
can be seen that, unlike the 180° exchange (see Fig. 1),
the antiferromagnetic contribution for the 90° exchange
is zero, because the orbitals of two centers are orthogonal
and ∆(ia,ib) = 0. Therefore, only the ferromagnetic con�
tribution remains for the 90° exchange. The equivalent
scheme corresponding to the unitary basis transform
px,y = (p1±p2)/√2

–
 is shown in Fig. 2, b. If the M—L—M

angle is 90°, then E(|ψ+> ∼|a> + αpx + |b>) =
E(|ψ–> ∼|a> + αpy – |b>), and the antiferromagnetic
contribution vanishes.

Thus, the study of regular changes in the –2J value in
series of related compounds is reduced, first of all, to
analysis of the antiferromagnetic contribution. However,
according to Eq. (1), the –2J af value depends, in turn, on
the difference of the MO |ψ±> energies, which makes it
possible to use the theoretical tools of the MO method for
this analysis. In particular, the generalized angular over�
lap model (AOM)3,4 is very convenient for calculation of
the ∆(ia,ib) values.

According to this model, the matrix elements of the
effective Hamiltonian for metal orbitals (i, j) are the sum
over all orbitals of ligands (m, n), which overlap the (i, j)
orbitals

hij = (HdSLL –

– HLL)mn
–1•(HLM – HdSLM)nj. (3)

Here the Hαβ and Sαβ symbols designate the blocks of
matrices of the Hamiltonian and overlap integrals. When

developing the parametric theory, it is enough to approxi�
mate the matrix elements Hαβ = <α|H |β> according to
Mulliken—Wolfsberg—Helmholz10,11:

Hαα = Hα,Hαβ ≈ (Hα + Hβ)Sαβ. (4)

In the case of pairs of orbitals we are interested in (ia
and ib), Eq. (3) is reduced to

. (5)

Since for symmetry of the problem hia,ia = hib,ib, then

∆(ia,ib) = 2hia,ib. (6)

It follows from this and Eq. (3) that for monoatomic
ligands

∆(ia,ib) = 2Σλeλ<ia|λ><λ|ib>, (7)

where the index λ = σ, π, ... numerates the orbitals of the
ligands and the type of their overlap with the orbitals of
the metal atoms, and eλ has a sense of the antibonding
energy of the metal—ligand diatomic bond of the λ type.3,4

The <i|j> symbols designate the angular parts of the over�
lap integrals. For elements of the first transition series
and electronegative ligands, eσ = (4—6)•103 cm–1 and
eπ ∼103 cm–1.4 In the case of strong σ�interactions,
π�overlaps can be neglected, because –2J af ∼ Σ∆2.

Returning to Fig. 2, b and inserting the overlap inte�
grals <a,b|px> = cos(θ/2) and <a,b|py> = ±sin(θ/2), where
θ is the M—L—M angle, into Eq. (7), we find

∆(ia,ib) = 2hia,ib = 2eσ[cos2(θ/2) – sin2(θ/2)] = 2eσcosθ. (8)

This formula agrees completely with Fig. 2 and pre�
dicts that –2Jaf ∼ ∆2(ia,ib) = 0, if θ = 90°. Sometimes a
weak interaction of the metal orbitals with the low�lying
s�orbital of the ligand is also taken into account. This
leads to the appearance of an angle�independent term in
Eq. (7), and Eq. (8) is modified to the form

∆(ia,ib) = 2eσ(cosθ + s2). (9)

Formula (9) predicts that ∆(ia,ib) = 0 for θ0 ≥ 90°.
This conclusion agrees well with the modern theoretical
concepts2,4 and experimental data. In particular, for NiO
s2 ≈ 0.2,2 which corresponds to θ0 ≈ 102°.

Electronic structures of the N3
– linear anions

For calculations by formula (3), it is not difficult to go
from monoatomic to polyatomic ligands, because no di�
agonalization is needed and only the Hamiltonian sub�
matrix for ligands should be inverted. Unlike diagonaliza�
tion, inversion can also be made in the analytical form.
However, for the N3

– ligands, these transformations give

Fig. 2. Ferromagnetic interaction of unpaired electrons of two
centers through the orthogonal orbitals of the ligand (a) and the
equivalent scheme of the same triatomic fragment (b).
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complicated expressions, which do not allow one to re�
veal the physical sense of the effects predicted. Therefore,
we used another method.

The N3
– ligand is a group of strongly bonded atoms

(N—N bond length is 1.25 Å), which interact with metal
atoms as a single species. Therefore, we calculated first
the electronic structure of the N3

– anion and then took
into account the metal—ligand interaction. Formula (3)
assumes this interpretation and even becomes simplified,
because the central matrix to be inverted is diagonal in the
basis of eigenfunctions.

The py and pz orbitals can be classified immediately
due to a high symmetry of the ligand. In fact, it is seen
from the data in Fig. 3 that the group orbital |y–> =
(py1 – py3)/√2

–
 is non�bonding and, hence, can be in�

volved in interaction with metal atoms. At the same time,
the orbital |y+> = (py1 + py3)/√2

–
 forms a strong π�bond

with the py2 orbital, so that the energies of the resulting
MO differ too strongly from the energy of the d�orbitals of
the metal to make the corresponding interaction efficient.
The same concerns the |z±> orbitals due to the cylindrical
symmetry of the ligand.

The px orbitals interact with each other and also with
the s�orbitals, so that purely symmetrical analysis is insuf�
ficient to obtain valid MO. However, the results of simple
calculation by the extended Hückel method7 show that of
six resulting MO only |x+> and |x–> (see Fig. 3) have
energies close to those of the d�orbitals of the metal atoms
and can interact efficiently with the latter. This induces,
most likely, specific features of magnetic properties of the
complexes with the N3

– ligands.
When the metal atoms are arranged along the X axis

on both sides from the ligand (coordination mode µ1,3),
the |x±> orbitals generate antibonding of both |ψ+> and
|ψ–>, because |ψ+> ∼ |a> + α|x+> + |b>, and |ψ–> ∼ |a> +
+ β|x–> – |b>. The resulting compensation of contribu�
tions of the |x±> orbitals to ∆(a,b) should be rather com�
plete, because the complex with an almost linear unit
Ni(µ1,3�N3)Ni 12 is ferromagnetic. The N—N—Ni angles
are usually smaller than 180°, and high antiferromagnetic

contributions appear due to the overlap with the |y–> and
|z–> orbitals (see Fig. 3).

When the metal atoms are arranged at the one side
(coordination mode µ1,1), both |x±> orbitals contribute
to the |ψ+> orbital, i.e., behave similarly to the px orbital
in Fig. 2, b. Therefore, strong ferromagnetism can be
expected in this case.

Let us analyze the effects considered in more detail
and compare them with experimental data.

Complexes with the µµµµµ1,3�N3 bridging ligands

Typical structures of these complexes with one (a) and
two (b) bridging ligands are presented in Fig. 4. Let us
designate the N—N—M angles by symbol η, and sym�
bol ρ will designate the angle between the corresponding
planes (see Fig. 4, c). As mentioned in previous Section,
the interaction through the |x±> orbitals is weak, and for
the interaction of the σ�orbitals of two metal atoms
through the |y–,z–> orbitals of one µ1,3�N3 bridge, using
Eqs. (3)—(6) we easily obtain

∆(a,b) ∼ –sinη1sinη2cosρ. (10)

Here sinη are the angular parts of the overlap inte�
grals <y|σ>. The origin of the cosρ factor can easily be
understood taking into account that the antisymmetric
MO |ψ–> is antibonding for ρ = 0°, while for ρ = 180° the
MO |ψ+> is antibonding (see Figs. 3 and 4, c), because
the MO |y–> contain the orbitals of coordinated atoms
py1 and py3 with opposite signs. Symbol "∼" points to that
formula (10) retains the explicit form for only angular
coefficients that change from complex to complex. The
other factors are grouped to form a parameter indepen�
dent of angular distortions.

For example, formula (10) corresponds to the CuII

complexes in which the orbitals of unpaired electrons dxy
overlap with the ligand in such a way as it is shown in
Fig. 4, c. This structure is inherent in one of the units of
the alternated chain in the [Cu2(tmen)2(N3)2](PF6) com�
plex (tmen is N,N,N´N´�tetramethylenediamine)13 in
which η1 = 117°, η2 = 118°, ρ = 20°, and –2J = 308 cm–1.

Fig. 3. "Magnetic" orbitals of the N3 ligands; MO |z–> is ob�
tained from |y–> by the rotation by 90° about the x axis.

Fig. 4. Structures of the dinuclear fragments of the complexes
with one (a) and two (b) µ1,3�N3 bridging ligands and the scheme
illustrating determination of the ρ angle (c).



Magnetism of bridged azido complexes Russ.Chem.Bull., Int.Ed., Vol. 53, No. 4, April, 2004 769

The [(ttz)2Cu2(µ1,3�N3)(N3)2](ClO4)•H2O dinuclear
complex (ttz is N,N´N″�trimethyl�1,4,7�triazacyclo�
nonane)14 in which η1 = 123°, η2 = 121°, ρ = 25°, and
–2J = 331 cm–1 also contains one bridge. As should be
expected, both complexes are antiferromagnetic. The close
exchange parameters are caused by similar structures of
the magnetic fragments.

Several useful estimates can be obtained by formula
(10) and parameters presented.

Since –2J af ∼ ∆2 and, according to Eq. (3), ∆ depends
linearly on the number of equivalent bridges, the dupli�
cation of the number of the latter should result in a
fourfold increase in –2J af. Therefore, it is not surprising
that the complexes with the Cu(µ1,3�N3)2Cu magnetic
unit are diamagnetic14—16: the estimate 4(300—350) =
1200—1400 (cm–1) corresponds to such a singlet�triplet
splitting for which the magnetic triplet is not virtually
populated.

Starting from expression (10) and the above�pre�
sented parameters, one can easily obtain an estimate for
the maximum –2J af value for the exchange through one
bridge corresponding to η = 90° and ρ = 0°: –2J af

max ≈
600—700 cm–1. This is a rather high value. However, this
value is much lower than –2J af

max > 1200 cm–1 obtained17

from analysis of the data for the heteroligand complex
containing the N3 and OR bridges. This discrepancy is
caused by the underestimation17 of a great antiferromag�
netic contribution of the OR bridges. This underestima�
tion is assumed rather frequently, despite a whole series of
publications concerning this problem.2,18,19 For instance,
it follows from the –2J(θ) plot19 that the exchange pa�
rameter increases linearly from 700 to 860 cm–1 in the
interval θ = 99—104°. The copper(II) complexes with the
monoatomic bridging ligands are usually ferromagnetic in
this region of θ angles: –2J < 0.2 However, the com�
plexes, whose O—R bonds lie in the Cu2O plane, were
considered.19 According to the data,2,18 this favors, in
fact, strong antiferromagnetism.

For the CuII complexes with the pronounced equato�
rial plane, the absence of interaction with the orbitals of
unpaired electrons |xy> is easily monitored by an elon�
gated metal—ligand distance. Unlike CuII, the NiII ions
usually have a slightly distorted octahedral environment,
so that sometimes it is difficult to determine which of the
orbitals of unpaired electrons (|xy> or |z2>) is oriented
toward a given ligand. Therefore, in the two�bridge sys�
tems, both bridges can interact with the |xy> orbital. As a
result, the ∆ value doubles and –2J af fourfold increases
compared to those in the case of one bridge. If two bridges
interact with two different orbitals, then, according to
Eq. (1), their contributions to –2J af are simply sum�
mated. It should be kept in mind that the amplitudes of
the |z2> and |xy> orbitals are in a ratio of 1 : √3

–
/2. The

situation is simplest when the bridging ligands are coordi�
nated in the equatorial plane and the ∆(z2,z2) contribu�

tion appears along with the ∆(xy,xy) contribution: since
the amplitude of the |z2> orbitals in the equatorial plane
is 1/2 of the maximum amplitude and –2Jij ∼ <M|L>4,
this contribution can be neglected. Below we will take
into account these factors in selection and analysis of the
experimental factors.

Let us begin from the Ni(µ1,3�N3)Ni systems. The
main structural and magnetic parameters for the series of
such complexes are presented in Table 1. According to
the above qualitative analysis and formula (10), antiferro�
magnetism weakens sharply for these complexes at ρ → 90°
and η (N—N—Ni angle) → 180°. The experimental data
were quantitatively interpreted by the theoretical expres�
sion written for the σ�orbitals of the NiII atoms

–2J = Af1[–sinη1sinη2cosρ +

+ x1|x1|cosη1cosη2]2 + Fe1, (11)

where Fe1 is the ferromagnetic contribution. The interac�
tions of the σ�orbitals (dxy) of the NiII atoms with the
|y,z–> orbitals (see formula (10)) and the term caused by
the incomplete compensation of contributions from the
|x±> orbitals are taken into account in the antiferromag�
netic contribution. In addition to the experimental –2Jexp
values, the theoretical estimations of –2Jth obtained by
formula (11) and the corresponding parameters of the
best approximation are presented in Table 1: Af1 =
161 cm–1, x1 = 0.45, and Fe1 = –14.4 cm–1. Since the x1
parameter is relatively low (|x1|2 << 1), one can conclude
that either the contributions of the |x±> orbitals are really
compensated, or these contributions are low. However,
in any case, it follows from the condition x1 > 0 that the
|x+> contribution is higher than the |x–> contribution.
Finally, the value 4SaSbAf1 ≈ 600 cm–1 is close to the
estimation of the maximum value of the antiferromag�
netic exchange parameter in similar CuII complexes. Ac�
cording to formula (2), this implies that for the NiII com�
pounds considered, the predominant contribution to an�
tiferromagnetism is also caused by the dxy

a—N3—dxy
b in�

teractions.
The main distinction of the Ni(µ1,3�N3)2Ni complexes

from the above�considered complexes is the doubled num�
ber of bridges. As follows from formulas (1) and (3) and
the corresponding comments, ∆(ia,ib) and –2J f depend
linearly on the number of bridges, and the dependence of
–2J af is quadratic. Therefore, the experimental data in
Table 2 were interpreted using the same formula (11);
only redesignation Af1 → Af2 etc. was introduced for
convenience. Unfortunately, the (η1, η2, ρ) sets in the
two�bridge systems are much less representative for steric
reasons than those in the one�bridge systems, so that the
resulting parameters are strongly correlated. To decrease
the corresponding uncertainty, the fixed value Af2 =
4Af1 = 644 cm–1 was taken for the antiferromagnetic
exchange parameter. The best approximation parameter
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Table 1. Structural characteristics and exchange parameters –2J (cm–1) for the complexes containing the
[Ni(µ1,3�N3)Ni] dinuclear fragments

Complexa N—N—Ni b ρ –2Jexp (–2Jth)c Ref.

deg

[Ni(tmd)2(µ�N3)]n(ClO4)n (1) 120.9, 120.9 180.0 100.0 (103.7) 20
[Ni(macro)2(µ�N3)]n(ClO4)n (2) 115.6, 116.8 175.7 97.8 (100.2) 21
[Ni2(333�tet)2(µ�N3)]n(ClO4)n (3)d 123.6, 123.6 180.0 80.7 (78.0) 22

142.4, 142.4 180.0 37.4 (26.0)
[Ni(tmd)2(µ�N3)]n(PF6)n (4) 126.1, 126.1 180.0 70.6 (70.2) 23
[Ni(323�tet)2(µ�N3)]n(ClO4)n (5) 135.8, 119.8 169.3 62.7 (57.5) 24
[Ni2(trenpy)2(µ�N3)](ClO4)3 (6) 131.6, 131.6 180.0 53.6 (53.7) 25
[Ni(cth)2(µ�N3)]n(ClO4)n (7)e 128.5, 130.7 150.5 41.1 (42.6) 26

131.4, 131.4 146.2 36.4 (35.7)
[Ni(2,2´�mettn)2(µ�N3)]n(PF6)n (8) 136.5, 136.5 180.0 41.1 (40.2) 23
[Ni2(cyclam)2(µ�N3)]n(ClO4)n (9) 140.7, 128.2 166.9 39.2 (40.4) 27
[Ni(bipy)2(µ�N3)]n(ClO4)n (10) 125.0, 120.7 135.5 33.0 (36.4) 28
[Ni2(232�tet)2(µ�N3)]n(ClO4)n (11) 134.6, 124.1 142.4 26.9 (36.0) 24
[Ni2(Me4cyclam)2(N3)2(µ�N3)]I (12) 142.0, 142.0 180.0 24.6 (24.9) 29, 30
[Ni(2�methyl)2(µ�N3)]n(ClO4) (13) 131.8, 125.9 125.9 16.8 (16.0) 31
[Ni2(L)(H2O)(µ�N3)](CF3SO3)2 (14) 165.8, 157.6 0.00 –11.8 (–13.1) 12

a Designations: tdm is 1,3�diaminopropane, macro is 2,3�dimethyl�1,4,8,11�tetraazacyclotetradeca�1,3�diene;
trenpy is N,N�bis(2�aminoethyl)�N´�2�(pyridylmethyl)ethane�1,2�diamine; Me4cyclam is 1,4,8,11�tetra�
methyl�1,4,8,11�tetraazacyclotetradecane; 2,2´�mettn is 2,2´�dimethyl�1,3�diaminopropane; 232�tet is
N,N´�bis(2�aminoethyl)�1,3�diaminopropane; 323�tet is N,N´�bis(2�aminopropyl)�1,3�diaminopropane; 333�tet
is N,N´�bis(3�aminopropyl)�1,3�diaminopropane; cth is meso�5,7,7,12,14,14�hexamethyl�1,4,8,11�tetra�
azacyclotetradecane; 2�methyl is 1,2�diamino�2�methylpropane.
b The pairwise values of angles are caused by the coordination of the NNN ligands.
c The 2Jth values were obtained by formula (11) for Af1 = 161 cm–1, x1 = 0.45, and Fe1 = –14.4 cm–1.
d Alternated chain.
e Two structurally different chains.

Table 2. Structural characteristics and exchange parameters –2J (cm–1) for the complexes containing the
[Ni(µ1,3�N3)2Ni] dinuclear fragments

Complexa N—N—Ni b ρ –2Jexp (–2Jth)c Ref.

deg

[Ni(N,N�dmen)(µ�N3)2]n (21) 121.10, 139.40 0.0 156.0 (144.0) 32, 33
[Ni(N,N´�dmen)(µ�N3)2]n (22) 130.90, 134.90 0.0 120.0 (125.0) 34
[Ni2(1,3�pn)4(µ�N3)2](BPh4)2 (23) 127.70, 139.00 5.7 114.5 (113.7) 35
[Ni2(D,L�cth)2(µ�N3)2](ClO4)2 (24) 139.60, 127.40 6.6 113.0 (110.6) 36
[Ni2(222�tet)2(µ�N3)2](BPh4)2 (25) 128.50, 129.90 41.7 83.6 (79.5) 37
[Ni(bpa)(µ�N3)2]n (26) 136.50, 121.30 44.0 80.0 (68.0) 38
[Ni2(D,L�cth)2(µ�N3)2](PF6)2 (27) 124.30, 142.20 22.5 75.1 (86.2) 36
[Ni2(tren)2(µ�N3)2](BP4)2 (28) 123.30, 135.70 39.0 70.0 (81.3) 30
[Ni2(aep)4(µ�N3)2](PF6)2 (29) 126.70, 123.80 59.1 29.1 (32.0) 39
[Ni2(en)4(µ�N3)2](PF6)2 (30) 121.10, 119.30 70.5  4.6 (6.3) 35

a Designations: 1,3�pn is 1,3�diaminopropane; tren is 2,2´,2″�triaminotriethylamine; aep is aminoethylpyridine;
222�tet is triethylenetetramine; cth is 5,5,7,12,12,14�hexamethyltetraazacyclotetradecane; dmen is dimethyl�
ethylenediamine; bpa is 1,2�bis(4�pyridyl)ethane.
b See footnoteb in Table 1.
c The –2Jth values were obtained by formula (11) for Af2 = 644 cm–1, x2 = 0.34, and Fe2 = –25.0 cm–1.

x2 = 0.34 somewhat differs from x1, and Fe2 = –25 cm–1

differs from 2Fe1. This is not surprising, because x and Fe
are, in essence, small corrections to Af. The theoretical

–2J values calculated with these parameters are close to
the experimental values (see Table 2), although the con�
sistence is somewhat worse than in the case of the one�
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bridge systems. This is caused, most likely, by the influ�
ence of ignored distortions of the coordination polyhedra
from the idealized tetragonal structure. These distor�
tions are stronger in the two�bridge systems due to steric
factors.

As can be seen from the data in Table 3, similar MnII

compounds also exhibit a distinct correlation of the –2Jexp
values to the η and ρ values. In this case, the theoretical
–2Jth values were obtained by formula (11) for the fixed
values x3 = x1 = 0.45, Af3 = (4/25)Af2 ≈ 100 cm–1, and
Fe3 = (4/25)Fe2 ≈ –4 cm–1. The estimates of two latter
parameters are based on formula (2) under assumption
that the predominant contribution to the antiferromag�
netic exchange in the MnII complexes is also caused by
the dxy

a—N3—dxy
b overlaps. Here the agreement between

the theory and experiment is much worse than that for the
NiII compounds. This should be expected, because other,
ignored contributions in –2J = Σij – 2Jij/(4SaSb) are added
to the predominant contribution, which is described by
formula (11). Each of the addition contributions is low
but their number reaches 24, because the MnII atoms
have spins S = 5/2.

Complexes with the M(µµµµµ1,1�N3)2M magnetic fragments

Typical structures of these complexes are presented in
Fig. 5. The M—N(N3)—M angles are designated by sym�
bol θ; τ are the angles of shifts of the N3 linear ligands
from the M—N(N3)—M planes; the ω angles characterize
the degree of asymmetry of arrangement of these ligands
relatively to the bisectrix of the θ angles. The η angle
(N—N—Ni angle) is usually presented in structural works
instead of τ and ω. However, the τ and ω angles are more
convenient for subsequent analysis.

Before considering experimental data, let us consider
the formula for the one�ligand contribution to the ∆ pa�
rameter corresponding to Fig. 5:

∆(θ, τ, ω) ≈ sin2θ{0.5[cosθ – cos(2ω)] + (12a)

+ 0.5sin2τ[cosθ + cos(2ω)] + (12b)

+ 0.5c2cos2τ[cosθ + cos(2ω)] +

+ 2cscosτcos(θ/2)cosω + s2}. (12c)

Here the common factor sin2θ is caused by the fact
that for θ ≠ 90° the orbitals of unpaired electrons dxy are
not oriented exactly toward the ligand. The first term in
brackets, which describes the effect of overlap with the
|y–> orbital (see Figs. 3 and 5), does not need special
comments, because it coincides (with an accuracy to ω ≠ 0)
with the second term in Eq. (8). The amplitude factor
1/√2

–
, which is present in |y–>, enters the constant. For�

mula (12b) describes the contribution of the |z–> orbital:
its projection to the xy plane makes ∼sinτ. As for the rest,
the effect of |z–> is similar (with an accuracy to ω ≠ 0) to
the effect of the px orbital shown in Fig. 2, b.

It is somewhat more difficult to derive expressions for
contributions of the |x±> orbitals. Let us take into ac�
count that the orbitals of terminal atoms in the MO |x±>
are a linear combination of the px1 and s1 functions (latter
are not shown in Fig. 3). Then, for each of these MO, the

Table 3. Structural characteristics and exchange parameters –2J (cm–1) for the complexes containing
the [Mn(µ1,3�N3)2Mn] dinuclear fragments

Complex N—N—Ni a ρ –2Jexp (–2Jth)b Ref.

deg

[Mn(3�Etpy)2(µ1,3�N3)2]n (31)c 134.70, 131.70 13.5 11.7 (14.8) 40
134.80, 129.70 23.2 13.2 (13.9)

[Mn(bipy)2(µ1,3�N3)2]n (32) 131.10, 127.30 41.1 11.9 (10.7) 41
[Mn(pyOH)2(µ1,3�N3)2]n (33) 123.80, 122.40 63.1  7.0 (3.1) 40
[Mn(bpa)2(µ1,3�N3)2]n (34)d 136.50, 121.30 44.0  5.7 (8.6) 38

a See footnoteb in Table 1.
b The –2Jth values were obtained by formula (11) for Af3 = 100 cm–1, x3 = 0.45, and Fe3 = –4 cm–1.
c Alternated chain.
d bpa is 1,2�bis(4�pyridyl)ethane.

Fig. 5. Structures of the dinuclear fragments of the complexes
with the µ1,1�N3 bridging ligands; τ is the angle between N3
and its projection to the M(1)—M(2)—N—N plane; ω is the
angle between this projection and the bisectrix of the θ angle
(N—M—N angle).



Rakitin and Kalinnikov772 Russ.Chem.Bull., Int.Ed., Vol. 53, No. 4, April, 2004

first and third matrices in formula (3) take the form
α(px1)cosτcos(θ/2±ω) + α(s1), and the whole expres�
sion (3) takes the form of formula (12c). Rigidly speaking,
each MO |x+> and |x–> has its set of the c and s coeffi�
cients. However, to avoid the appearance of a great num�
ber of unknown parameters, only one set is retained in
formula (12). This seems to be not a very rough approxi�
mation, because two sets can be reduced to one set in
realistic particular cases, when the contribution of one
orbital predominates or both contributions are close.

For c = 0 and s = 0, expression (12) is transformed
into the formula

∆ ≈ sin2θ{[cosθ – cos(2ω)] + sin2τ[cosθ + cos(2ω)]}/4, (13)

which predicts a high ∆ value and strong antiferromag�
netism for any θ, if τ ≈ 0 and ω ≈ 0. This situation, when
|c| << 1, takes place in the complexes with the OR
bridges2,18,19 mentioned above.

In another limiting case when c = 1, formula (12) is
transformed into expression (9), i.e.,

∆ ≈ cosθ + s2. (14)

Therefore, one should expect ferromagnetism or weak
antiferromagnetism for θ ≥ 90°.

Now one can analyze the parameters for the µ1,1�CuII

complexes presented in Table 4.
It is seen that none of formulas (13) and (14) agrees

with the experimental data. In fact, all complexes of this
type are ferromagnetic. Thus, unlike the OR ligands, in
the case of the N3 symmetric ligands, the |x> orbitals
(c ≈ 0) are not cancelled. At the same time, when the
angle ε = θ—90° increases in the complexes considered,
an increase in the ferromagnetism slows down, i.e., in�
creasing the –2J af antiferromagnetic contribution, de�
creases. However, formula (14) predicts a linear increase
in ∆ and, hence, a quadratic increase in –2J af. Thus, it
should be expected that in the µ1,1�CuII complexes
0 < |c| < 1.

To obtain quantitative estimates, the experimental data
were interpreted using the theoretical expression, which
follows from formulas (1) and (12)

–2Jth = Af4[∆(θ1, τ1, ω1) + ∆(θ2, τ2, ω2)]2 + Fe4. (15)

Although the coordination modes are different, the
Af4 parameter in formula (15) has the same physical sense
as Af1 for the NiII complexes considered: for θ = 180°
both of them describe the antiferromagnetic exchange
through the |y–> orbital. Therefore, we can believe that
Af4 = 4SaSbAf1 = 644 cm–1. The other parameters ob�
tained by the method of the best approximation of the
–2Jth values to –2Jexp are the following: c = 0.64,
s = 0.171, and Fe4 = –290 cm–1. It is seen that the theory
well describes the experiment, including the pronounced
weakening of the ferromagnetic exchange in the series of
compounds 41—44, which is caused by the combined
effect of simultaneous increasing θ and decreasing τ. The
relatively low value of the c parameter should be treated
carefully. First, the c and s values are strongly correlated
due to the low representation of experimental data. Sec�
ond, the error in –2Jexp for strongly ferromagnetic com�
pounds can be considerable, because for –2J < –50 cm–1

the change in the effective magnetic moment is only
10—15% in the whole temperature interval. For instance,
for compound 45, –2Jexp = –70±20 cm–1.16 Therefore,
the c value can be much higher and s can be lower. Weak�
ening of the –2Jth(θ) function with approaching c to 1
results in a greater discrepancy between the theory and
experiment; however, the error of the theory does not
exceed the experimental error down to c ≈ 0.9.

From the viewpoint of the ferromagnetism theory, it is
of great interest why |Fe4| is much higher than 4SaSb|Fe2| ≈
100 cm–1? This effect can be explained as follows.

According to the generalized angular overlap model,3,4

the columns of the first matrix in formula (3) are the
admixing coefficients of ligands to the total wave func�
tions. This implies that the antibonding MO of the

Table 4. Structural characteristics and exchange parameters –2J (cm–1) for the complexes containing the [Cu(µ1,1�N3)2Cu] dinuclear
fragments

Complexa θ τ ω –2Jexp (–2Jth) Ref.

deg

[Cu2(µ1,1�N3)2(3�ampy)4(µ�NO3)2]•EtOH (41)  97.5, 97.5 36.2, 35.6 1.6, 2.0 –223.0 (–223) 42
[Cu2(µ1,1�N3)2(4�Etpy)4(µ�NO3)2] (42)  98.2, 98.2 32.0, 32.0 1.6, 1.6 –230.0 (–205) 42
[Cu2(µ1,1�N3)2(dmptd)(N3)2] (43)  98.0, 101.4 38.1, 22.8 1.0, 0.3 –170.0 (–179) 43
[Cu2(µ1,1�N3)2(Butpy)4](ClO4) (44) 100.5, 100.5 4.5, 4.5 4.8, 4.8 –105.0 (–120) 44
[Cu2(µ1,1�N3)2[24]ane�N2O6](H2O) (45) 105.5, 101.6 8.8, 4.9 1.9, 2.7 –70.0 (–61) 16
[Cu2(tbz)(µ1,1�N3)2](MeOH)2 (46) 104.5, 104.5 4.7, 4.7 3.0, 3.0 –46.0 (–41) 45

a Designations: 3�ampy is 3�aminopyridine; 4�Etpy is 4�ethylpyridine; dmptd is 2,5�bis((pyridinemethyl)thio)thiadiazole; [24]ane�N2O6
is polyaza�polyoxomacrocyclic ligand; HL2 is 1�(2�hydroxybenzyl)�1,5�diazacyclooctane; tbz is bis(2�benzimidazolyl)propane.
b The –2Jth values were obtained by formula (15) for Af4 = 644 cm–1, c = 0.64, s = 0.17, and Fe4 = –290 cm–1.
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µ1,3�complexes appear as |ψ> ∼ |a>±|b> + |y–>. The |y–>
orbital is strongly delocalized (see Fig. 3), so that the
interelectron repulsion and the related ferromagnetic in�
teraction are low. At the same time, for the µ1,1�com�
plexes, |ψ+> ∼ |a> + |b> + |x+> + |x–>. As can be seen
from the data in Fig. 3, the combination |x+> + |x–> ∼
αpx1 + βs1 is localized on the coordinated atoms of the
ligand, unlike its MO. This can result in a sharp increase
in the ferromagnetic contribution on going from the µ1,3
coordination mode to µ1,1. In addition, a considerable
contribution caused by spin polarization5 can appear in
the µ1,1�complexes, because the published data6 do not
completely exclude the presence of this contribution.

In conclusion, let us consider the LnNi(µ1,1�N3)2NiLn
complexes. As can be seen from the data in Table 5, for
compounds 51—57 with a very representative set of angle
values θ = 101—105° and τ = 0—20°, the experimental
values of exchange parameters are within a narrow inter�
val (–40±5 cm–1). At the same time, compounds 58 and
59 have rather close structural parameters, although the
values –2Jexp = –27.2 and –72.6 cm–1 differ very strongly.
It is very probable that such paradoxical results can be
explained by difficulties in interpretation of experimental
data for ferromagnetic compounds. In the case of the NiII

complexes, these difficulties are aggravated by the strong
splitting in the zero field, whose parameter D is strongly
correlated to –2J. It is most likely that the NiII complexes
require additional studies using, perhaps, thermodynamic
and spectroscopic methods. Despite possible errors, it
seems doubtless that the µ1,1�NiII complexes are charac�
terized by high negative D ≈ –10—–20 cm–1.46—53 Since
such D values are a necessary condition for the effect of
magnetic memory,54 additional studies of the µ1,1�NiII

complexes are urgent from the viewpoint of the general
problem of molecular magnetic design.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 03�03�
32517).
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