October, 1978]

NOTES

3073

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VoL. 51 (10), 3073—3074 (1978)

Magnetic Susceptibility of the So-Called Zero-Valent Aluminium
Complex of 2,2'-Bipyridine, [Al(bpy)s;]°-12THF
Motomichi INnoug,* Tatsuo Horisa,T and Ken-ichi HArATT

Department of Chemistry, Nagoya University, Chikusa, Nagoya 464
(Received May 15, 1978)

Synopsis. The magnetic susceptibility of tris(2,2’-bi-
pyridine)aluminium(0) was determined between 4.2 and 300
K. It can be explained by a radical ion model in which three
2,2’-bipyridine radical ions are coordinated to an aluminium-
(III) ion. Antiferromagnetic interaction operates between the
radical ions with the exchange integral jJ/k=—110—115 K.

Tris(2,2’-bipyridine) complexes in apparently unusual
valency states of metals have been prepared and charac-
terized.) An electronic-spectrum study of the so-called
zero-valent aluminium complex [Al(bpy),]° showed that
bpy~ ions are involved in the complex molecules.?)
The magnetic susceptibility was found to obey the
Curie-Weiss law between 80 and 300 K.3 The magnetic
moment x=3.38 B.M. evaluated from the Curie
constant is inconsistent with the formula [Al°(bpy°)],
in which an unpaired electron exists in a molecule.
From these, we can propose the formula [AI3*+(bpy~),]
rather than [Al%(bpy®);]. If this is correct, magnetic
interaction is presumed to operate between paramagnet-
ic bpy~ ions within [Al(bpy)s]. Thus, the proposed
formula can be confirmed by getting information on the
magnetic interaction. Therefore, we have determined
the magnetic susceptibility down to 4.2 K, because the
magnetic interaction may be effective at low tempera-
tures.

Experimental

The material was prepared by the method reported by
Herzog et al.9 Recrystallization from THF yielded deep green
crystals. On heating in vacuo at about 90 °C, the crystals
librated THF gas. Weight loss amounted to 8.0%,, indicating
that the crystals were those of a THF adduct, Al(bpy);-1/2
THF (Found: Al, 4.8; THF, 8.09%,. Calcd: Al, 5.1; THF,
6.8%). The effective magnetic moment 2.38 B. M. at 290 K
agreed with 2.32—2.44 B. M. reported for Al(bpy)s.%%

The magnetic susceptibility was determined by the Gouy
method in the temperature range 80—300 K and by the
Faraday method below 80 K. The molar magnetic suscepti-
bility® was corrected for diamagnetic contributions (10-% emu
mol-1) from 2,2’-bipyridine (—93) and THF (—55).9

Results and Discussion

The reciprocal molar susceptibility is plotted against
temperature in Fig. 1. It obeys the Curie-Weiss law
in the two temperature ranges, 7-=>180 K and 740 K
(broken lines in Fig. 1): the Curie and Weiss constants
are determined as Cp=1.31 emu K mol-! and 0,=

t Present address: Hitachi Research Laboratory, Hitachi
Ltd., Hitachi 319-12.
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tric Co., Ltd., Yokosuka 240-01.
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Fig. 1. Reciprocal magnetic susceptibility, 1/x in emu,
(O) and relative ESR-signal intensity (@) of [Al(bpy),]
The curves A and B show theoretical susceptibilities
calculated with the exchange integrals J/k=—115K
and —110 K, respectively, on the assumption of the
formula [AI3*(bpy~),].

—244 K for the high temperature range, and ¢;=0.37
emu K mol~! and §;=—9.7 K for the low temperature
range. Between 40 and 180 K, the magnetic suscepti-
bility deviates from the Curie-Weiss law. This is
confirmed by the temperature dependence of the signal
intensity in the ESR powder spectrum (Fig. 1), which
has an isotropic g factor equal to 2.003 and a peak-to-
peak width equal to 1.5 mT.

The magnetic moment u,=3.24 B.M. evaluated from
C, is nearly equal to (3 x 3)1/2 B.M. of a molecule having
three independent unpaired electrons. The moment p, =
1.72 B.M. evaluated from C| indicates that the ground
state is doublet (u,-,,=1.73 B.M). This shows that
the magnetic unit of the complex consists of three
spins interacting antiferromagnetically with each other,
supporting the proposed formula [Al¥+(bpy-),], in
which each bpy- ion carries an unpaired electron and
aluminium is diamagnetic. For the spin system, eight
spin functions are derived. Four of them correspond
to §=3/2(m;=+3/2, +1/2) and the remaining four
functions can be divided into two sets each corresponding
to S=1/2 (mg=41/2). Because three bpy~ ions can be
presumed to be equivalent with each other in a complex
molecule, the magnetic susceptibility is given by?

, = Nenst [1+5 exp (3J/kT) M)
4kT | T+exp GJIKT) |’

where [ is the exchange integral, the absolute value of
which is equal to one third of the energy separation
between the doublet and quartet states. When magnetic
interaction operates between complex ions, Eq. 1 can
be rewritten as®

Netpg [ 145 exp BJKT)
N [ T+ exp (3J/KT) ] @

1= gk(T—2)
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where A4 denotes the Weiss constant that takes into
account the interaction. The solid curve A in Fig. 1
shows the magnetic susceptibility calculated from Eq. 2
with Jk=—115K, 4=—-5K, and g=2.00, yielding
the best fit to the observed data. When the Weiss
constant A4 is assumed to be equal to 0;, the curve B
calculated with J/k=—110K agrees well with the
observed y-T curve (Fig. 1).

The antiferromagnetic interaction between bpy— ions
takes place probably through aluminium atoms.
Kobayashi ¢t al.®) propose a mechanism in which a
charge transfer between bpy~ ions yields the antiferro-
magnetic interaction: the unpaired electron of a bpy~
ion can migrate to other bpy~ ions within an [Al(bpy),]
molecule through the vacant 3d orbitals of aluminium,
and the resulting charge-transfer state stabilizes the
doublet state rather than the quartet state. In this
mechanism, aluminium 3d orbitals play an important
part. Wulf and Herzog® determined the magnetic
susceptibility of [Sc(bpy)s;]® between 80 and 350 K.
It obeys the Curie-Weiss law in two temperature ranges:
#,=3.67 BM. and 6,=—667 K for T=220 K, and
=176 BM. and 6;=—20K for T'<134 K. This
magnetic behavior can be explained well with Eq. 2,
the parameters being determined as J/k=—200 K, 4=
—20K, and g=2.00. Thus, three paramagnetic bpy-
ions are coordinated to a diamagnetic scandium(III)
ion also in [Sc(bpy)s]°. The absolute J value of the
scandium complex is larger than that of the aluminium
complex. This arises from difference in the nature of
central-metal d orbitals, because 3d orbitals contribute
to metal-nitrogen bonding to a greater extent in the
scandium complex. This provides evidence for the
important role of the d orbitals in the magnetic
interaction.

In our previous papers,®1%1) we reported that the
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magnetic susceptibilities of the [M(bpy),]® type com-
plexes of manganese, beryllium, and magnesium can be
explained by radical ion models in which bpy~ ions
are coordinated to central-metal ions having normal
oxidation states in the complexes. The present inves-
tigation along with the previous reports®1011) has
provided a convincing example in support of a conclu-
sion that the ‘“‘excess electrons” are localized mostly
on the ligand molecules in the so-called zero-valent
complexes of 2,2'-bipyridine.
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