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Motomichi INoue, Ken-ichi HarA, Tatsuo HoriBa, and Masaji Kuso
Department of Chemistry, Faculty of Science, Nagoya University, Chikusa, Nagoya 464
(Received June 7, 1974)

The magnetic susceptibilities of tris(2,2’-bipyridine)manganese complexes, [Mn(bpy),]-2THF and Li[Mn-
(bpy);]-4THF (THF: tetrahydrofuran), have been determined over a temperature range of 1.6—320 K. The
susceptibility of Li[Mn(bpy),]-4THF can be explained with a radical ion model, in which three 2,2’-bipyridine

radical ions are coordinated to a manganese(II) ion.
well.
manganese and bipyridine.

A number of the so-called zerovalent transition metal
complexes of 2,2'-bipyridine, [M(bpy)s], have been
prepared.) Varieties of experimental studies including
those of magnetic moment,? ESR,? optical spectra,®*
and IR spectra® have been carried out on the complexes
at room temperature in an attempt to obtain informa-
tion about the valency of central metals. However,
no definite conclusions have been obtained as yet.
The temperature dependence of magnetic susceptibility
is expected to give a valuable information about the
oxidation state of central metals in these complexes.
In our previous paper,® we have briefly reported that
the magnetic susceptibility of [Mn(bpy)s]-2THF and
Li[Mn(bpy),;]-4THF suggests the presence of a di-
valent manganese ion coordinated by 2,2'-bipyridine
radical ions. In this paper, we present a more detailed
discussion on the magnetic property and the electronic
structure of the manganese complexes.

Experimental

The materials were prepared by methods reported by
Herzog and Schmidt.””® [Mn(bpy),]-2THF was obtained
from a tetrahydrofuran solution as deep brown needle crys-
tals. Calcd: Mn, 8.2%; THF, 21.6%,. Found: Mn, 8.0%;
THF, 22.4%. The observed effective magnetic moment,
Hore=4.13 BM. (290 K), of [Mn(bpy);]-2THF agrees with
the value, 4.1, B.M., reported for the crystals of [Mn(bpy),].”
Deep red crystals of Li[Mn(bpy),;]-4THF were separated
from a tetrahydrofuran solution. Calcd: Mn, 6.7%,; THF,
35.2%. Found: Mn, 6.3%; THF, 33.2%. The effective
magnetic moment, f..=3.6; B.M., at 290 K agrees with the
value, 3.7, B.M., described in the literature.?

The susceptibility was determined in the temperature range
of 1.6—20 K by means of a Hartshorn bridge operating at
90 Hz with a field strength equal to about 10 Oe. Iron(III)
alum was employed as a standard. Between 4.2 and 320 K,
the susceptibility was determined by use of a magnetic balance
already described.®) The two different methods yielded data
agreeing with each other within about 4-2%. Each sample
was sealed in a quartz cell with ambient helium because the
compounds were very sensitive to atmospheric oxygen and
moisture.

The molar susceptibilities were corrected for diamagnetic
contributions (10-% emu/mol) from 2,2’-bipyridine (—93) and
THF (—55).12 The contributions from manganese and
lithium ions are negligible. The temperature-independent
paramagnetism of manganese ions was disregarded because
it is expected to be negligibly small in comparison with the
observed susceptibility.

A similar model is applicable to [Mn(bpy);]-2THF as
The presence of antiferromagnetic interaction indicates the formation of a weak covalent bond between
This can be elucidated consistently by the molecular orbital theory.

Results

Figures 1—4 show the observed susceptibility. The
magnetic susceptibility of Li[Mn(bpy)s]-4THF does
not obey the Curie-Weiss law in the temperature range
investigated (see Fig. 1). On the other hand, that of
[Mn(bpy)s]-2THF conforms to the Curie-Weiss law
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Fig. 1. Reciprocal magnetic susceptibility of Li[Mn-

(bpy)s]-4THF. Curve A shows theoretical suscep-
tibility calculated by Eq. (2) with g=2.00, Jjk=
—180 K, and a=1.0. Curve B represents susceptibility
based on Eq. (6) with g=2.00, J/k=—175K, a=1.0,
and §=—-8 K.
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Fig.2. Reciprocal magnetic susceptibility of [Mn(bpy),]
-2THF. Curve A shows theoretical susceptibility
calculated by Eq. (7) with g=2.00, J/k=—200 K, and
a=1.0. Curve B represents modified susceptibility
which takes into account magnetic interaction between
complex molecules (g=2.00, J/k=—200K, a=1.0,
and 0=—4K).
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Fig. 3. Magnetic susceptibility of Li[Mn(bpy),]-4THF
in a low temperature range and the theoretical suscep-
tibility for the zero-field splitting. Curves A and B
show the average susceptibility and the parallel suscep-
tibility, respectively.
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Fig. 4. Reciprocal magnetic susceptibility of [Mn-
(bpy)s]:2THF in a low temperature range and the
theoretical susceptibility for the zero-field splitting.
The solid and broken curves show the average suscep-
tibility and the parallel susceptibility, respectively.

fairly well between 20 and 160 K as is shown in Fig. 2.
From the Curie constant, the magnetxc moment was
evaluated as x=3.9 B.M. It is noticeable that the
susceptibility deviates from the Curie-Weiss law above
about 160 K.

Discussion

The results of X-ray crystal analyses carried out on
[Ti(bpy)sl, [V(bpy)sl, and [Cr(bpy)s] have shown
that each metal atom has a distorted octahedral coor-
dination of six nitrogen atoms from three bipyridine
molecules.’) Therefore, the crystals of the manganese
complexes are presumed to consist of discrete distorted
octahedral units.

If the formula [Mn }(bpy®)s]~ is assumed for Lx-
[Mn(bpy)s]-4THF, e, if “excess electrons” are
localized only on manganese, the central metal has a
3d® configuration, in which a 3A, term lies lowest in
an ogctahedral crystal field. The deviation from the
Curie-Weiss law in the high temperature range ‘cannot
be cxplamed ‘theoretically on the basis of the crystal
field, because the g-value of the 3A2 term is independent
of ‘temperature. Interpretation is infeasible also by
contribution from the temperature-independent para-
magnetism given by 8Nf%/10Dg.1®. Assuming that
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Fig. 5. Radical ion model. S, and §; (i=1, 2, 3)
represent the spin quantum numbers of manganese
and bipyridines, respectively. J and aJ denote ex-
change integrals.

10D4~7000 cm~—1, the paramagnetism is roughly esti-
mated to be 3X10-¢emu/mol. This value is too
small to interpret the deviation from the Curie-Weiss
law. For these reasons, we have proposed a radical
ion model,® in which three bipyridine ions are coor-
dinated to a divalent manganese ion instead of neutral
ligands coordinating to a monovalent negative man-
ganese (see Fig. 5). This model represents an extreme
case of excess electrons distributed only on the ligands.
For this model, the susceptibility can be derived from
the following Hamiltonian,

2= ~2J 31808, ~ 2J38.S, + MG 38D (1)

where apart from obvious notations, J and aJ represent
exchange integrals and <1,2,3>> denotes all palrs
among §,, S,, and S;.  Because §,=>5/2 in high spin
manganese (II) complexes and SL=S2=S3=1 /2, the
zero-field magnetic susceptibility is given by '
INg2B? [ 14558+ 1057732 4 14410 4 2851382 | 30538 9
ET | B+ 5a%+ 10577994 7410 4 14x19-3 4 Q10 ] @)

where x=exp(J/kT). If the g-value is assumed to be
equal to 2.00, the observed susceptibility can be re-
produced by the theoretical equation with a=1.0 rather
than with a=0 or 0.5 as reported in our previous
paper.® Curve A in Fig. 1 represents the theoretical
curve with a=1.0 and J/k=—180 K, showing a fairly
good agreement with the observed data except for a
low temperature range. Evidently, the disagreement
is related to the anomaly at about 6 K. A broad
maximum of susceptlblhty at the temperature (see
Fig. 3) is attributable to aslight sphttmg of the de-
generate ground level (triplet state) in a distorted
coordination- octahedron. The susceptibilities due to
this zero-field splitting have ‘been formulated as!®

X=

2Ng ?p2(  exp (—DJkT)
= kT Ll+2'exp(—'D/kT)] )
Y = 2Ngf,f32r 1 —exp (—DJ/kT) )
7 kT U1+42exp(—DJkT)
Lo = 5 (4 2L) ©)

where X; and X1 are the parallel and perpendicular
susceptibilities, respectively, X,, is the average sus-
ceptibility, and D denotes the zero-field splitting con-
stant. Curve A in Fig. 3 shows %,, calculated with
£=2.00 and D/k=40 K. The curve exhibits no maxi-
mum and consequently does not explain the observed-
data. If only the parallel susceptibility is taken into
account, the observed curve can be reproduced fairly
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well by Eq. (3) with g=2.00 and D/k=12 K (see Fig.
3). An alternative explanation is conceivable for the
behavior at about 6 K. The magnetic behavior might
involve magnetic interaction between complex ions at

very low temperature. If interaction between complex
ions is much weaker than that within an ion, Eq. (2)
can be modified as

_2Ng*p®
K(T—0) " — o [F(x)] (6)

where § denotes the Weiss constant that ‘takes into
account the interaction between compléx 10ns,14) and
F(x) stands for the expression bracketed in Eq.’ (2).
As shown in Fig. 1, curve B calculated by Eq. (6)
with g=2.00, "]/k=~—l75 K, and 6=—8K reproduces
very well the observed curve at temperatures above
about 6 K. ‘

The magnetic moment, z=3.9 B.M., of [Mn(bpy),]-
2THF indicates that the.ground 'state is a quartet
(#=3.87 B.M.). When three bipyridine anions are
coordinated to a manganese(III) ion (§,=2 and
81:=S2=S =1/2), a doublet -state (1.73 B.M.) lies
lowest ‘in contradiction to the experimental result. If
two bipyridine anions and a neutral bipyridine molecule
are coordinated to a divalént ‘manganese ion, i.c.;
Sn=>5/2, $;==58,=1/2, and §;3==0, the ground 'state is
a quartet. In this case, the theoretical susceptibility
is formulated as

_ Mg [ 10+ 35x° -+ 3547725 4 84412 ]

X =

4kT 2 4 3x5 4 3x7720 - 4412 )

This formula reproduces the observed curve excellently
with g=2.00, J/k=-—200K, and a=1.0 as shown in
Fig. 2, except for a very low temperature range. If
excess electrons are localized only on manganese, the
metal has a 3d” configuration, in which a 4T, level lies
lowest in a weak octahedral field, whereas a 2E level
represents the gound state in a strong field. As the
theoretical magnetic moment of the ¢T; term shows
temperature dependence owing to spin-orbit coupling,'®
it is possible to explain the observed curve qualitatively.
However, the absolute value of the spin-orbit coupling
constant, {=4170 cm~! (1=—1390 cm™1), for the best
fith is much greater than 239—402 cm™! normally
observed for manganese.!? These suggest that the
radical ion model is applicable to the so-called zero-
valent manganese complexes as well. A magnetic
anomaly appearing below about 10 K is due probably
to the zero-field splitting of the ground level (§=3/2),
which yields theoretical susceptibilities given by!?)

4 _ N[ 1+9exp (—2DJkT) @)

" T 4T | T+ exp (—2D/KT)

_ 5Ng2p[ 1—exp (—2D/kT)
*o="4p [1+exp (—2DJkT) ] ®)

The solid and broken curves in Fig. 4 represent the
average susceptibility (¢=2.00 and D/k=10K) and the
parallel susceptibility (g=2.00 and D/k=4.8 K), re-
spectively; they show a good agreement with the
observed curve. Magnetic interaction between com-
plex molecules also may contribute to the aforemen-
tioned anomaly at low temperature. Equation 7 can
be modified by introducing the Weiss constant in the
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same manner as for Eq. (6). Curve B in Fig. 2 shows
modified susceptibility calculated ' with g=2.00, J/k=
—200K, and 9=—4 K. It reproduces the observed
curve excellently.

The radical ion model can explain the magnetic
susceptibilities of the manganese complexes consistently,
indicating that the excess electrons are localized for the
most part on the ligands rather than on the central
metal in agreement with the.results of optical spectra.®)
However, the presence of antiferromagnetic intéraction
(J<0) suggests also the formation of weak covalent
bonds between bipyridine anions and a manganese(II)
ion. Therefore, the radical ion model has been treated
by the molecular orbital theory for coordination com-
pounds. The molécular orbital scheme has béen pro-
posed for tris(2,2’-bipyridine) complexes.®1?)  Figure 6
shows an’ energy diagram associated with 3d orbitals
in"a D field. The bonding o levels of the complex
are completely filled with electrons from the o orbitals
of the ligands. When manganese in [Mn(bpy)g]® is
in a divalent high-spin state, the degenerate c* levels
are'occupied by two electrons from the dy orbitals of a
mianganese ion. The x level is filled with three elec:
trons from de orbitals of manganese and two- electrons
from the antibonding 7 orbitals of bipyridine ions,
leading to a ¢2r5z*%*2 configuration as shown in
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Fig.6. Energy diagram of [Mn(bpy):]". A:3d orbitals
of a manganese ion. B: Combined orbitals of bi-
pyridines. C: Molecular orbitals of the complex. The
o levels associated with the s and p orbitals of the metal
are not shown.

Fig. 6. Because the n, #n*, and o* orbitals are orthog-
onal to one another, the ground state is a quartet
(#=3.87 B.M.) in conformity with the observed mag-
netic moment. If the central metal has a valence of 3,
the ground state has a ¢'27%7*%*! configuration (u=
1.73 B.M.) in contradiction to the experimental result.
A o2787*15%*0 configuration corresponding to a low-spin
manganese(II) complex also conflicts with the observed
moment. For the ground state having the configura-
tion ¢12n87*0%*2, the first excited state has a o12ntr*1g*2
configuration, which yields a total spin quantum num-
ber and degeneracy consistent with those derived from
Eq. (1) for the radical ion model. The spin multiplicity
of higher excited states also is in conformity with that
for the radical ion model. In the molecular orbital
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system of [Mn(bpy).]—, the o* level is occupied by
two electrons from the dy orbitals of a manganese(II)
ion while the = level is filled with six electrons from the
de orbitals of manganese and the n* orbitals of bipyridine
ions, leading to a o!2a%7*%*2 configuration (x=2.83
B.M.). Excited states, i.e., c%a’a*lc*? (§=2), cl¥%*-
a*2c*2 (§=3), and o2a’x*3c*? (§=4), have magnetic
moments and degeneracies consistent with those based
on the radical ion model. Strictly speaking, energy
separation between @ and e levels should be taken into
account. However, this does not affect essentially the
foregoing discussion, especially when the energy separa-
tion is very small in comparison with the z-n* separa-
tion.

As discussed above, the magnetic properties of the
manganese complexes can be interpreted consistently
by the molecular orbital theory as well as by the radical
ion model involving antiferromagnetic interaction. This
indicates that weak dz-z* bonds are formed between
manganese and bipyridine but that excess electrons are
mostly localized in the antibonding # orbitals of bi-
pyridine rather than in the orbitals of manganese. The
m-m* energy separation can be approximated with the
value of 4| J| or 5| J| expressing an energy separation
between the ground state and the first excited state in
the radical ion model (see Egs. (2) and (7)). The
value may be nearly equal to an energy difference
between the @#* of bipyridine anions and the de of a
manganese ion, because the n* and de orbitals are
suspected to interact with each other only to a small
extent.
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