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The magnetic susceptibilities of two molybdenum(IV) trinuclear coordination compounds with cores
[Mos(us-S)(1-O)s] and [Mos(us-S)(u-S)3] were measured in the temperature region from liquid He to room
temperature. They had some extra diamagnetic susceptibilities in addition to the calculated values which have
been discussed in anticipation of mesoscopic electronic devices.

Diamagnetism of capped and edge-bridged trian-
gular trinuclear clusters of molybdenum(IV) are dis-
cussed in relation to Ba[Mo3OsS(Hnta)s]- 10H2O(Hasnta:
nitrilotriacetic acid)(1) and Cais[MosSsi(Hnta)s(nta)]-
12H20 (2), which are incomplete cubane-type clusters.
Sample 1 has a core of [Mos(us-S)(u-O)3]4+ and 2 that of
[Mos(us-S)(u-S)s]*+. These coordination compounds,
which have no magnetic ions, have some character-
istics common to the superatom,? which is one of the
mesoscopic systems.?

Experimental

Sample 1 was prepared from Mg[Mo20sS(edta)]-6H20
(edta: ethylenediaminetetraacetate(4—) anion),? which was
a dimer of molybdenum(V) with a core of [Moz(u-O)(u-S)].
Sample 29 was synthesized from Nas[MozO2S2(cys)z]-4H20
(cys:cysteine(2—) anion),? which was also a dimer of
molybdenum(V) with a core of [Moz(u-S)2]. The complex
anions of 1 and 2 are compared in Figs. 1 and 2 (quoted from
Refs. 5 and 3).

The magnetic susceptibilities of powder samples of 1 and
2 were measured in the temperature region from about 2K to
room temperature by a magnetic balance (Oxford Instru-

Fig. 1. [Mo3OsS(Hnta)s]?~ ion of sample 1 (Ref. 5). H
atoms are not shown.

ments) while using the Faraday method,®? at the Institute
for Solid State Physics, the University of Tokyo. In this
method a magnetic field of constant strength of 5000 Oe is
applied with a homogeneous gradient of 500 Oe cm~. The
powder sample was put into a quartz cell together with a
minimum amount of liquid paraffin of special grade,
sufficient to cover the powder sample in order to prevent the
water content from changing. A thermometer was fixed to
the cryostat wall. Its indication was corrected by the
magnetic susceptibilities of a paramagnetic [Cr(NHs)s]Cls
measured in the same temperature range during measure-
ments of the samples. For each measurement the sample cell
site in the cryostat was checked, as well as the pressure of the
heat exchange He gas and the time schedules of the
temperature variation to get precise magnetic suscepti-
bilities. Electron spin resonance attempted on powder samples
1 and 2 at room temperature gave no signal of paramagnetic
complex ions. The absorption spectra of samples 1 and 2
showed no absorption peak near the infrared region.

In the description of the present work, units of CGSemu
nonrationalized system are used, which are listed in Ref. 8
with their conversions.

Fig. 2. [MosS4(Hnta)z(nta)]?~ ion of sample 2 (Ref. 3).
H atoms are not shown. Oxygen atoms of the nta
ligand coordinated to Mo3 are disordered.
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Results and Discussion

The results of the magnetic susceptibilities are
shown in Figs. 3 and 4, where no correction for
diamagnetic susceptibilities has been applied. The
main part of the data is in the diamagnetic region,
except for data at very low temperatures, where the
susceptibilities increased to the paramagnetic region.
Since the molybdenum ions were chemically deter-
mined to be Mo(IV), samples 1 and 2 were considered
to be diamagnetic salts containing some paramagnetic
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Fig. 3. Molar magnetic susceptibility of sample 1,
Ba[Mo3OsS(Hnta)s]-10H2O as a function of
temperature.
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Fig. 4 Molar magnetic susceptibility of sample 2,
Cais[MosSs(Hnta)s(nta)]-12H20 as a function of
temperature.
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impurities. Fittings of the data to xM=(C/T)+a gave
for 1, a=—0.578X10-3 cm3 and for 2, a=—0.657X10-3
cm3.  C of 1 was <0.00179cm3K and C of 2 was
<0.00115cm3K. If the paramagnetic impurities are
assumed to have S=1/2 and g=2, every 200 molecules
of sample 1 and about 300 molecules of sample 2 carry
one impurity. The molecular diamagnetic suscepti-
bilities calculated by the Pascal-Pacault-Hoarau
method? are —0.5119X10-3 cm? for 1 and —0.5856X
10-3 cm3 for 2.

The molybdenum(IV) ion has a temperature-inde-
pendent paramagnetic susceptibility, xtip, due to spin-
orbit coupling, if it takes the 3T, term. MoOz, which
is considered to be an oxide of Mo(IV), has a xtr of
0.33X10-¢ CGSemu per gram (0.0422X10-3 cm3 per
mole).19 The Mo ion in the MoO; forms an MoOs
octahedra, but in the chain of the MoOg’s Mo ions are
alternately nearer to and farther from each other. The
dimeric state, in which the nearer Mo-Mo distance is
250 A and farther distance is 3.10 A, indicates the
presence of a direct bond between the Mo atoms, a
situation that is very similar to the metal-metal bonds
in samples 1 and 2. Using this value of the
temperature-independent paramagnetic susceptibility
for samples 1 and 2, their xtie of 0.127X10-3 cm3 was
assumed. Then, sample 1 has an extra molar
diamagnetic susceptibility of —0.193X10-3 cm?3 and 2
has that of —0.198X10-3cm3. Sample 1 shows
absorptions at ca. 530 nm (=352 M—1cm~!) and ca.
330nm (e=1830M-1cm-!), and 2 at ca. 620 nm
(e=350 M1 cm™1) and 370 nm (e=5200 M~! cm~1), re-
spectively. If these are assumed to be due to spin-orbit
interactions and the parameters obtained from the
lowest absorptions, 18870 cm~! and 16130 cm—1, are
used into Figgis’s formula!? for the magnetic suscep-
tibility of the d? configuration in 3Ty, the temper-
ature-independent parts of the magnetic suscepti-
bilities become 0.114X10-3cm3 and 0.129X10-3 cms,
respectively, which are near to the xtr obtained from

Table 1. Some Averaged Interatomic Distances in the Capped and Edge-Bridged
Triangular Trinuclear Complex Ions of Molybdenum
) Mo-Mo Mo-(us-L) Mo-(u-L)

Complex ions i i [L] 3 [L] Ref.
a) [M0304(C204)3(H20)s]2~ 2.486 2.019 O 1.921 (0] 12
b) [Mo3O4{(O2CCHz):NCH3}s]2~ 2.495 2.043 O 1.918 (@) 13
c) [Mo3O4Fs]~ 2.505 2.032 O 1.920 (0] 14
d) [MosOs(EDTA)3]*~ {2‘504 2.038 (0] 1.926 (@) 15

) 2.508 2.045 O 1.915 (o)
e) [Mo3OsS(Hnta)s]2~ 2.589 2.360 S 1.917 O 3
f) [MosSs(Hnta)z(nta)P- 2.750 2.332 S 2.286 S 5
g) [MosSs{HN(CH2CO2)2}3]2~ 2.754 2.349 S 2.295 S 16
h) [MosS«(CN)s]*~ 2.765 2.363 S 2.312 S 17
i) [Mo3S4(CN)sl*~ 2.773 2.361 S 2.322 S 18
j) [Mo3S4(SCH2CH2S)3]2~ 2.783 2.345 S 2.293 S 19
k) [MosSsCly(PEt3)3(MeOH)2] 2.766 2.355 S 2.288 S 20
1) [Mo3S4Cly(PEt3)s(MeOH)] 2.790 2.359 S 2.289 S 20
m) [MosSa(h-CsHs)s]*™ 2.812 2.314 S 2.293 S 21
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In Table 1, the interatomic distances in the capped
and edge-bridged triangular trinuclear complex ions
of Mo(IV) with cores of [Mos(us-O)(u-O)3], [Mos(us-
S)(u-0O)s], and [Moa(us-S)(u-S)s] are shown. Muiller et
al.?2 gave a metal-metal bond length of 2.47—2.524 A
for Mos clusters with a six-electron configuration with
a coordination number 6 of simple donor ligands of
each Mo ion. The averaged Mo-Mo interatomic dis-
tances of a), b), ¢), and d) of Table 1 is 2.500 A, which
is within the lengths given by Muiller. Half of 2.500 A
is considered to be the radius of the Mo(IV) ion in the
complex 1ons given in Table I; then, the length of
Mo-(u-0O) is the sum of the radii of a Mo(IV) ion and a
4-0O2%= ion, the length of Mo—-(u3-O) is the sum of the
radii of a Mo(IV) ion and a u3-O2 ion, the length of
Mo—(u-S) is the sum of the radii of a Mo(IV) ion and a
#-S2- ion and the length of Mo-(us-S) is the sum of the
radii of a Mo(IV) ion and a u3-S2- ion. The averaged
values of radii were 1.25 A for the Mo(IV) ion, 0.67 A
for the u-O2- ion, 0.79 A for the u3-O2- ion, 1.05 A
for the u-S?- ion, and 1.10A for the us-S?- ion,
respectively, which are very near to the bond lengths of

&
&

Fig. 5. [Mo03OsS}**+ core of sample 1, Ba[Mo3OsS-
(Hnta)s]-10H20. The upper figure is a projection to
the Mo triangular plane and the lower one is drawn
along an axis perpendicular to the Mo triangular
plane. The largest circles are Mo** ions, the middle
one is the u3-S2~ ion and the smallest ones are u-O2-
ions. Radii are shown in the text.
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covalent or metallic bonds of each ion.?® Using these
radii, the cores of 1, [Mos(us-S)(u-O)3]4t, and 2,
[Mos(us-S)(u-S)s]4t, are given in Figs. 5 and 6. Sample
1 has a ligand of three Hnta, where six oxygen atoms
of the three Hnta take sites on the same side, with the
capped sulfur ion to the plane made by three
molybdenum ions; the three nitrogen atoms of the
three Hnta take sites on the same side with the bridged
oxygen ions to the plane made by the three molyb-
denum ions. Sample 2 has ligands of two Hnta and
one nta. Their coordination to the molybdenum ions
are similar to sample 1.

Bursten et al.2¥ observed the photoelectron spectra
of triangular trinuclear coordination compounds
ResCly and ResBrg and analized the spectra on the basis
of the results of SCF-X-SW and Fenske-Hall molecular
orbital calculations. Of course, these compounds are
much different from samples 1 and 2 in the present
paper, but ResCly and ResBry have o-type bonding
between the Re metal ions of 5d*. Some figures of the
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Fig. 6. [MosS4]*t core of sample 2, Cais[Mo3Ss-
(Hnta)z(nta)]-12H20. The upper figure is a projec-
tion to the Mo triangular plane and the lower one
is drawn along an axis perpendicular to the Mo
triangular plane. The largest circles are Mo** ions,
the middle one is u3-S?~ ion and the smallest ones
are u-S2- ions. Radii are shown in the text.
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electron density distribution in the planes made with
triangle of three Re atoms show some linked electron
contour distributions without using any node points
of the wave functions. A similar electron distribution
linked in each contour is shown in the case of
Rus(CO)12 by Delley et al.29 These results cause us to
imagine that when a magnetic field is applied in a
direction perpendicular to the plane of a triangle,
there will be a diamagnetic susceptibility due to the
Larmor rotations of the electrons of each contour
linked. Bursten et al.2® examined the bondings in
several structures of triangular trinuclear molybde-
num(IV) cluster compounds. They proceeded con-
siderations from the [Mosz]'2* core to a [Mo3Oz]®+ core,
then to a [M03Os] core. The first one is a “‘naked”
triangle of three Mo*t ions. The second one is a
triangle of three Mo*t ions with capped O?- ions at
both sides of the triangle plane. The third one is the
triangle of three Mo*+ ions doubly bridged by O%- ions
between two Mo#t ions. In the first one of Dsx
symmetry, one 4dy orbital and one 4de orbital of each
Mo#+ make bondings which link three Mo i1ons
together into a triangle and six valence electrons are
expected to occupy these orbitals resulting in a bond
order of one between each pair of Mo ions. In the
second one, the metal triangle framework was not
significantly influenced by the capped ligands. The
4d~y orbitals, which were directed to the centre of the
triangle in the first one, were strongly bonded with 2p
orbitals of capped O2- ions. The highest occupied Mo
of the second one is not the antibonding orbital but,
rather, the bonding which makes the bonding tight.
Bursten et al. concluded that the capping oxygen
atoms in [MogOz]3t were bound primarily through
Mo-O covalent o-interaction and only in a secondary
was by n-donation from the oxygen atoms into empty
metal-metal orbitals. In the third one, the presence of
edge-bridging oxygen atoms did not cause the metal-
metal bonding to rehybridize; however, strong co-
valent Mo-O bondings were found, as in second -one.
Then, Bursten et al. examined a [Mo3O4]*+ core that
comprised triangular three Mo*+ with a capped O2-
and three edge-bridged O2-, compared with the above-
mentioned cores. The results are shown in the table of
the Mulliken populations. Electron densities within
the capped and bridged triangle were not significantly
changed by other ligands. On the other hand the
lower symmetry Cs, of [Mo3O4]*t than Dass, which
[Mo3Oz]8+ and [MosOs] have, has brought strong
mixing of edge bridging de-type orbitals and increased
the electron population to the capped oxygen orbitals
of Mo ions. Let us return to Fig. 5. Sample 1 has a
core of [Mo3OsS]*t, which may be considered to be
analogous to the [MosO4]**. Figure 5 makes us
imagine the three Mo ions of the [M03OsS]*+ would
have a distribution of 4d electrons linked without any
node within the triangular area and the capped S ion
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would supply more electrons to the linkage. The
bridged three oxygens are tightly bonded to the Mo
ions. They could have a linked electron distribution
along the triangle, together with the Mo ions. In the
core [MosSs]¢+ of sample 2 (Fig. 6) the bridged S ions
seem to make the Mo-Mo direct bondings weaker than
those in [MogOsS]*t. The density of the electrons
distributed in the parallel planes to the triangle may be
smaller than that of the [MosOsS]** core. If a magnetic
field is applied in a direction perpendicular to the Mo
triangle plane, those electrons making links without a
node point will begin Larmor rotations and show
some diamagnetism. As in the case of [MosO4}*t,
where there are strong bondings between the Mo ions,
the capped ion and Mo ions and bridged ions and Mo
ions, some electrons will be brought into the Larmor
rotations. Following the results of Bursten et al., some
electrons from the MO in Table IV of Ref. 26 could
contribute to this extra diamagnetism. This aniso-
tropic diamagnetism could be approximated by a
magnetic susceptibility formula given by Lonsdale??
for the aromatic rings, namely, x:ins=(—Ne2/4 mC2)3] 12,
where N is the Avogadro number, m is the electfon
mass (g), p is the number of rotating electrons, r is the
distance of an electron from the centre of the molecule
in cm and other symbols have their usual meanings. If
in Fig. 5, a circular area with a diameter of about 2.2 A
(the diameter of the capped S2- ion) is assumed to be
an orbital area sufficient to produce an extra dia-
magnetic susceptibility of —0.193X10-3 cm3 for 1, the
number of electrons participating in the Larmor
rotations is about 9.4. If a similar consideration is
made regarding sample 2, the number of electrons
participating in the Larmor rotations on a ring of
diameter of about 2.2 A, is about 9.6. Until the real
number of electrons participating in the Larmor
rotations could be known, the number of electrons
which contribute to the extra diamagnetism caused by
the Larmor rotations are only estimated numbers.
This extra diamagnetism due to the Larmor rotations
would mainly have arisen from the direct metal-metal
bondings, which are remarkable in triangle 4d metal
coordinated compounds with single-atom bridges.
Some magnetic polynuclear coordination com-
pounds have been used as catalyzers?® because they
have more magnetic moments than monomer mag-
netic ions. Though the present trinuclear compounds
are not magnetic, if they are compared with the
mesoscopic superatoms, the capped ion size would
determine the superatom’s core diameter and number
of electrons brought into the Larmor rotation would
correspond to the number of donors modulation-
doped into the superatoms. Diamagnetic polynuclaer
coordination compounds can be designed in a manner
similar to a superatom. Their crystal lattices would
construct arrays of linked electron densities which
would provide a step to using diamagnetic poly-
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nuclear coordination compounds in electronic devices,
since they can rotate more electrons along the
overlapped molecular orbitals without a node poten-
tial than a single ion of the same size.

The authors wish to express their sincere thanks to
Professor Minoru Kinoshita and Dr. Tadashi Sugano,
the University of Tokyo, for the measurements of the
magnetic properties.
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