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Magnetic Properties

A Reductive-Aggregation Route to
[Mn,,0,,(0OMe),(0,CPh),,(H,0),]*" Single-
Molecule Magnets Related to the [Mn,,] Family**

Anastasios J. Tasiopoulos, Wolfgang Wernsdorfer,
Khalil A. Abboud, and George Christou*

An exciting development in nanoscale magnetic materials
occurred in 1993 when [Mn;,0,,(0O,CMe);((H,0),] (1) was
identified as a nanoscale magnet,!'! the first to comprise
discrete, (magnetically) non-interacting molecular units
rather than a 3D extended lattice (as in metals and metal
oxides, for example). This discovery initiated the field of
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molecular nanomagnetism and such molecules have since
been termed single-molecule magnets (SMMs).! They derive
their properties from the combination of a large spin (S) and
an Ising (easy-axis) magnetoanisotropy (negative zero-field
splitting parameter, D). Although several classes of SMMs
are now known,''" there is still a need for new examples to
improve our understanding of this phenomenon. Efforts
along these lines have been concentrated in two directions:
1) development of synthetic routes to new high nuclearity
metal complexes,*”! and 2) modifications of known SMM:s in
a controlled fashion."'” The best and most thoroughly
studied SMMs to date are members of the
[Mn;,0,,(0O,CR)x(H,0),] ([Mn;,]) family. A number of
[Mn,,] derivatives have been prepared in their neutral [**
one-electron®?” or two-electron” reduced versions with a
variety of carboxylate,®*!) mixed carboxylate,”! and mixed
carboxylate/non-carboxylate® ligands. In all such modifica-
tions, the [Mn,,(u5-O),,] core remains essentially the same.

Herein, we report three new developments: 1) a new
synthetic procedure in manganese cluster chemistry involving
reductive aggregation of permanganate ([MnO,]”) ions in
MeOH/benzoic acid solution; 2) its employment to synthesize
NnBu,™ salts of the new [Mn;,0;,(OMe),(O,CPh),,(H,0),]*~
cluster ion, which is a structural derivative of the well studied
[Mn,,] complexes; and 3) the establishment that this anion is a
new SMM.

The synthesis of normal [Mn;,] compound 1 consists of the
comproportionation reaction between Mn(O,CMe),-4 H,0
and KMnO, in 60% aqueous acetic acid.""! In contrast, the
new synthetic procedure herein is part of a wider investigation
of the reduction of [MnO,]  in alcohol/carboxylic acid
mixtures. The present results were obtained from a MeOH/
PhCO,H medium. Thus, addition of (Nz#Bu,)MnO, to a
methanolic solution of benzoic acid results in the formation of
a dark brown solution from which subsequently were
obtained essentially black crystals. Recrystallization from
CH,Cly/hexanes results in the formation of two types of black
crystals in a total, overall yield of 15 %.

Both types of crystals, diamond-like 2a and needle-like
2b, were crystallographically characterized. Both contain the
same dianion, abbreviated [Mn'},]*".

(NnBu,),[Mn;,0y,(OMe), (0,CPh),4(H,0),] - 2H,0 - 4 CH,Cl, 2a

(NnBu,),[Mny;01,(OMe),(0,CPh),,(H,0),] - 2H,0 - CH,Cl, 2b

Complex 2al'” crystallizes in the orthorhombic space
group Pbca with its asymmetric unit containing half the
[Mn';,]* cluster and one [NnBu,]" ion, as well as one H,O and
two disordered CH,Cl, solvent molecules. The [Mn';,]>~ ion of
2a (Figure 1) contains a central [Mn",(u;-O),(u-O),(p-
OMe),]** unit surrounded by a nonplanar ring of eight Mn'"
atoms that are connected to the central Mn, unit by eight
bridging p;-O®" ions. The metal oxidation states and their
trapped-valence nature were determined by inspection of the
Mn—O bond lengths, manganese bond valence sum calcula-
tions,"¥ and the presence of Mn'! Jahn—Teller elongation axes
for the manganese atoms in the outer ring. The outer Mng ring
is very similar to that in normal [Mn,,] compound 1, but 1 has
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Figure 1. ORTEP plot (thermal ellipsoids set at 50% probability) of the
anion of 2a. For clarity, the benzoate rings have been omitted, except
for the ipso-carbon atom of each ring; Mn blue, O red, C gray.

a central [Mny(pu;-O),]** cubane. The central [Mn'",-
0,(OMe),]*" unit of 2a comprises a planar Mn, rhombus
with two ps;-O” ions (016, O16'), one above and one below
the Mn, plane, and a p-O*~ (018, O18') or p-MeO~ (024,
024’) ion bridging each edge of the rhombus. The central unit
can thus be described either as a face-sharing dicubane unit
with two missing vertices, or as two edge-sharing, oxide-
capped Mn; triangular units; tetranuclear complexes possess-
ing a core very similar to this central unit have been observed
with manganese,*®®! as well as with other transition metals.!
Peripheral ligation is completed by 16 bridging benzoate
groups and two terminal water molecules. All the manganese
atoms are six-coordinate with near octahedral coordination
geometries.

Complex 2b crystallizes in the triclinic space group P1,
and its asymmetric unit consists of a half cluster and two
halves of [NnBu,]" ions disordered around inversion centers,
as well as one disordered H,O molecule and half a CH,CL,.
The structure of the anion of 2b is essentially identical to that
of 2a, except for some disorder in the peripheral benzoate
rings.

For both 2a and 2b, there are Jahn-Teller (JT) distortions
at the Mn' ions in the outer ring, consistent with high-spin
Mn"™ centers with near-octahedral coordination geometry.
The JT distortion takes the form of an axial elongation, with
the elongation axes axial to the Mn;, disk-like core and thus
roughly parallel to each other. Axially elongated Mn—O
bonds are typically at least 0.1-0.2 A longer than the others.
However, there is one anomaly: for 2a (Figure 1), the JT
elongated bonds at Mn4 (Mn4—09 2.074(4), Mn4—O14
2.080(5) A) are not as long as those found at the other Mn™
jons (2.112(5)-2.250(5) A), and the trans bonds Mn4—O7
(1.958(4) A) and Mn4—012 (2.060(5) A) are longer than
expected, especially Mn4—0O7, which is unusually long for an

[12a]
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Mn-O?~ bond (compare Mn—O?~ bonds at the other Mn"" ions
of 1.876(4)-1.905(4) A). A similar anomalous situation is
present at Mnl of 2b. This structural feature at manganese
atoms Mn4 of 2a and Mnl of 2b is crucial to understanding
the magnetic data (see below).

The anions of complexes 2a and 2b are remarkably
similar to normal [Mn,,] clusters, such as 1, with the main
difference being the structure of the central cores (Figure 2).

Figure 2. Comparison of the cores of normal [Mn,,] complex 1 (top)
and the anion of 2a (bottom); Mn*" cyan, Mn** blue, O red, C gray.

The core of the anions of 2a and 2b could be considered the
result of partial methanolysis of the central [Mn,O,]** cubane
of 1, leading to incorporation of two MeO~ bridges and a
change in the core structure (although we do not claim that
this corresponds to its means of formation in the reaction
mixture). Note that complexes 1 and 2 are the smallest
nuclearity members of a larger family of [Mn™ Mn"]
clusters in which there is an outer Mn'", ring around a central
any core. This family currently comprises normal [Mny,]
complexes (such as 1) and 2a/2b (x=38, y=4), the Mny,
cluster [Mn;40;4(OMe)s(O,CMe),((MeOH);(H,0);] (x =10,
y=06),“ and the Mn,, cluster [Mn, O,,(OMe)s(O,CCH,-
Bu);5(H,0)y0] (x =12, y =9).1

The structural similarity between complexes 1 and 2
suggested that 2 might also be an SMM. Thus AC magnetic
susceptibility measurements were performed on a polycrys-
talline sample of 2 (containing both 2a and 2b) in the
temperature range 1.8-10 K using a 3.5 G AC field oscillating
at 5-500 Hz frequencies (v). These studies revealed two
frequency-dependent  out-of-phase  (y,”’) AC signals
(Figure 3), one in the higher temperature (HT) range of 3-
5K, and a second one at lower temperatures (LT) whose
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Figure 3. Plot of y,,” versus T for a microcrystalline sample of 2 sus-
pended in solid eicosane at 500 (0), 250 (@), 50 (), 25 (m), 10 (2),

5 Hz (A). Inset: Plot of the natural logarithm of relaxation rate, In(1/7)
versus inverse temperature using the y,,” versus T data for the slower
relaxing species (higher temperature data). The solid line is a fit to the
Arrhenius equation; see the text for the fitting parameters.

peaks clearly occur at temperatures below the operating limit
of our SQUID (superconducting quantum interference
device) instrument (1.8 K). The LT and HT y,” signals
correspond to faster and slower relaxation rates, respectively.
The peak of a y,,” versus T plot represents the temperature at
which the magnetization relaxation rate equals the angular
frequency w(=2nv), and the y,,” versus T data at different
frequencies (v) were therefore used as a source of kinetic data
to construct an Arrhenius plot (Figure 3, inset) based on the
Arrhenius equation in Equation (1), where 1/7 is the relax-

1/t = 1/7) exp(—U.u/kT) 1)

ation rate (7 is the relaxation time), 1/7, is the pre-exponential
factor, Uy is the effective relaxation barrier, and k is the
Boltzmann constant. The fit of the data to Equation (1) gave
U.;=50.1 K and 1/7,=3.61 x 10® s~ This U, value is smaller
than that of normal [Mn;,] complexes; complex 1, for
example, has a U of 60-65 K.

The observation of out-of-phase AC signals suggests that 2
might be an SMM, although such signals by themselves are
not proof of an SMM. It is also tempting to assume that the
two y,,” signals in Figure 3 are due to the two crystal forms,
diamondlike 2a and needlelike 2b. To confirm whether 2a
and/or 2b are indeed SMMs, and to assess any difference
between the two forms, magnetization versus DC field sweep
studies were performed on single crystals of 2a and 2b by
using a micro-SQUID apparatus."”! The resulting hysteresis
loops are shown in Figure 4, and their coercivities 1) increase
with decreasing 7 at a constant field sweep rate, and
2) increase with increasing sweep rate at a constant 7 (not
shown). This situation is as expected for the superparamag-
net-like properties of an SMM.

However, it is clear that the observed properties (hyste-
resis loops) of 2a and 2b are very similar, and this is totally
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Figure 4. Magnetization (M) versus applied magnetic field (u,H) hys-
teresis loops for a single crystal (wet with mother liquor) of 2a (top)
and 2b (bottom) at the indicated temperatures. M is normalized to its
saturation value, M,.

inconsistent with the two very different AC signals in Figure 3
and the at-first-glance “obvious” conclusion that the two
signals are due to the two crystal forms. In fact, the hysteresis
loops of both 2a and 2b suggest a mixture of faster relaxing
(LT) and slower relaxing (HT) forms, the faster relaxing being
responsible for the large decrease in magnetization at zero
field, and the slower relaxing being responsible for the
subsequent feature at higher fields. The relative proportions
of these two features suggest comparable amounts of the LT
and HT forms in each crystal, with perhaps a slightly greater
amount of the LT, and this situation is again consistent with
the relative proportion of LT and HT AC signals shown in
Figure 3. Note that the hysteresis studies were performed on
wet single-crystals and the AC studies on microcrystals
suspended in solid eicosane, and thus not strictly speaking
on the same material. Nevertheless, we conclude that
1) complex 2 is a new SMM, 2) the different space groups of
diamond-like 2a and needle-like 2b lead to only small
differences in the magnetic properties of the [Mn;,0;,(O-
Me),(O,CPh),;(H,0),]* ion, and 3) there are faster and
slower relaxing forms of complex 2 that cocrystallize in the
same crystal. In fact, the existence of cocrystallized faster and
slower relaxing forms of 1 has long been known, with crystals
of 1 containing about 5% of the faster relaxing form;®? in this
respect complex 2 only differs from 1 in the relative amounts
of the two forms.

For normal [Mn,,] complexes, we have reported elsewhere
that crystals of pure faster relaxing forms can be prepared
with, for example, fert-butylacetate as the carboxylate
group.®¢! Crystallography on such crystals has allowed the
origin of the faster relaxing form to be identified as the
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abnormal orientation of one of the Mn'"" JT elongation axes,

being disposed equatorial rather than axial to the Mn,, disk-
like plane, and thus this JT axis points towards a core O*~ ion.
We have named this “Jahn-Teller isomerism”. The same
effect is likely to be the origin of the two forms of 2. Indeed,
this phenomenon rationalizes the unusual Mn—O bond
lengths at Mn4 for 2a and Mnl1 for 2b. For 2a, for example,
an approximately equal mixture of a) slower relaxing species
with the JT axis at Mn4 in the normal position along the O9-
Mn4-O14 axis, and b) faster relaxing species with the JT axis
at Mn4 abnormally aligned along the O7-Mn4-O12 axis, will
lead to the crystallographic average result that the O9-Mn4-
014 bonds are shorter and the O7-Mn4-O12 bonds are longer
than they should be, which is what is seen (similarly for 2b).
We thus feel that the crystallographic data support the
conclusion from the magnetic studies that crystals of 2a and
2b comprise a mixture of slower and faster relaxing species
which result from normal and abnormal orientations, respec-
tively, of a Mn™ JT elongation axis. As with normal [Mn,,]
complexes, it will require crystallization of pure crystals of the
different forms of 2 to allow more detailed study.

In summary, we have developed access to a variant of the
[Mn;,] family of SMMs by using a reductive-aggregation
route. This structurally very similar variant is also an SMM
and, like normal [Mn;,] complexes, displays both faster and
slower relaxing magnetization dynamics that we assign to the
presence of Jahn-Teller isomerism. We have in the past
obtained many derivatives of [Mn,,] complexes, for example,
by carboxylate substitution,®” one- and two-electron reduc-
tion,®**!% introduction of non-carboxylate ligands® and
similar derivatization of 2 may also prove possible, in which
case it is merely the prototype of what could become a large
new family of related SMMs.

Experimental Section

2: Freshly-prepared (NnBu,)MnO, (1.0 g, 2.8 mmol) was added in
small portions to a solution of benzoic acid (5.0 g, 40.9 mmol) in
MeOH (15 ml), and the mixture stirred for about 5 min. The resulting
purple solution was left undisturbed at room temperature overnight.
During this time, the color slowly turned dark brown, and black
crystals slowly formed. These crystals, which were found to be poor
diffractors of X-rays, were collected by filtration, washed with MeOH
(2x10mL) and dried in vacuo. The material was recrystallized from
CH,Cly/hexanes to give a mixture of diamond-shaped crystals of 2a
and needle-shaped crystals of 2b in an overall yield of 0.12 g (15%
based on Mn). These were collected by filtration, washed with
hexanes, and dried in vacuo. Both 2a and 2b were good diffractors of
X-rays, as long as they were kept in contact with the mother liquor to
prevent solvent loss. Elemental analysis of dried solid: (%) calcd for
Ci46H166N2050Mny; (2-2H,0): C51.45,H4.91, N 0.82; found: C 51.26,
H 4.72, N 0.70. Selected IR data (KBr pellet): #=3430 (s, br), 3065
(W), 2965 (w), 2925 (w), 2875 (w), 1598 (s), 1560 (s), 1532 (s), 1492 (m),
1448 (m), 1417 (s), 1306 (w), 1177 (m), 1069 (w), 1026 (m), 838 (W),
718 (s), 675 (s), 625 (m, br), 499 (m) cm .
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