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Polymetallic clusters of manganese ions come in a bewilder-
ing variety of shapes and sizes, from simple triangles,
cubes,? and butterflies,””! to wheels,*! discs,™ rods,! truncated
cubes, supercubanes® to the beautifully unusual and
irregular.”’ The vast majority are made through self-assembly,
by the simple combination of Mn*' salts or [Mn;O-
(O,CR)¢L;]*" triangles with flexible bridging/chelating
ligands. For some time we have been investigating the
coordination chemistry of the tripodal alcohols Hjthme,
Hstmp, H,peol, and their analogues (Scheme 1) with tran-
sition-metal ions, in particular, Mn. When fully deprotonated,
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Scheme 1. Structures of 1,1,1-tris(hydroxymethyl)ethane (H;thme), 2-
(bromomethyl)-2-(hydroxymethyl)-1,3-propanediol (Br-mpHs), 2-amino-
2-methyl-1,3-propanediol (ampH,), 1,1,1-tris(hydroxymethyl) propane
(Hstmp), 2-amino-2-ethyl-1,3-propanediol (H,N-H.ep).

these ligands direct the formation of triangular {Mn;} units in
which each oxygen atom bridges one edge of the triangle. In
the presence of other bridging/chelating ligands such as
carboxylates or f-diketonates, these triangles self-assemble to
give a plethora of polymetallic clusters commonly based on
rods, discs, tetrahedra, octahedra, and icosahedra.'? A
natural extension of these studies is the investigation of the
coordination chemistry of analogous organic molecules in
which one (or more) of the alcohol “arms” is replaced by an
alternative functional group(s), for example, an amine group.
Although each alkoxide arm has the potential to bridge up to
three metal centers (and thus a maximum of seven metal
centers per tripodal ligand),™ the -NH, “arm” is likely to act
solely as a monodentate/terminal capping unit, and thus the
amp®~ ion (Scheme 1) should give rise to a number of related,
yet different, structural topologies. Herein we report the
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synthesis and structure of a decametallic mixed-valent Mn
supertetrahedron with the ligand 2-amino-2-methyl-1,3-pro-
panediol (ampH,); this cluster displays dominant ferromag-
netic exchange and a spin ground state of §=22. Further-
more, we show that the magnetic behavior of the compound is
particularly appealing in view of its possible application as an
efficient low-temperature magnetic refrigerant.

The {Mn,,}*" cation (Figure 1) contains a metallic skeleton
that forms a mixed-valent {Mn'";Mn",} supertetrahedron,?

Figure 1. Left: Molecular structure of the {Mn,g} cation of 1; color
code: Mn purple, O red, N blue, Br brown, C gray. Right: The central
metal-oxide core of 1 (top) and its metallic skeleton (bottom); color
code: Mn*" purple, Mn?" pink, O red.

in which each nearest neighbor has a different oxidation state
(Mn1, Mn2 = + II; Mn3, Mn4 = 4 III). The Mn”" ions define
the four apices of the tetrahedron and the Mn®" ions lie along
each edge. The Mn*" ions themselves therefore describe a
trigonal antiprism. The metal ions are connected by four
central tetrahedral oxide ions to give a {Mn"';Mn",0,}'*" core
such that the supertetrahedron can be thought of as being
built from four vertex-sharing {Mn"™;Mn"O}’" tetrahedra.
The four bromide ions each cap one face of the tetrahedron.
The tripodal ligands are of two types: six are doubly
deprotonated (amp*~) and bridge in a p, fashion along each
edge of the tetrahedron (e.g. Mn1, Mn3, and Mn2 in Figure 1),
and four remain fully protonated (ampH,) and chelate each
Mn?" vertex ion. The pendant -NH, “arms” of the amp?~
ligands at the triangular “base” of the cluster are H-bonded to
Br~ counter ions that lie between neighboring Mn,, mole-
cules. Each N atom is H-bonded to two Br™ ions at distances
of approximately 3.2 A forming head-to-head {Mn,,} dimers
throughout the crystal. The oxidation states of the Mn (and
oxide) ions were assigned by using a combination of charge-
balance and bond-length considerations, and BVS analysis.
The Jahn—-Teller axes of the octahedral Mn*" ions are directed
by the presence of the long Mn—Br bonds: thus for Mn4 their
direction is defined by Brl and Br2, and for Mn3 their
direction is defined by Br2 and its symmetry equivalent atom.
All the Mn*" ions are seven-coordinate and bound to an
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{O¢N} set of atoms. Triply bridging Br~ ions have been
observed before in Mn chemistry in the complexes [Mn,O;X-
(O,CR);(dbm);] (X = halide, Hdbm = dibenzoylmethane), in
which the halide sits in the corner of a distorted cubane,"!
[MnsO,Br,(R,dbm),], in which the halide caps the face of an
octahedron," and [NMe,],[Mn,,0,(biphen),Br,,] (biphen =
2,2"-biphenoxide), in which the ps-halides form an {Mn,Brg}
adamantane-like core.™ In each of these complexes the ;-
Br~ ions sit on an axially elongated site with average Mn**—Br
bond lengths in the range 2.79-2.84 A, which is consistent
with the values seen here (Mn—Br(av) =2.82 A). The charge
balance of the complex is completed by the presence of the
Br~ counterions and an additional proton. Significant disor-
der within the {Mn,)} unit and in the interstitial solvent
molecules!'® makes knowing its exact location difficult, but
we have assumed that it is disordered over the pendant -NH,
moieties, thus giving the complex the overall formula
[Mn,,0,Br,(amp)s(ampH,);(HampH,)]Br;-8 hexane

(1-8 CgHyy).

Variable-temperature dc magnetic susceptibility data
were collected on 1-2.5 C¢Hy, (Figure 2) in the temperature
range 300-1.8 K in an applied field of 0.1 T. The room-
temperature yy7 value of approximately 48 cm’®Kmol™
increases upon cooling to a maximum value of approximately
224 cm*Kmol™" at 10 K before dropping to approximately
160 cm’Kmol ™' at 1.8 K. The y,,T value expected for an
uncoupled {Mn™Mn",} unit (g=2.00) is approximately
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Figure 2. a) Reduced magnetization (M/Nug) versus H/T in the ranges
T=1.8-6.0 K and H=10-50 kG; the solid lines are a fit of the data
with the parameters S=22 and D=0 cm". b) T versus T for 1in
the range T=2.0-300 K.
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36 cm*Kmol™!, which is less than the measured value at
300 K. This behavior is indicative of dominant ferromagnetic
exchange between the metal centers resulting in an S=22
ground state—which would give a y\7 value of approxi-
mately 253 cm*Kmol™'. The low-temperature decrease is
assigned to Zeeman effects and/or intermolecular antiferro-
magnetic interactions, which is consistent with the “dimeric”
{Mn,}, structure in the crystal. To determine the spin ground
state for complex 1, magnetization data were collected in the
ranges 10-50 kG and 1.8-6.0 K and these are plotted as
reduced magnetization (M/Nug) versus H/T in Figure 2. The
data show that saturation occurs at a value of approximately
44 and that the various isofield lines superimpose, which
clearly indicates the presence of an §=22 ground state with
no appreciable zero-field splitting. The data were fit by a
matrix-diagonalization method to afford the best fit param-
eters $=22, g=2.00, and D=0cm'. Given the molecular
symmetry (approximately T,) of the complex, a value of, or
close to, zero is expected. Thus despite the large S value,
complex 1 does not behave as a single-molecule magnet, as
confirmed by the lack of an out-of-phase (y/") signal in ac
susceptibility studies. The low-temperature in-phase y'u7T
versus 7" data are superimposable on the dc data.

A detailed field-dependent heat-capacity (C) investiga-
tion of 1 corroborates the analysis of the magnetization data.
A relevant feature of Figure 3a is the broad specific-heat
anomaly, which shifts towards higher temperatures on
increasing applied field. The magnetic contribution to C(T,H)
for H>1T is due to Schottky-type Zeeman splitting of the
otherwise degenerate (D =0cm ') energy spin states. To
mimic the experimental results (with powder samples), we
considered molecular spins with randomly distributed ori-
entations. The calculated results (the Schottky curves

T 1
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Figure 3. a) Temperature dependence of the specific heat C normalized
to the gas constant R for 1 at several applied fields; the dashed and
solid lines are the fits to the Schottky contributions (see text); the
dotted line is the Debye fit to the lattice contribution. b) Magnetic
entropy changes for 1 as obtained from the measurements of C.
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depicted in Figure 3 as solid lines) perfectly reproduce the
experimental magnetic curves and give S =22,g=2,and D =
0cm™, in agreement with the M(H) data. Given that {Mn,}
dimers are formed one would expect the appearance of an
exchange field acting on each molecule which, similar to the
external applied field, causes Zeeman splitting of the
molecular spin ground state. Evidence for this field shows
up in the experimental value of C collected at zero applied
field, which follows the Schottky behavior (dashed line,
Figure 3a) calculated for S =22,g=2,and D=0 cm ', and an
exchange field of H,, =820 G down to 1 K. For decreasing
temperatures below 1K, the intermolecular correlations
become dominant, overwhelming the single-molecule behav-
ior, and the experimental value of C continues to increase
down to the minimum temperature accessible by our instru-
ment. From the estimate of H., and given that gug H.,S=
nJS?, we obtain the absolute value of nJa~5mK for the
intermolecular exchange coupling.

Recent studies!"” of isotropic high-spin molecules have
revealed an enhanced magnetocaloric effect (MCE), that is,
the change of the magnetic entropy S, upon a change in
applied field. The interest in the MCE is both for fundamental
reasons and for potential technological application, since the
MCE and the associated principle of adiabatic demagnet-
ization can be efficiently exploited for cooling applications.!”
The reason isotropic high-spin molecules are good candidates
for magnetic refrigeration is twofold: 1) the higher the spin,
the larger the magnetic entropy; 2) important MCEs are
obtained whenever relatively small applied-field changes are
sufficient to change the polarization of the magnetic mole-
cules fully,'”! and this requires the anisotropy of the molecule
to be negligible. The downside of using high-spin molecules is
the presence of a large proportion of nonmagnetic constituent
elements. High magnetic densities are in great demand for
making devices/refrigerators of reduced size and increased
efficiency. In this regard, complex 1 is a remarkable improve-
ment because the ferromagnetic nature of the {Mn,} cluster
core confers a very large spin (§=22) in spite of a relatively
low nuclearity; that is, ferromagnetic molecules rather than
antiferromagnetic ones are preferred for enhancing MCEs.
Indeed, complex 1 has a spin value comparable to those of
other (antiferromagnetic) molecules studied for their large
MCEs,"""® but its molecular weight is roughly half the
magnitude.

The feasibility of 1 for low-temperature magnetic refrig-
eration requires precise determination of the magnetic
entropy change AS,, upon an applied-field change AH.
From the experimental specific heat C data, the magnetic
entropy is calculated as S, (7,H)= [C,/TdT, whereby the
magnetic specific heat C,, is obtained from C by subtracting
the lattice contribution.!'” It then becomes straightforward to
obtain the entropy changes, whose temperature dependencies
are depicted in Figure 3b for several field changes. It can be
seen that —AS,, reaches a maximum value of 13.0 Jkg 'K at
around 2.2 K. This value is achieved for AH = (7-0) T and
corresponds to the full change of the total magnetic entropy
RIn(2S+1) for a spin §=22 (dotted line in Figure 3b).
Notably, a —AS,, value of 13.0 Jkg ' K™' is among the highest
values ever reported for this temperature range."*! We finally
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mention that for an adiabatic demagnetization refrigerator—
intended for the achievement of ultralow temperatures—the
ideal initial temperature of the cooling process (by adiabatic
demagnetization) is in the region of 2 K. This relatively low
starting temperature, easily reached in any research labora-
tory by pumping liquid *He, would permit cooling to well
below 0.1 K, provided that a suitable refrigerant material is
selected. The above results suggest that 1 is an excellent
candidate.

In conclusion, our initial investigations into the coordina-
tion chemistry of 2-amino-2-methyl-1,3-propanediol have
afforded a beautiful and unusual mixed-valent decametallic
Mn supertetrahedron. Complex 1 is the first characterized Mn
cluster (and an extremely rare example of any transition-
metal cluster) containing the amp?~ ligand, although we have
previously reported clusters containing the closely related
H,N-H,ep ligand.” Magnetic studies reveal that the complex
possesses an extremely large spin ground state of S=22 as a
result of the dominant ferromagnetic exchange interactions
between the metal centers. Complex 1 is thus a rare example
of a molecule that displays this unusual combination.
Furthermore, 1 has great potential as an efficient magnetic
refrigerant in low-temperature applications.

Experimental Section

1: MnBr,4H,0 (500 mg, 1.74mmol) and ampdH, (170 mg,
1.74 mmol) were stirred in MeOH for 1 hour. The solution was then
filtered and layered with hexanes. Crystals of 1-8C¢H,, formed in
3 days in a yield of approximately 20 % . Elemental analysis (% ) calcd
for 1-2.5 C;H, 4 (C4oH;9oMn(N,(Br;): C 27.19, H 5.60, N 5.77; found: C
26.98, H 5.49, N 5.49.
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