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Wolfgang Wernsdorfer, and Richard E. P. Winpenny*

The discovery that some molecules show a slow relaxation of
magnetization below a critical temperature has prompted a
large interest in the materials now generally known as “single
molecule magnets” (SMMs)."?! Investigations have been
inspired partly by the idea that SMMs could be used as
molecular magnetic storage devices but also because they
show unusual phenomena such as quantum-tunneling of
magnetization,”! which can be exchange-biased.! The major-
ity of SMMs have been made by Christou and co-workers, and
contain Mn'"ions;*7! the use of Mn'""ions has significant
advantages as cages containing this ion often have ground
states with large spin values and considerable anisotropy
derived from the Jahn-Teller distortion common to a d*ion.

Phosphonates, such as benzylphosphonate (PhCH,PO;*"),
have only rarely been employed in making transition-metal
cages, probably because of the insolubility of metal phospho-
nates. Recently we showed that the reaction of phosphonates
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with preformed trinuclear iron—carboxylate clusters generates
a range of new polymetallic complexes.®! In our search for
new SMMs we have extended this work to mixed-valent basic
manganese carboxylates such as [Mn;O(O,CR)¢(py);] (py=
pyridyl).

Reaction of equimolar amounts of H,O;PCH,Ph and
[Mn;0(0O,CCMe;)¢(py)s] in CH5;CN in the presence of Et;N
gave a dark brown solution from  which
[Et;NH],[Mn'"!;sMn",(j1,-O)s(115-O)(115-OH),(O;PCH,Ph)
(0,CCMe3)10(py).] (1) crystallizes in 40% yield after two
days. Structural analysis” shows that the ps-oxo-centered
triangular array of manganese centers in the precursor cage is
maintained in the product (for example: Mn1, Mn2, Mn3, and
symmetry equivalents; Figure 1); however, 1 is best described
as a centrosymmetric cubic-close packed array of Mn sites.
Twelve of the manganese centers lie in one plane, which
includes the two Mn" sites (Mn6 and Mné6a in Figure 1). Two
Mn™ triangles (Mn5, Mn8, and Mnl0, and the symmetry
related ions) lie above and below hexagons of Mn in the
central plane and bridged to the central layer by a p,-oxide
group (Figure 1b). The relative orientation of the two
triangles makes the packing ABC, not ABA, hence this is a

a)

b)

MnS

Figure 1. The structure of 1 in the crystal: a) viewed parallel to the central Mn plane (the H and
C atoms of the organic side-chains are omitted for clarity), color code: green and yellow, Mn
Mn'"; magenta, P; red, O; blue, N; b) view parallel to the central plane showing the ABC packing of

the Mn ions and the bridging oxygen atoms.

Angew. Chem. 2005, 117, 51725176

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

fragment of a cubic close-packed (ccp) lattice (see Figure 1b).
Mnl lies in the outer plane containing the triangle formed by
Mn5, Mn8, and Mn10, and forms a p;-oxo-centered triangle
with two ions of the central plane (Mn2 and Mn3). The
Mn' site is seven-coordinate, while all the Mn'" sites are six-
coordinate with Jahn-Teller elongations. Valence bond sum
analysis confirms the oxidation states, as well as the assign-
ment of two hydroxide and twelve oxide bridges. The Et;NH
cations hydrogen bond to O atoms from phosphonate groups
(N—H--O(phos) 2.78 A). The twelve phosphonate ligands in 1
show three bonding modes: 3.111, 4.211, and 5.221 (Harris
notation®), with four examples of each mode in the structure.

Two related clusters can be made from mixed-valent
[Mn;O(O,CPh)¢(py),(H,O)] and homovalent [Mn;O-
(O,CPh),(py);]ClO, benzoate triangles: K,[Mn"™,Mn",(y,-
0),(3-0)(PhCH,PO3),4(PhCO,),,(PhCO,H), s(CH;CN),]
(2) and Nag[Mn"'; ,Mn"(11,-0),(115-O),(OH),(PhCH,PO3) -
(PhCO,),,(PhCO,H),(H,0),(CH;CN),] (3) can be formed,
depending on whether K' or Na'ions are present. The
manganese cores are similar to that in 1, and the center of
symmetry is retained; however, additional Mn"sites are
found within the central layer. Mn4 in 2 has been assigned as

being in the Mn" oxidation state

because of an increase in the

average bond length to 2.163 A

(from 2.011 A in 1), while the

other Mn—O bond lengths remain

] virtually unchanged. The average

bond length to Mn4 in 3 remains

o long (2.184 A), but a significant

increase is also observed around

Mn7 (2.140 A compared to

~ 2.023 A for 1 and 2.022 A for 2).

W/ Mn4 and Mn7 in 3 are thus

assigned as Mn" sites. The alkali-

o] metal cations are attached to the

periphery of the cages and have

no structure-directing role. This

result allows us to isolate three

different redox states of mixed-

valent cages with the same high
nuclearity.

The variable-temperature
direct current (dc) magnetic sus-
ceptibilities measured for the
three compounds are shown in
Figure 2a. All three compounds
show the same type of behavior:
the xT value increases from
nearly 60 (1) and 68 emuKmol™
(2 and 3) at room temperature to
reach maxima of 210 (1), 115 (2),
and 74 emuKmol™ (3). A rapid
decrease is observed around 10 K
which probably results from zero-
field splitting or intermolecular
interactions. These curves suggest
the three cages have a high-spin
ground state: S=19+1 for 1, S=

MnlA
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Figure 2. a) Temperature-dependence of the yTvalue for a polycrystal-
line sample of 1, 2, and 3; b) magnetization versus field data for 1, 2,
and 3 recorded at 1.55 K. The filled squares represent the single-crystal
magnetization of 1 along the easy axis.

14+1 for 2, and S=11+1 for 3. The magnetization (M)
versus magnetic field (H) data are in agreement with the yT
plots, and further confirm the large spin values of the ground
states. Magnetization measurements were performed on
polycrystalline samples at 1.55 K to determine the ground
state more accurately (Figure2b). A two-step curve is
obtained for all three compounds, with first a rapid saturation
around 40 pg (1), 30 pg (2), and 25 pg (3), followed by a slow
increase in the value of M. Single-crystal magnetization
measurements performed along the easy axis of the cluster 1
show a pronounced saturation around 40 pg at low field,
followed by a broad step (Figure 2b).

The further increase in the magnetization is consistent
with the presence of excited states close in energy that have a
larger spin value. This observation is not surprising when
Mn' ions are present as they often lead to weak antiferro-
magnetic exchange interactions, which can easily be over-
come by an external magnetic field. The observed difference
in the single-crystal and powder data for 1 suggests that it has
a significant magnetic anisotropy which when associated with
the large S value (S =19 £ 1) could lead to slow relaxation of
the magnetization.

Alternating current (ac) susceptibility measurements in
zero field allows estimation of the energy barrier for the
reorientation of the magnetization of superparamagnetic
particles or molecules functioning as SMMs.”! The applied
oscillating field probes the dynamics of this reorientation, as
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the out-of-phase signal (y”’) is maximal when the frequency of
the ac field equals the relaxation rate of the magnetization.
We monitored the value of " from 1.5 to 10K at several
frequencies between 100 to 20000 Hz. Maxima were observed
for compounds 1 and 2 (the data for 1 are shown in Figure 3).

Figure 3. Temperature-dependence of the out-of-phase susceptibility of
1 measured from 100 to 20000 Hz. Inset: the temperature-dependence
of the relaxation time extracted from ac measurements and time decay
of the magnetization.

In contrast, only a frequency-dependent increase in the value
of y*, with no maxima down to 1.5 K, has been observed for 3.
The energy barrier for the relaxation can be derived from the
Arrhenius plot® as 43 K (r,=2x 10" s) for 1 and 17 K (7, =
2x107'°s) for 2, with a moderate distribution of relaxation
times. All three compounds are therefore new SMMs, and 1
possesses one of the highest energy barriers known after
[Mn,,} clusters.” It is also one of the highest spin SMMs
known.[*!% Tt is worth noting that the energy barrier increases
from 3 to 1 as the content of anisotropic Mn"" ions and the
ground spin state of the cluster increases.

The decay of remnant magnetization (see Supporting
Information) has been followed on a microcrystal of 1 with a
micro-Squid™! and the relaxation time—extracted as the time
delay at which M/M, equals 1/e—is in good agreement with
the values extracted from ac measurements (see inset of
Figure 3). A square hysteresis loop has been measured that
widens on lowering the temperature, with a remarkably high
coercive field of 10 kOe below 0.4 K (Figure 4). Previously
reported large Mn cages have much narrower hysteresis
loops.*” No sudden jumps at H =0 are observed here, which
suggests resonant quantum tunneling is not particularly
efficient. This proposal is confirmed by the unchanged value
of the relaxation time t extracted from ac susceptibility
measurements in zero and under moderate static fields. The
shape of the hysteresis is unusual, as it shows small steps
around 4 and 9kOe on the descending field branch. A
detailed analysis of the hysteretic behavior of these steps
shows that they are not related to dynamic properties but
rather that they correspond to a cross-over to a magnetic
ground state of higher S value that is induced by the applied
field.”

The S=19+1 ground state of 1 in low field can be
tentatively rationalized as follows. The strongest antiferro-
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Figure 4. Hysteresis loops measured at a sweep rate of 350 Oes™' on
a crystal of 1 at different temperatures. Steps at 4 and 9 kOe are indi-
cated by arrows.

magnetic interactions are likely to result from p;-oxides which
are all associated with the triangle Mn1-Mn2-Mn3 and its
symmetry equivalent. We assume that these triangles are spin-
frustrated and have a low resulting spin.'*]

We can then consider the remaining twelve Mn™ and two
Mn''sites in the structure; the Mn™ sites are bridged by -
oxide and ps-hydroxide groups, which can often create
ferromagnetic exchange. In contrast, exchange between
Mn" and Mn'" sites in similar structures is often weak and
antiferromagnetic. We can thus propose that the spin of the
ground state at low field arises as a consequence of the spin of
the twelve Mn™ ions (S =24) opposed to the spin of the two
Mn" ions (S = 5) plus the contribution from the two frustrated
triangles. The large change in the ground state S value would
then result from the field overcoming the antiferromagnetic
exchange between the Mn™ and Mn" ions, thus leading to an
increase in the S value of 10 and in the M value of 20 pg. The
observed decrease in the value of S on reduction of Mn™ to
Mn" confirms the proposed picture, in which the antiparallel
aligned spins are associated with Mn" sites. This oversimpli-
fied model would, however, predict changes in S of 9 and 18 in
going from 1 to 2 and 3, respectively. The smaller difference
observed suggests a more complicated scenario where
intermediate spin states are stabilized by competing anti-
ferromagnetic interactions. X-ray magnetic circular dichro-
ism, which is able to distinguish how the two oxidation states
contribute to the magnetic moment, thus seems the appro-
priate technique to investigate the spin structure of these
compounds.

The three compounds are therefore very unusual SMMs
as shown by the very high spin and high coercivity of 1, in the
immediate availability of three redox forms of the cluster, and
finally the observation of a dramatic change in the spin of the
ground state.

jutl

Experimental Section

All reagents were used as received from Aldrich. [Mn;O-
(O,CCMes)s(py)s],  [Mn;O(PhCO,)s(py).(H,0)], and  [Mn;O-
(PhCO,)s(py)] ClO, were made by literature procedures.
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1: A brown solution of [Mn;O(O,CCMe;)s(py)s] (0.58 g,
0.56 mmol) in MeCN (10 mL) was treated with PhCH,PO;H,
(0.096 g, 0.56 mmol) and triethylamine (0.14 mL). The resulting
solution was stirred for 15 h and then filtered. Very large crystals
grew from the filtrate after two days. The crystals were suitable for X-
ray studies. Yield: 0.24 g (40%). Elemental analysis calcd (%) for
Ci56H,1sMny N,O, P12 CH,CN: C 39.85, H 4.68, N 1.74, P 7.71,
found: C 39.12, H 4.75, N 2.09, 7.73.

2: [Mn;O(PhCO,)4(py),(H,0)] (0.54 g, 0.5 mmol) and PhCH,PO;
(0.086 g, 0.5 mmol) were mixed in a CH;CN/EtOH (5:1) mixture
(12 mL), and KOMe (0.035 g, 0.5 mmol) was added. The solution was
stirred overnight and filtered. Crystals of 2 grew from the filtrate after
three days. Yield: 0.21 g (60% ). Elemental analysis (%) calcd for
Cig0sH s Mn,0N,K, 0Py (dried): C 42.50, H 3.12, N 0.51, P 8.04;
found: C 42.63, H 3.41, N 0.22, P 7.76.

3: [Mn;0(PhCO,)(py);]C1O, (0.59 g, 0.5 mmol), PhCH,PO;H,
(0.086 g, 0.5 mmol), and Et;N (0.14 mL) were mixed in CH;CN
(10 mL) and the solution stirred for 15 h before being filtered. A
solution of NaClO, (0.24 g) in CH;CN (2-3 mL) was added to the
filtrate and the mixture again filtered before keeping the filtrate for
crystallization. After two days dark brown single crystals of 3 grew
that were suitable for X-ray analysis. Yield: 0.15 g (30 % ). Elemental
analysis calcd (%) for Cy,H;9Mny Ny NagOgePy, (dried) : C 42.61, H
3.40, N 0.98, P 7.54; found: C 42.98, H 3.81, N 0.98, P 7.72.

Magnetic measurements: The temperature-dependence of the
magnetization was measured on polycrystalline powder samples with
a Cryogenic S600 SQUID magnetometer at 10 kOe and below 50 K at
1kOe to avoid saturation. Data have been corrected for the
diamagnetic contribution according to Pascal tables. Magnetization
curves up to 120 kOe have been obtained by using an Oxford
Instruments Vibrating Sample Magnetometer (VSM). Alternating
current susceptibility data were obtained by using a home-made
probe!"! with an oscillating field of 0.8 Oe. A home-made p-SQUID
magnetometer'!!! was used for low-temperature magnetic measure-
ments on single microcrystals of 1.
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