Cluster Compounds

Angewandte

DOI: 10.1002/anie.200804147

Supertetrahedral and Bi-supertetrahedral Cages: Synthesis, Structures,
and Magnetic Properties of Deca- and Enneadecametallic Cobalt(II)

Clusters™**

Laurent Lisnard, Floriana Tuna, Andrea Candini, Marco Affronte, Richard E. P. Winpenny, and

EricJ. L. Mclnnes*

Significant interest has arisen, owing to the detection of slow
magnetic relaxation in single-molecule magnets (SMMs),[!
where magnetic anisotropy arises from zero-field splitting of a
large spin ground state. Slow relaxation in SMMs is rarely
seen at temperatures above 1.8 K, and, even after two decades
of study, the highest blocking temperatures (below which slow
relaxation is observed) remain at around 4 K.”! Recently, we
observed slow relaxation at 17 K in a {Ni,} cage complex,”!
which led us to propose a quite different mechanism to
account for slow relaxation in the absence of any significant
energy barrier from either high anisotropic spins (as in
SMMs) or intermolecular interactions.

The {Ni,,) clusters possess a supertetrahedral core,
incorporating Ni" ions on the vertices and edges of a
tetrahedron (Figure 1), centred on a p4 oxide, with trisalk-
oxide ligands® binding the {Ni,} faces. This topology leads to
a magnetic structure consisting of dense, well-separated
bands. There is strong antiferromagnetic coupling (2J|
~120cm™") between the pairs of edge-Ni" ions, which
define an inner octahedron centred around the pg oxide,
and very weak coupling between the four vertex Ni ions,
which define the outer tetrahedron. The result is a lowest-
energy “band” consisting of (2s + 1)* =81 levels, separated by
approximately 120 cm™' from the first excited band. This
band structure requires both the highly frustrated topology
and the weak magnetic coupling between vertex sites.
Magnetic relaxation requires that low-energy phonons are
dissipated into the lattice. However, in the model proposed
for {Ni,y}, the existence of 81 levels within the lowest-energy
band makes it much more probable that the phonons are
reabsorbed by a neighboring molecule, and hence trapped,
leading to slow relaxation at relatively high temperatures
compared with SMMs. This mechanism was initially proposed
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Figure 1. a) Structure of 1 in the crystal, with supertetrahedron high-
lighted; b) the {Co,00;3} fused-heterocubane core (Co dark gray,
O light gray, C skeleton only, H omitted for clarity).

by Anderson for relaxation in paramagnetic salts at low
temperature,® but not at high temperatures, as in {Ni,}.

To test this theory, we required new materials, perhaps
with the same topology” but with different values for either
the local spin s or the exchange J. Although such isomorphous
high-nuclearity structures are very rare, a limited number of
examples, incorporating nickel or cobalt, are known®'"! and,
therefore, this target seemed achievable. Herein, we show
that the Co"~triol solvothermal reaction system is much more
versatile than its Ni" equivalent, with minor changes in
reaction conditions leading to structurally related species
including a symmetrical {Co",} supertetrahedron, an opened,
unsymmetrical {Co",,} supertetrahedron, and a vertex-shar-
ing {Co"} bi-supertetrahedron. Crucially, the symmetrical
{Co,o} complex exhibits qualitatively similar magnetic behav-
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ior to {Ni;o}, whereas the unsymmetrical form does not, which
supports the proposed model.

Reaction, in 1:1:1 stoichiometry, of [Co(dpm),(H,0),]
(Hdpm = dipivaloylmethane), Hstmp [1,1,1-tris(hydroxyme-
thyl)propane, EtC(CH,OH);], and adamantyl carboxylic acid
(AdCO,H) in MeOH at 150°C yields [Co,,O(dpm),(tmp),-
(AdCO,),(AdCO,H),5(MeOH); 5(H,0), 5] as brown crystals
(1; 51%)."Y The core consists of four edge-sharing {Co,O,}
cubane structures, centred around a s oxide (O7 in
Figure 1b). The metal ions define a tetrahedron with each
{Cog)} face bound by a fully deprotonated (tmp)*~ ligand
(6.333 binding in Harris notation!'”) and diketonates chelat-
ing the vertices. Two carboxylate groups form bridges
between Co3 and Co6, and between their symmetry equiv-
alents Co3A and Co6A, and one bridging carboxylic acid
disordered with solvent over Col, Co2, and ColA. Co4,
Co4A, and Co5 have terminal solvent and all metal ions are
six coordinate. Bond valence sums (BVS) and charge
balancing indicate the presence of ten Co" ions and one
protonated acid (see the Supporting Information). Hence, the
{Co,,O(L),(diketonate),} core of 1 (L="fully deprotonated
triol) is analogous to that of {Ni,}.

The structure of the cobalt cluster product is sensitive to
changes in ligands and solvent. For example, the use of the
more constrained, cyclohexane-based triol Hicht (Hscht=
cis,cis-1,3,5-cyclohexanetriol), in place of Hstmp, results in a
distorted {Co,,} cage. The reaction of [Co(dpm),(H,0),] with
Hicht and AdCO,H (1:1:1) in EtOH at 150°C affords
[Co,0O(OH)(dpm),(cht),(Heht),(AdCO,);(EtOH);] (2
66 %; Figure 2) as purple crystals.'!l In this case, one of the
four edge-sharing {Co,0,} cubanes has a missing edge, and the
supertetrahedron has an opened face (that incorporating
Co1-5,10; Figure 2b). Two of the {Co4} faces are bound
(6.333 binding in Harris notation"?) by fully deprotonated
(cht)*" ligands. The remaining two {Cos} faces are bound by
monoprotonated (Hcht)*™ ligands, which have “slipped”
towards edges, (5.331binding in Harris notation!?, Fig-
ure 2¢). The remaining coordination sites on the open face
are taken up by a monodentate carboxylate linking Co4 and
Co10, and a p,-hydroxide bridging CoS, Co9, and Co10. The
two remaining carboxylate groups bridge Co9 and Co10, and
terminally coordinate to CoS. Col, Co3, and Co8 are each
coordinated by a terminal solvent molecule, while Co4, CoS,
and Co7 are five-coordinate. BVS and charge balancing
support the presence of ten Co" centers and one hydroxide
ion (see the Supporting Information).

A similar reaction, incorporating the dbm ligand
(Hdbm = dibenzoylmethane) in place of dpm, in the absence
of carboxylic acid, that is, solvothermal reaction of [Co-
(dbm),(H,0),] with Hscht (1:1) in EtOH at 150°C, gives
[C0,90,(OH),(dbm)4(cht)s(Hcht),(PhCO,),(EtOH),].H,0O
(3; 26%) as orange crystals.'!! Cluster 3 consists of two
identical supertetrahedral subunits sharing the Col vertex
(Figure 3). The subunits are similar to those for 1 and 2, with
diketonates chelating the unshared vertices (Co3, Co8, and
Co10) and, as in 2, the faces are capped by (three) 6.333-
bound (cht)*" ligands and (one) 5.331-bound (Hcht)*~ ligand
(Figure 2c¢). The latter is on the face of Co3, Co8, and Col0.
This face is also bound by a p; hydroxide (through Co4, Co9,

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. a) Structure of 2 in the crystal; b) view of the inorganic core;
c) the 6.333 (top) and 5.331 (bottom) binding modes for the
(Hs_.cht)*” ligands.

and Co10). One {Co,0O,} cubane unit in each subunit has an
elongated edge (Co3—05 2.599 A; Figure 3b). Two benzoate
groups, arising from degradation of the diketonate ligands,™
bridge the Co3-Co4 and Co8-Co9 edges. Co10 is coordinated
to a terminal solvent molecule. Co2, CoS, and Co6 are five-
coordinate. BVS and charge balance support the presence of
nineteen Co" ions (see Supporting Information).

These results show the sensitivity of this cobalt coordina-
tion chemistry to minor changes in reaction conditions,
leading to very different, but clearly related, structures, in
stark contrast to the much more robust [Ni'(diketonate),]-
triol solvothermal reaction system,™ which can accommodate
a range of triols (stoichiometric or excess; the cobalt system
requires an excess), carboxylates, and diketonates, in alcohol
or nitrile solvents, to give a variety of {Ni,,} species, all with
the symmetrical {Ni;;O(L),(diketonate),} core (L ="fully
deprotonated triol). The first examples of such a system
were  [Ni;(O(thme),(dbm),(O,CPh),(EtOH);] (Hjthme =
1,1,1-tris(hydroxymethyl)ethane) and [Ni;;O(cht),(dpm),-
(0,CMe),(H,0),], the latter incorporating the constrained
cyclohexanetriol as a tridentate face-capping ligand, in
contrast to the analogous cobalt chemistry, wherein the
constrained triol leads to the ruptured {Co,,} cluster 2 or the
bi-supertetrahedral {Co,o} cluster 3.

Angew. Chem. Int. Ed. 2008, 47, 9695-9699
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Figure 3. a) The structure of 3 in the crystal, highlighting the vertex-
sharing bi-supertetrahedron; b) the inorganic subunit.

Preliminary studies have shown that the symmetrical
supertetrahedral cluster 1 exhibits slow magnetization
dynamics:® a field-dependent maximum in molar magnetic
susceptibility yy 7(T), at 12K (Figure 4a) below which
temperature there is a divergence of field-cooled (FC) and
zero-field-cooled (ZFC) magnetization curves (Figure 4a,
inset), and a small frequency-dependence of the low-temper-
ature ac susceptibility with a peculiar peak in the out-of-phase
component y,.”(7) showing a maximum at a temperature that
is essentially independent of frequency (Figure 5a). The latter
contrasts with typical SMM behavior. Slow magnetization
dynamics are further evidenced by the opening of a hysteresis
loop in the magnetization versus the applied field (see the
Supporting Information) and magnetization retention over
several hours after field-cooling (Figure 5b). Interestingly,
this behavior does not occur in the opened supertetrahedral
cage 2. In this case, yy T(T) decreases continuously with
decreasing 7, there is no opening of FC/ZFC curves (Fig-
ure 4b), and there is no peak in the y,"(7T) signal down to
1.8 K. Notably, the very similar reaction conditions for 1 and 2
(and 3) suggest no extrinsic (impurity) origin for the unusual
magnetic behavior of 1. Also, there are no covalent links nor
any other apparent pathway for exchange between molecules
through the aliphatic ligands (see the Supporting Information,
Figure S3; shortest intermolecular Co--Co distances in 1 and
2 are approximately 10.5 A and 9.0 A, respectively).'*! More-
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Figure 4. y\ T versus Tmeasured in 1T (v), 0.1 T (2), 0.05T (e), or
0.01T (e) applied fields for a) 1, b) 2, and c) 3. Insets: field-cooled
(e) and zero-field-cooled (@) curves measured in 0.01 T applied fields.

over, the only disorder in the structure of 1 is in the positions
of a methanol ligand and a p-carboxylate ligand on one edge
of the supertetrahedron. As both intermolecular coupling and
disorder are considered essential factors supporting spin-glass
behavior, we are led to rule this behavior out for 1, as in the
case of {Ni}. For 3, y\; T has approximately double the room-
temperature value for 1 and 2, decreasing continuously with
decreasing T (Figure 4c). No divergence occurs in FC or ZFC
curves down to 2 K, although there is a significant rise in
v (T) at temperatures approaching 2 K (see the Supporting
Information). Lower temperature measurements are required
before any meaningful conclusion can be made for 3.
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Figure 5. a) In-phase (top) and out-of-phase (bottom) magnetic sus-
ceptibility of 1 measured from 21 to 9777 Hz under a 10 Oe oscillating
field; b) dc relaxation data for 1 at 4, 6, and 8 K plotted as M/M,
versus time where M, is the magnetization value before starting the
decay and after cooling the sample in a 0.01 T applied field.

Unfortunately, the orbital magnetic moment of the octahedral
Co" ion has so far precluded quantitative analysis.

In summary, in complex 1 we have detected slow magnetic
relaxation at temperatures up to 12 K, much higher than those
for SMMs to date. The similarity in the behavior of {Ni,,} and
1, but not 2, supports the association of unusual magnetic
phenomena with the regular supertetrahedral {M,,} structure,
supporting the model proposed in reference [3], only the
second example of this phenomenon. We note that unusual
frustration effects have been predicted for other high-
symmetry deltahedral clusters, such as Miiller’s icosidodeca-
hedral {Mo,,Fe,} Keplerate.'¥ Detailed low-temperature
measurements on 1-3 are in progress. The versatility of this
simple reaction system holds great promise for the develop-
ment of Co" cluster chemistry, which is less well-developed
than that of other first row ions, but has been receiving
increasing attention.[*'°! In fact the enneadecametallic 3 is the
second largest Co" cluster isolated to date.™ Systematic
exploration of the variable synthetic parameters is currently
underway.

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section

[Co(diketonate),(H,0),] precursors were prepared according to
literature procedures!" for the nickel(IT) analogues (90 % ). Elemen-
tal analysis calcd (% ) for C3,H,sCoOq ([Co(dbm),(H,0),]): Co 10.88,
C66.54, H 4.83; found: Co 10.90, C 66.33, H 4.64. Calcd (%) for
C,,H;,CoOy ([Co(dpm),(H,0),]): Co 12.76, C 57.25, H 9.17; found:
Co 12.77, C 56.64, H 8.98.

1: [Co(dpm),(H,0),] (0.25g, 0.54 mmol), Hstmp (0.073 ¢,
0.54 mmol), and AdCO,H (0.097 g, 0.54 mmol) in MeOH (9 mL)
were heated at 150°C for 12 h in a teflon-lined autoclave. After slow
cooling (1°Cmin~!) to room temperature, brown crystals of 1 were
collected, washed by sonication in MeOH, and dried in air (0.068 g,
51% based on Co). Elemental analysis calcd (%) for CgoH;75C0,iO5;:
Co 24.04, C48.51, H7.19; found: Co 23.78, C 48.05, H 7.09.

2: [Co(dpm),(H,0),] (0.25g, 0.54 mmol), Hscht (0.091g,
0.54 mmol), and AdCO,H (0.097 g, 0.54 mmol) in EtOH (4 mL)
were heated at 150°C for 12h as above. After slow cooling
(1°Cmin") to room temperature, purple crystals of 2 were collected,
washed by sonication in EtOH, and dried in air (0.092 g, 66%).
Elemental analysis calcd (%) for C,;H;,3C0,,05;: Co 23.11, C 50.40,
H 7.03; found: Co 23.16, C49.72, H 6.97.

3: [Co(dbm),(H,0),] (0.29 g, 0.54 mmol) and Hscht (0.091 g,
0.54 mmol) in EtOH (9 mL) were heated at 150°C for 12 h as above.
After slow cooling (0.5°Cmin~') to room temperature, orange
crystals of 3 were collected, washed by sonication in EtOH, and
dried in air (0.031g, 26%). Elemental analysis calcd (%) for
Ci70H76C01905: C026.94, C49.14, H4.26; found: Co27.23,
C48.09, H 4.01.

Magnetic measurements were performed on a Quantum Design
MPMS SQUID magnetometer on polycrystalline samples restrained
in eicosane. Data were corrected for the diamagnetism of the samples
using Pascal constants, and the sample holder by measurement.
Frequency-dependent ac-susceptibility measurements used a QD-
PPMS ACMS option. Sample purity was additionally confirmed by
powder X-ray diffraction.
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