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A Multifaceted Cage Cluster, [CoII6O12 ⊃ X]- (X = Cl- or F-):
Halide Template Effect and Frustrated Magnetism
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Two hexanuclear CoII clusters, NHEt3[Co6(phendc)6⊃X] 3MeOH 3 3H2O (X=Cl- (1) or F- (2)),
were obtained accidently by the in situ formation of the coordinating ligand H2phendc (1,10-
phenanthroline-2,9-dicarboxylate) from the precursor ligand H2phenox (1,10-phenanthroline-2,9-
dicarbaldehyde dioxime). Halides among the reactants used become the template around which a
highly symmetric cluster is generated which display spin-glass magnetic behavior as a consequence of
the severe magnetic frustration due to geometrical arrangement of the moments. Different anion-
template effects were demonstrated by ESI-MS studies. Interestingly, 1 exists in solution; in its solid
state, a rare and unique single-crystal to single-crystal transformation is observed upon desolvation,
which is accompanied by the departure of NEt3. Both dc and ac magnetization data suggest the spin-
glass behavior for 1 and its guest-free structure H[Co6(phendc)6Cl] (10) at different blocking
temperatures of 5.3 and 7.8K, respectively. The absence of this observation for 2 raises an interesting
question regarding its origin and provides a remarkable example of fine-tuning of frustrated
magnetic properties via host-guest interactions.

Introduction

Considerable efforts are being devoted to the field of
coordination chemistry and in particular for metal-
organic hybrids displaying several properties such as elec-
trical, magnetic, optical, gas sorption, and catalysis.1 The
principal impetus being to design structures from build-
ing blocks, i.e. metals and ligands, having the structural,
electronic and magnetic characteristics required for the
desired properties in mind.2 For example the use of open-
shell metal ions and/or radical organic ligands for the
design of molecular magnets.1b Consequently, it is a desire
for scientists interested in several properties to attempt at
controlling the crystal structures and the physical properties

from the molecular structures of the starting building
units.3,4 However, while designing can be recognized in
few cases, in general serendipity appears to have the upper
hand.5 Here, we report a case where two related multi-
faceted materials, NHEt3[Co6(phendc)6 ⊃ X] 3MeOH 3
3H2O (X= Cl- (1) or F- (2), H2phendc =1,10-phenan-
throline-2,9-dicarboxylate), are obtained accidently; first
by the in situ formation of the coordinating ligand,
second, one element among the reactants used becomes
the template around which a highly symmetric cluster is
generatedwhich display spin-glassmagnetic behavior as a
consequence of the severe magnetic frustration due to
geometrical arrangement of the moments. These com-
pounds provide good example where the size of the
template can have a consequence on the magnetic beha-
vior. Furthermore, 1 exists in solution and in its solid state
where a rare and unique single-crystal to single-crystal
transformation is observed upon desolvation, which is
accompanied by the decomposition of the cation (NHEt3)

þ

to Hþ and the departure of NEt3.

Experimental Section

Synthesis. All manipulations were performed under aerobic

conditions, using chemicals and solvents as received unless

otherwise stated. Ligand 1,10-phenanthroline-2,9-dicarbalde-

hyde dioxime (H2phenox) was prepared as described and

synthesized in an analogous manner.6
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NHEt3[Co6(phendc)6Cl] 3MeOH 3 3H2O (1). A mixture of

CoCl2 3 6H2O (1 mmol), H2phenox (0.5 mmol), triethylamine

(0.25 mL) and methanol (10 mL) were sealed in a 15-mL

Teflon-lined, stainless-steel Parr bomb. The bomb was heated

at 140 �C for 72 h. The red block crystals were obtained and

picked out manually, washed with methanol and dried in air

(yield 35% based on H2phenox).

NHEt3[Co6(phendc)6F] 3MeOH 3 3H2O (2). The procedure

was similar to that of 1, except that CoF2 3 2H2O (1 mmol) was

used instead of CoCl2 3 6H2O (yield 33% based on H2phenox).

[Co6(phendc)6Cl] 3H (10). 10 was obtained by heating crystals

of 1 from 25 to 130 �C at a heating rate of 10 �C/min, and kept at

130 �C for 0.25 h. They were then cooled down to room temp-

erature. The completeness of the guest removal was monitored

by TGA under N2. All the crystals retained their primary well-

defined external shapes after the heating process.

[Co(Hphenox)(phenoa)] 3MeOH 3 3H2O (3). A mixture of

CoF2 3 2H2O (1 mmol), H2phenox (0.5 mmol) and methanol

(10 mL) was stirred at room temperature for 1 h, during which it

turnedredwine-color.The solventswere thenremoved.The reddish

orange plate crystals formedwere collected, washedwithmethanol,

and dried under vacuum (yield 5% based on H2phenox).

Materials and Physical Measurements. All reagents were

commercially available and used without further purification.

Infrared spectra were obtained from KBr pellets containing ca.

1% of the compounds on a PE Spectrum One FT-IR Spectro-

meter in the 400-4000 cm-1 region. Elemental analyses (C, H,

N) were performed on a PE Series 2400 II CHNS Analyzer.

Thermogravimetric analyses (TGA) were performed at a rate of

10 �C/min under N2 using a Pyris Diamond TG/DTA thermo-

gravimetric/differential thermal analyzer. Powder X-ray dif-

fraction (PXRD) data were recorded on a Rigaku D/M-2200T

automated diffractometer. Analytical pyrolysis was performed

using a CDS Pyroprobe model 5200 pyrolyser with a platinum

coil probe and gas chromatography-mass spectrometry using

GC-2010 and GCMS-QP2010 Plus. AC andDCMagnetization

measurements were performed on polycrystalline samples using

a Quantum Design MPMS-XL7 SQUID. Data were corrected

for the diamagnetic contribution calculated from Pascal con-

stants and the sample container.

X-ray Crystallography. Diffraction data were collected on a

Bruker Smart Apex CCD diffractometer with graphite-mono-

chromatedMo-KR radiation (λ=0.71073 Å). All intensity data

were corrected for Lorentz and polarization effects, and empiri-

cal absorption corrections based on equivalent reflections were

applied using SADABS.7 The structures were solved by direct

methods and refined by the full-matrix least-squares method on

F2 with SHELXTLprogrampackage.8 All non-hydrogen atoms

were refined with anisotropic displacement parameters. The

hydrogen atoms of the ligand were generated geometrically,

but no hydrogen atoms were added to the solvent molecules.

The HNEt3
þ cations could not be located because of their high

degree of disorder. The CH3OH molecules in 1 were treated

using a disorder model consisting of two equivalent parts. The

data of 10 is less accurate because it is the high-temperature test

at 353(2) K. Crystal data as well as details of data collection and

refinements for 1, 10 and 2 are summarized in Table 1, summary

of the geometrical data of exchange bridges is given in Table 2

and selected bond distances and bond angles are listed in Table S1

in theSupporting Information.CCDCreferencenumbers 765299-
765302 for 1, 10, 2 and 3, respectively, which contain the supple-

mentary crystallographic data for this paper. It canbeobtained free

of charge from the Cambridge Crystallographic Data Centre via

http://www.ccdc.cam.ac.uk/data_request/cif.

Results and Discussion

Crystal Structure. Complex 1 was accidently obtained
by the solvothermal reaction of H2phenox (1,10-phenan-
throline-2,9-dicarbaldehyde dioxime) and CoCl2 3 6H2O
in methanol under alkaline (triethylamine) conditions in
the search for CoII single molecule magnets. The X-ray
structure of a red crystal of 1 consists of an anionic cage
with Ci-symmetry, one encapsulated Cl- ion sitting al-
most symmetrically in the center of the six CoII forming a
slightly distorted octahedron with Co 3 3 3Co of 3.818(1)-
3.825(1) Å (Figure 1). The cluster is bonded by six
quadridentate chelating in situ generated phendc2- (Co-
O 2.054(4)-2.400(3) Å, Co-N 2.142(5)-2.149(4) Å).
Each CoII adopts a rarely observed pentagonal-bipyra-
midal seven-coordination, CoO2N4Cl, with two oxygen

Table 1. Crystallographic Data

1 2 10

formula Co6C91H62O28N13Cl Co6C91H62O28N13F Co6C84H37O24N12Cl
fw 2174.6 2158.1 1987.3
cryst size (mm3) 0.18 � 0.16 � 0.12 0.20 � 0.15 � 0.13 0.19 � 0.17 � 0.12
cryst syst trigonal trigonal trigonal
space group R3 R3 R3
T (K) 173(2) 173(2) 353(2)
a (Å) 21.559(3) 21.530(2) 21.842(7)
c (Å) 16.642(5) 16.542(1) 14.502(9)
V (Å 3) 6698.8(2) 6640.5(7) 5991.6(5)
Z 3 3 3
Dc (g cm-3) 1.544 1.545 1.651
μ (mm-1) 1.205 1.187 1.339
no. of reflns [I > 2σ(I)] 2927 2604 2094
R1 [I > 2σ(I)] 0.0435 0.0840 0.1217
wR2 (all data) 0.1169 0.3110 0.3960
GOF 1.068 1.088 1.003
ΔFmin/max (e/Å

3) -0.493/1.230 -0.596/1.455 -0.806/1.241
R1 =

P
||Fo| - |Fc||/

P
|Fo|, wR2 = [

P
w(|Fo| - |Fc|)

2/
P

w|Fo|
2]1/2.
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atoms in the axial positions at an angle of 157.02(1)�with
theCoII atoms. The centralμ6-Cl- is weakly coordinated
to theCoII with an unusually long bond (Co-Cl 2.7023(1)
Å, see Figure S1a in the Supporting Information), and
make up the elongated equatorial O2N2Cl pentagon,
which complete the distorted hepta-coordinated environ-
ment. One disordered NHEt3

þ cation, three 1/3 occupied
disordered methanol and three water molecules are lo-
cated in the crystal lattice. The diameter of the [Co6O12]
core is ca. 7.65 Å, and the diameter of the cavity is ca. 1.36
Å, the cage is enclosed by eight edge-sharing Co3O3

windows, each one has the hexagonal entrance diameters
of ca. 0.54 Å (van der Waals radii are taken into con-
sideration, Figure 2). Interestingly, the template Cl- is the
charge carrier within a nominally neutral cluster and the
cation resides outside the cluster. This is in contrast to the
ferric wheel [LiFe6(OMe)12(dbm)6] and [NaFe6(OMe)12-
(pmdbm)6], (Hdbm =1,3-diphenyl-1,3-propanedione and
Hpmdbm=1,3-di(4-methoxyphenyl)-1,3-propanedione),
where the cation is the template to charge balance the
anionic cluster.9

The observation of the Cl- anion in the center of the
cage is an invitation to replace it with the other halides. It
appears to be restricted to the size of the halide. Thus,
when the same synthetic procedure was deliberately per-
formed with CoF2 3 2H2O instead of CoCl2 3 6H2O, 2 was
isolated. The key feature of the crystal structure is iden-
tical to that of 1 with the consequence that F- has short
contactswith the surroundingCoII ions (Co 3 3 3F2.671(3) Å,

see Figure S1b in the Supporting Information) and the
contraction of the core is due to the presence of the small
F- (Figure 2). Similar reactions starting with the bromide
or iodide of cobalt were not successful. It is worth mention-
ing that in several examples of seven-coordinated CoII

complexes, most of which aremononuclear species except
for examples of nitrate anions functioning as chelate
ligands.10 To the best of our knowledge, 1 is the first
example with seven-coordinated CoII complex compris-
ing Cl- atom in a high-nuclearity cluster.11 High coordi-
nation numbers (higher than four) of Cl- atoms centered
in the cage serving as a weak ligand to transition metal
ions were rarely reported (Figure 3); most are observed in
copper and silver complexes,12,13 and the μ6 mode herein,
is the first observed for CoII complexes (Figure 4a).14

Moreover, there are also several examples of metal poly-
hedra containing an encapsulated F- ion.15

The in situ generation of the ligand is one of the key
processes resulting in the formation of these clusters. The

Table 2. Summary of Geometrical Data of Exchange Bridges for 1, 2, and 10 (in Å and deg)

1 2 10 max deviation (%)

Co1a-O1-Co1 118.38(2) Co1c-O1-Co1 118.80(3) Co1e-O1-Co1 118.5(6) 0.35
Co1b-O3-Co1 117.95(2) Co1d-O3-Co1 119.06(3) Co1f-O3-Co1 119.540(1) 1.34
Co1 3 3 3Co1a 3.818(1) Co1 3 3 3Co1c 3.784(3) Co1 3 3 3Co1e 3.783(4) 0.93
Co1 3 3 3Co1b 3.825(1) Co1 3 3 3Co1d 3.771(3) Co1 3 3 3Co1f 3.853(4) 2.16
Co1-Cl 2.702(8) Co1-F Co1-Cl 2.699(3) 0.12
Co1a-Cl-Co1 89.89(2) Co1c-F-Co1 Co1e-Cl-Co1 88.94(1) 1.10
Co1b-Cl-Co1 90.11(2) Co1d-F-Co1 Co1f-Cl-Co1 91.06(1) 1.05

Symmetry codes: (a) 2- y, 1þ x- y, z; (b) y, 1- xþ y,-z; (c)-1þ y,-xþ y,-z; (d):1- y, 2þ x- y, z; (e) 1þ x- y, 1þ x,-z; (f)-1- xþ y,
1 - x, z.

Figure 1. (a) Hexanuclear structure of [Co6(phendc)6 ⊃ X]- (X = Cl-

(1, 10) orF- (2)); hydrogen atoms anduncoordinatedmolecules havebeen
omitted for clarity; (b) spin frustration of antiferromagnetically coupled
spins in an equilateral triangle presents in the cagelike model.

Figure 2. Dimensions of the cage and the cavity/window for 1 and 2.
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isolation of [CoIII(Hphenox)(phenoa)] 3MeOH 3 3H2O (3,
phenoa =1,10-phenanthroline-9-carbaldehyde oxime-2-
carboxylate) suggests with some certainty that oxida-
tion takes place stepwise for the ligand and also for the
CoII.16 3 consists of a monomeric CoIII with coordinat-
ing phenoa2- and Hphenox- ligands (see Figure S2 and
Scheme S2 in the Supporting Information). Furthermore,
the quadridentate ligand phenoa2- here, coordinated in
the μ3:η

2:η1:η1:η2 fashion, has a fairly fixed distance
between the two coordinating O-donors (4.54 ( 0.04 Å)
of the carboxylate, which results in the rather long Co-O
distance (2.38-2.40 Å). The enhanced coordination cap-
ability and rigid structure of phendc2- is not only helpful
to construct high-nuclearity metal cluster but also give its
complexes the high thermodynamic stability.
Things became more interesting when thermogravi-

metric analysis (TGA, see Figure S3 in the Supporting
Information) of 1 was found to display a weight loss of
8.6% from 25 to 120 �C, corresponding to the loss of 3H2O,

MeOH, andNEt3 (8.5%) (Figure 4). The latter being con-
firmed using pyrolysis-gas chromatography-mass spectro-
metry (Py-GC/MS) method at 80 �C (see Figure S4 in the
Supporting Information). This observation suggests the
decomposition of the countercation. The resulting com-
pound is stable to 400 �C. Through all the processes up to
400 �C, the framework of 1 retains its structural integrity
based on the PXRDdata (see Figure S5 in the Supporting
Information). Microscopy shows that all the crystals
retained their original well-defined external shapes and
luster (photos in Figure 6a). Thus we were able to obtain,
though irreversibly, the guest-free single crystals H[Co6-
(phendc)6Cl] (10). The single-crystal crystallographic
study revealed that the hexanuclear core in 10 resembles
that of 1, and the SC-SC transformation is accompanied
by a structural contraction of 10.5% in cell volume from 1

to 10, because of shortening of the distances between
neighboring clusters (Figure 5). This particular type of
SC-SC is observed for the first time. SC-SC transforma-
tion is useful to develop new models for exploring the
host-guest chemistry, which has been successfully de-
monstrated in many porous materials,17,18 but only lim-
ited examples are known where clusters are involved, in
which the changes of host environment play an important
role in the construction of different molecular-based
magnets.19 Contrary to 1, the same procedure by heating
the crystals of 2did not give the desired results, though the
TGA is very similar, because of the poor crystallinity after
transformation.
From the point of view of organic ligand design, it is an

especially valid reason to use phenanthroline and its deriva-
tiveswith theirhigh tendency to formcage clustersbecauseof
their excellent chelating ability and large conjugated aro-
maticplane.20Following these considerations,we introduced
the tetrapodant ligand 1,10-phenanthroline-2,9-dicarbalde-
hydedioxime (H2phenox),which resulted in the construction

Figure 3. Statistical plot of the coordination numbers of Cl- anion with
transition metal ions.

Figure 4. (a) Anion-centered assembly around octahedral Cl- in 1 and
weak coordinated F- in 2 highlighted in space-filling modes; (b) SC-SC
transformation from 1 to 10. Disordered NEt3 are represented by fixed N
atom and hydrogen atoms are omitted for clarity.

Figure 5. Illustrative representation of the link between Co6 centers.
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of the two hexanuclear CoII clustersNHEt3[Co6(phendc)6⊃
X] 3MeOH 3 3H2O (X = Cl- (1) or F- (2)) and the guest-
free structureH[Co6(phendc)6⊃Cl] (10) obtained from 1 via
SC-SC transformation. This series of halide-templated struc-
tures provide a good model system to test the magnetic
properties modulated by the host-guest interactions in a
frustrated system. Meanwhile, distinct stability of the clus-
ters induced by halide-templated effects in solution and the
unpredictable in situ generated H2phenca ligand from
H2phenox under solvothermal condition are quite signifi-
cant indeepeningourunderstandingof the cluster assembly.
ESI-MS Studies. Characterization of the clusters in

solution was performed by electrospray ionization mass
spectroscopy (ESI-MS),21 and it gives evidence of differ-
ent halide-templated effects in the hexanuclear cages. For
the acetonitrile solution of 1 (Figure 6b), the main peaks
are observed at m/z 1984.75 as a result of 1 losing all
solvent molecules and counterions to form [Co6(phendc)6
⊃ Cl]-, which agree well with the theoretical distribu-
tions. In contrast, we could not find the structure inform-
ation of the integrated Co6 cage when the same experi-
ment was carried out for 2 (Figure 6c). Instead, the
spectra display peaks associated with z = 1 or 2 charge
states of [Co3(phendc)3], [Co4(phendc)4] and [Co5(phendc)5]
segments with Hþ and Naþ counterions found at m/z of
976, 1300.87, 1625.63, 997.91, 673.02 and 835.48, respec-
tively. The observed results corresponding to each peaks
clearly matched with the assigned formulas as well as the
simulated spectra (see Figure S6 in the Supporting In-
formation). The unraveled species of cluster exist in
solution phase showing the fragmentation of structure
in 2. The above observations may indicate that the Co6
core preserves its structural integrity because of the
stronger interaction of the incorporated Cl- with the
cobalt, whereas the unstable state of 2 is due to the weak
interaction of F-. It may also mean that if solvent can
solubilize the fluoride, then 2 will be less stable, as found
when the crystals are exposed to air (Figure 6a). ESI-MS
studies not only helped us to identify and establish the
integrity of the cluster but also to observe the different
templating effect in stabilizing the cluster core. Hence, the

present caseoffersanewexample for theESI-MSstudies,21,22

which has been successfully utilized to provide the in-
formation toward understanding the assembly of clusters
in host-guest chemistry.
Magnetic Properties.The temperature-dependentmag-

netic susceptibilities of 1, 2 and 10 were measured on fresh
polycrystalline samples with random orientations in dc-
field of 1 kOe. The magnetic moments of the three samples
are similar (Figure 7) at room temperature with χmT
range of 15.9-17.2 cm3mol-1 K, significantly larger than
the spin-only value of six high-spin CoII ions 11.3 cm3

mol-1 K. This is a common phenomenon for CoII com-
plex because of the orbital contribution.23 Upon lowering
the temperature, χmT of both 1 and 10 first gradually
decreases to a minimum value of 3.06 and 4.25 cm3 K
mol-1 at 10 and 14 K, where it goes to a shoulder with
value of 3.07 and 5.46 cm3 K mol-1 at 8.0 K, and finally
decreases again on further cooling to 0.57 cm3mol-1 K at
2.0K.There is no obvious anomaly in the dc susceptibility
in 2. The inversemagnetic susceptibility above 80Kobeys

Figure 7. DC magnetic susceptibilities of 1, 2 and 10 recorded under a
1000 Oe field; inset, plots of in-phase (χ0) and out-of-phase (χ0 0) ac
susceptibilities.

Figure 6. (a) Photos of crystals of 1, 10, 2 and the light yellow substance
coming from 2 in air. EIS-MS spectra of (b) 1 and (c) 2.
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the Curie-Weiss law, giving the Curie constant C of 20.6
to 22.4 cm3 mol-1K and Weiss constant θ of -85 to -90
K (see Figure S7 in the Supporting Information). The
effectivemoment per cobalt is 5.2 μB. The large negative θ
values confirm the strong antiferromagnetic coupling
between the intracluster CoII ions. The dependence of
χm vs T curves of 1 and 10 at different fields is pronounced
at low-temperature, the larger increase of χm values at a
small field (Figure 8), which is an indication of the source
of a resultant moment. Furthermore, they appear little
perturbed by the presence of the solvents.
In search of our original aim, i.e., for single-molecule-

magnetic behavior, we further investigate their magnetic
properties at low temperature (2-30 K) using field-cooling
magnetization (FCM) and zero-field-cooling magnetization
(ZFCM) protocol for 1, 2 and 10 employing 20 Oe applied
field (see Figure S8 in the Supporting Information). The
FCMandZFCMdata showbifurcation at 6.3 and 8.8K for
1 and 10, respectively. In addition, we performed a series of
ac-susceptibilities measurements at different frequencies
using an oscillating field of 6 Oe and a zero dc-field. From
the temperature dependence of ac magnetic susceptibilities
(Figure 7 inset),1and10 clearly showanonzeroout-of-phase
signal χ00 with a peak at ca. 4 and 5.7 K, respectively,
accompanied by a broad one for χ0; both having a small
frequency-dependent behavior. The shift is to the high
temperature with increasing frequency. The correspondence
between the bifurcation in ZFC/FC and the peaks in the ac-
susceptibilities is to be noted. Interestingly, none of these
were observed for 2 within the experimentally available
temperatures. However, the broad features are uncharacter-
isticof long-rangemagneticorderingand the small frequency
dependence is likewise uncharacteristic of SMM.23,24 How-
ever, both can be related to superparamagnetism of small
particles or spin-glass behavior. The shift of the peak temp-
erature (Tp) of χ0 was measured by a parameter φ = ΔTp/
[TpΔ(logω)]=0.052 for 1 and 0.041 for 10, corresponding to
a canonical spin glass.25 The relaxation time was obtained
from the Arrhenius law τ = τ0exp(-Δ/kBT); the best set of
parameters are τ0 = 1.29� 10-13 s and Δ/kB = 86 K for 1
and τ0 = 3.5 � 10-17 s and Δ/kB = 170 K for 10.
The field-dependence of the magnetization was also

studied at very low temperatures (see Figure S9 in the
Supporting Information).Magnetization curves of 1 and 10

at 2 K are similar, exhibiting an increase of the magnetiza-
tion in the low-field region, and then increase slowly and
linearly with the field. A pronounced slope of the magne-
tization curve is observed for 2 at 2 K. The non-Brillouin
and lineardependenceof themagnetizationattainingvalues
of 1.9Nβ (1), 1.9Nβ (10) and 2.5Nβ (2) per Co6 unit at 7 T,
which are below the expected saturation value for spin-only
CoII species, are characteristics of the presence of antiferro-
magnetic interactions. A very small hysteresis exists in the
low field at 2 K for 1 with the coercive field Hc = 190 Oe.
The shape and temperature dependence changes of magne-
tization curve for 10 is similar to 1 with a slightly wider
Hc=350Oe.However, nohysteresis loop is observed for 2.
Both dc and ac magnetization data suggest the spin

glass behavior for 1 and 10 with slightly different blocking
temperatures and none for 2. This observation raises an
interesting question regarding its origin. There is one way
of looking at the problem. First, one may consider that
the long distances betweenCo and the halide provide very
weak exchange and the dominating exchange is through
the μ-oxo bridges and this is antiferromagnetic (Table 2).
Consequently, the near equilateral triangular face of the
octahedron results in geometrical spin frustration
(Figure 1b), thus the high value (above 20) for θ/TB,
where TB is the blocking temperature of the spin-glass.
This is consistent with the observation that 1 and 10

behave in a similar way. It is also understandable that
the blocking temperature is slightly higher for the latter
whichmay be associated with the slight contraction of the
cluster (Table 2, Figure 5). It can be noted that the
intercluster interactions is extremely weak or nonexistent.
However, using the above argument one expects a similar
behavior at a higher TB for 2 and this is not the case. To
explain the latter, we need to assume that the exchange
through the halide cannot be neglected at low tempera-
tures. If this is included we then have both antiferromag-
netic exchange Co-X-Co of 180� and ferromagnetic for
90� as expected by the Goodenough-Kanamori rule in
addition to the exchange within the face. The presence of
both types of interaction introduces additional frustra-
tion of the moments within each cluster. However, the
difference in bond distances and in exchange values due to
the different electronic density of the halidemay be respo-
nsible for the higherTB in the case of chloride. The present
results suggest that we should add the octahedron in the
list of magnetic frustrated geometries which include the
triangle (trimer and Kagom�e network) and the tetrahe-
dron (tetramer and pyrochlore framework).26-28 For

Figure 8. Plot of χmT vs T under different fields at low temperature for 1
and 10.
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example, the control of the exchange coupling within the
octahedral clusters [GdNi6] and [LaNi6] through the
central rare earth atom has been achieved,29 while fine-
tuning of themagnetic anisotropy has been demonstrated
for the Fe6(OMe)12

- wheels through the different alkali
metals (Liþ or Naþ).9

Conclusion

This series of hexanuclear CoII clusters provides a rare
set of characteristics including in situ solvothermal gen-
eration of ligand, templated crystallization, high symme-
try, irreversible single-crystal to single-crystal transfor-
mation upon desolvation accompanied by the unique
decomposition of the cation, existence in solution, and
geometrical spin frustration leading to a spin-glass ground

state where the blocking temperature depends on the
template. To the best of our knowledge, there is no
precedence to this range of characters for one complex.
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