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A novel single vertex-shared dicubane-based cobalt(II) compound, [CoII7(bhqe)3(OH)2(H2O)6] 3
2C2H5OH 3H2O (1), was obtained through the solvothermal generation of 1,2-bis(8-hydroxyquinolin-
2-yl)ethane-1,2-diol, H4bhqe, from 2-(hydroxymethyl)quinolin-8-ol, H2hmq, by in situ C-C coupling
reaction in ethanol containing Co(NO3)2 3 6H2O and triethylamine. The crystal structure consists
of dicubane Co7 cores with six ligands wrapped around it in a trefoil through strong intramolecular
π-π interactions and features an unusual one-dimensional hydrogen-bonded (OHwater 3 3 3Obhqe)
supramolecular organization (along the c-axis). The key factor of the cluster is that every pair of
cobalt atoms are bridged by a single oxygen atoms making an average angle of approximately 95� and
is expected theoretically and experimentally to generate ferromagnetic coupling. The temperature
dependence magnetization exhibits a blocking temperature at approximately 3 K which is confirmed
by observation of large frequency dependence of the ac-susceptibilities in zero dc-field, and detailed
analysis of the dynamics properties allows anunambiguous demonstration of the single-moleculemagnet
(SMM) behavior in 1, though some interesting complexities in the slow magnetization relaxation
processes may be influenced by the crystal system, the large anisotropy of cobalt(II) and the
supramolecular interactions.

Introduction

In recent years we have witnessed a considerable ex-
pansion in the field of magnetism frommolecular units1,2

and metal-organic extended networks.2 While all the
conventional known magnetic ground states, which exist
for metals, alloys, and oxides, still dominate the field,
metal-organic systems have provided a new area of
physics involving magnetism of small clusters and chains
with unconventional behaviors.2a,3 Following the first
major discovery, that is, of single-molecule-magnetism

(SMM), through the observation of quantum tunneling in
the magnetization of [Mn12O12(OOCCH3)16(OH2)4] and
the slow relaxation process by the frequency dependence
of its ac-susceptibilities, much research has been devoted
to the development of related materials as they are
thought to be potential for information storage.1 A key
result for the observation of SMM in these compounds is
the negative single-ion anisotropy of the MnIII while the
segregation of the clusters in the solids and the structural
anisotropy are also important but not strict require-
ments.1a-cAs such the fieldhasdevelopedmuchmore rapidly
for compoundscontainingmanganese than forother first row
transition metals.1,2 Presently, examples are known with a
wide variety of homometallic systems of the d- and f-series
andalsoheterometallic systems.1-3Among thehomometallic
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clusters of the first row transition elements, there are very
few cobalt(II) compounds which are known to display
SMMs behavior,4-6 though the second major discovery
in this field, that is, of single-chain-magnetism (SCM),2a,7

was that of a cobalt(II)-organic radical chain system,
[CoII(hfac)2(NITPhOMe)] (hfac = hexafluoroacetylace-
tonate, NITPhOMe = 40-methoxy-phenyl-4,4,5,5-tetra-
methylimidazoline-1-oxyl-3-oxide).8 Although there is a
vague report of SMMs for a linear trimeric cluster, the
smallest well-characterized SMM clusters are primarily
those containing cubane, Co4O4, and a couple with
planar geometry.4-6 Interestingly, most of the Co4O4

clusters contained citrate as the coordinating ligand.4

We believe the observation of SMMs in these clusters is
due to the ferromagnetic coupling between the nearest
cobalt atoms as a result of the low Co-O-Co angles
(<96�) as expected within the Goodenough-Kanamori
rule, in which orthogonal hard-axis alignments of four
single ion spins (Dion > 0) may result in the negative Dmol

value for the clusters,5,9 although from a single-ion aniso-
tropy point of view cobalt(II) clusters are not expected to
show SMM behavior.
From the point of view of organic ligand design, it is

desirable to synthesize bulky ligands that have the co-
ordinating atoms pointing on one side of the molecule,
this favoring magnetic isolation of the clusters.1 Such an
approach has been especially successfully in creating a
SMM consisting of a cube-based Co12 supercluster by
using the bulky ligand, (1H-benzimidazol-2-yl)-methanol
(hbm).5 As a continuation of this work on 3d transition-
metal clusters,10 we introduce here an analogous anion
of 2-(hydroxymethyl)-quinolin-8-ol (H2hmq) to serve as a
pioneer ligand, and report the first example of a SMM
of cobalt(II) having two fused cubanes with one common
cobalt atom, [CoII7(bhqe)3(OH)2(H2O)6] 3 2C2H5OH 3H2O
(1), which was obtained by the accidental in situ generation
of the ligand in the solvothermal reaction. The cluster has
been characterized by single-crystal structure determina-
tion and extensive magnetization measurements, using

both ac and dc modes, as a function of magnetic field,
temperature, and frequency.

Experimental Section

Materials and Physical Measurements. All reagents were

commercially available and used without further purification.

Infrared spectra were recorded by transmission through KBr

pellets containing about 1% of the compound using a PE

Spectrum One FT-IR spectrometer in the 400-4000 cm-1

region. Elemental analyses (C, H, N) were performed on a PE

Series 2400-CHNS analyzer. Thermal analyses (DT-TGA) were

performed at a rate of 10 �C/min under N2 using a Pyris

Diamond TG/DTA thermogravimetric/differential thermal

analyzer. Powder X-ray diffraction (PXRD) data were recorded

on a Rigaku D/M-2200T automated diffractometer. AC and

DC magnetization measurements of 1 were performed on poly-

crystalline samples using a Quantum Design MPMS-XL5

SQUID. Data were corrected for the diamagnetic contribution

calculated from Pascal constants and the sample container.

X-ray Crystallography. Diffraction data were collected on a

Bruker Smart Apex CCD diffractometer with graphite mono-

chromated Mo KR radiation (λ=0.71073 Å). All intensity data

were corrected for Lorentz and polarization effects, and empirical

absorption corrections based on equivalent reflections were ap-

plied (SADABS). The structure was solved by direct methods and

refined by the full-matrix least-squares method on F2 using the

SHELXTL program package.11 All non-hydrogen atoms were

refined with anisotropic displacement parameters. The hydrogen

atomswere generated geometrically. Crystal data aswell as details

of data collection and refinements are summarized in Table 1.

Selected bond distances and bond angles are listed in Table 2. The

supplementary crystallographic data for this paper can be found

in the Supporting Information or can be obtained free of charge

from the Cambridge Crystallographic Data Centre via http://

www.ccdc.cam.ac.uk/data_request/cif (CCDC-694860).

Results and Discussion

Synthesis. An important reaction leading to the forma-
tionof these crystals is the in situ solvothermal dimerization

Table 1. Crystallographic Data
a

1

formula Co7C64H64O23N6

formula weight 1697.75
crystal size (mm3) 0.28 � 0.28 � 0.12
crystal system trigonal
space group P3c1
T (K) 293
a (Å) 13.5006(1)
c (Å) 19.704(4)
V (Å3) 3110.2(7)
Z 2
Dc (g cm-3) 1.766
μ (mm-1) 1.812
reflns collected 18124
unique reflns 2058
Rint 0.064
R1 [I > 2σ(I)] 0.0435
wR2 (all data) 0.1169
GOF 1.068
ΔFmin/max (e/Å

3) -0.34/0.45

a R1 =
P

||Fo| - |Fc||/
P

|Fo|, wR2 = [
P

w(|Fo| - |Fc|)
2/
P

w|Fo|
2]1/2.
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of the starting H2hmq ligand, in the presence of the other
reagents in ethanol resulting in the generation of H4bhqe.
So far, several examples of solvothermal C-C bond for-
mation have been reported,12 the reactions may involve
radical processes, and the oxidants may come from differ-
ent sources to catalyze the progress of the reaction. How-
ever, there was no oxidant mentioned in some cases.
Dehydrogenative coupling of C-C single bonds are rarely
reported in contrast to the well-documented dehydrogena-
tive coupling ofN-heterocycle in theirmetal complexes.12,13

Herein (Scheme 1), the formation of CoIII by oxygen under
alkaline condition during the process of the pretreatments
of CoII may act as the oxidant. The dehydrogenative C-C
coupling reactions involve the metal-mediated procedures
of the nucleophilic attack of hydroxide and boost the
activation of the neighboring methylene groups, and then
there is anopportunity togenerate radicals on themethylene
groups.13 It suggests that the coordination behaviors of
the metal ion is critical in activating the organic ligand
while no oxidative ability is required in this step.14 The
complicated synthesis provides an unexpected structure
for compound 1 from that of a simpler one expected with
the precursor ligand, but the production of crystals large
enough for single crystal magnetization measurements
was difficult (Figure 1).
Crystal Structure. The crystal structure of 1 is quite

unique with the key feature being the inorganic Co-O
core consisting of a cluster of seven cobalt atoms disposed
at the corners of two cubes with one shared at one vertex.
The cobalt atoms are octahedrally coordinated via the
oxygen and nitrogen atoms of the water and the organic
ligand; the latter being arranged as a trefoil creating a
shield around the inorganic moiety (Figure 2). These
metal-organic clusters are then arranged in a hexagonal

close packed fashion in layers parallel to each other in the
ab-plane (Figure 3). The unit cell contains two such layers
where the two geometrical enantiomers are segregated
and stacked in an ABAB mode. The center-to-center
distance between clusters is 13.5 Å within the layer and
that between layers is 9.85 Å (Figure 4). This particular
Co-O heptanuclear core has been observed before in the
3D-coordination polymer, Co7(μ3-OH)8(ox)3(pip)3,
where they are bridged by piperazine and oxalate;15

Table 2. Summary of the Geometrical Data of Selected Bond Lengths and

Exchange Bridges for 1 (in Å and deg)a

Co1-O1 2.075(2) Co2-O1-Co2B 96.18(1)
Co2-O1 2.181(3) Co2-O3-Co2B 99.86(1)
Co2-O1A 2.088(3) Co1-O1-Co2B 94.23(1)
Co2-O2 2.025(3) Co1 3 3 3Co2 (intracluster) 3.0502(7)
Co2-O3 2.076(2) Co2 3 3 3Co2B (intracluster) 3.1777(1)
Co2-O1W 2.215(4) Co1 3 3 3Co1C (intercluster) 9.852(2)
Co2-N1 2.070(4) Co2 3 3 3Co2D (intercluster) 5.3057(1)
Co1-O1-Co2 91.52(1) Co2 3 3 3Co2C (intercluster) 6.1845(1)

a Symmetry codes: (A)-y, x- y, z, (B)-xþ y,-x, z, (C)-x,-y,-z,
(D) x - y, x, -z.

Scheme 1. Proposed Reaction Leading to bhqe4- and Its

Coordination Mode in 1

Figure 1. Photo of some single crystals of 1 showing the morphology
and size.

Figure 2. (a) Heptanuclear unit of 1, guest molecules are omitted for
clarity; (b) the Co7 core with selected atom-labeling scheme. Some
hydrogen atoms are omitted for clarity.

Figure 3. 1D 6-fold hydrogen-bonding chain along the c axis.

(12) (a) Liu, C.-M.; Gao, S.; Kou, H.-Z. Chem. Commun. 2001, 1670–
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however, the present structure reveals the first example
of a discrete heteronuclear dicubane motif.16

In detail, the core contains seven CoII ions, two
μ3-bridging hydroxide ions, and six alkoxo oxygen atoms
of three μ5:η1:η1:η3:η3:η1:η1-bhqe

4- anions (Scheme 1).
Co1 is coordinated by six μ3-alkoxo oxygen atoms from
three bhqe4- anion. The six symmetry equivalent Co2
atoms are arranged in a staggered fashion, three up and
three down along the c-axis, sandwiching the Co1. Each
Co2 adopts a distorted CoNO5 octahedron formed by
two bhqe4-, μ3-alkoxo oxygen atoms, two O,N-chelating
sites, one μ3-hydroxide ion, and a terminal H2Omolecule.
The cuboidal core is distorted, with distances of 3.05 Å for
Co1 3 3 3Co2, 3.178 Å for Co2 3 3 3Co2, and the Co-O-Co
angles in the range of 95 ( 4�; these distances and angles
are expected to favor ferromagnetic exchange.5,9,10 How-
ever, if the exchange between a pair of cobalt atoms is
antiferromagnetic, a highly magnetically frustrated clus-
ter is anticipated similar to the case of pyrochlore spin-ice
systems due to the presence the tetrahedral arrangement
of moments.17 Each cluster is hydrogen-bonded, through
the oxygen atoms of the chelating bhqe4- groups and the
axial coordinated water molecules, to its two neighbors
along the c-axis. This leads to the formation of 1D chains
with a short O1W-H1W 3 3 3O2 bond (2.715(4) Å) and
Co 3 3 3Co separation of approximately 5.3 Å (Figure 3).
Although a portion of disorder C2H5OH and H2O mole-
cules were found in the crystal lattice, eachCo7 unit is well
isolated in the ab-plane by the bulky bhqe4- ligand. There
is no significant interaction between the adjacent hydro-
gen-bonded chains (Figure 4). This special intermolecular
interaction and correlation may be important in under-
standing the magnetic behavior of this molecule.18 The
trefoil produced by the ligand around the cobalt core is

generated by strong π-π interactions between the qui-
noid rings where short distances of 3.29 Å (C 3 3 3N),
3.44 Å (N 3 3 3N), and 3.28 Å (C 3 3 3C) are observed.
Magnetic Properties. Several different magnetization

measurements in dc and ac modes as a function of
temperature, field, and frequency were performed to
characterize the compound. As the crystals were not large
enough to perform measurements on a single one, we
crushed the crystals into a powder to obtain good ave-
raging of the properties. Furthermore, the crystallites
were fixed to prevent torque in high fields. The
dc-magnetic susceptibility data of 1 were collected on
cooling in an applied field of 1000 Oe. The product of
χmT, proportional to the effective moment, increases
steadily from 24.43 cm3 K mol-1 at 300 K to 79.24 cm3

K mol-1 at 4.5 K, and then decreases to slightly to
69.16 cm3 mol-1 K at 2.0 K (Figure 5). The continuous
rise on cooling suggests ferromagnetic coupling between
nearest neighbor cobalt atoms, and a Curie-Weiss fit to
the data shows temperature range dependence which is
often the case for cobalt due to the depopulation of the
upper Kramers’ doublets as a consequence of spin-orbit
coupling.5 The Curie constant is 23.4(3) cm3 mol-1 K,
and the Weiss temperature is þ12 ( 3 K (Figure 5
and Supporting Information Figure S3). The effective
moment per cobalt is 5.18 cm3 mol-1 K, which is on the
higher end of the observed limits. The slight decrease at
low temperature suggests that themoments are saturated.
The field dependence of the magnetization at 2 K

increases rapidly and almost linearly in fields less than
4 kOe, then increases slowly with increasing field strength
to 16.58 μB at 50 kOe (Figure 6). The saturation magneti-
zation at 50 kOe approximates to 2.37 μB per cobalt which
is close to the expected value gS for g=4.3 and S=1/2.
Therefore, it is reasonable to conclude that the moments
of all the cobalt atoms are aligned parallel,2b,19 that is, a
ferromagnet if there is a long-range magnetic ordering,
otherwise a very anisotropic high spin molecule (S=7/2).
Interestingly, no magnetic hysteretic behavior was ob-
served at 2 K.5

To further characterize the magnetic ground state, we
performed a series of ac-susceptibilities measurements at

Figure 4. Packing diagram of 1 in the ab-plane.

Figure 5. Temperature dependence of χmT and plots of χm
-1 and the fit

of Curie-Weiss law (solid curve) for 100-300 K of 1.
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Nanoscale: Synthesis, Structure, and Properties; Elsevier: Oxford,
2004; Vol. 7.
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(b) Lecren, L.; Wernsdorfer, W.; Li, Y.-G.; Vindigni, A.; Miyasaka, H.;
Cl�erac, R. J. Am. Chem. Soc. 2007, 129, 5045–5051. (c) Langley, S.;
Helliwell, M.; Sessoli, R.; Teat, S. J.; Winpenny, E. P. R. Inorg. Chem.
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different frequencies using an oscillating field of 1 Oe
superposed by a dc-field of zero or 600 Oe. By sweeping
the temperature and measuring the ac-susceptibilities
at different frequencies, the in-phase component (χ0) is
always finite and increases to amaximumwhich increases
in temperature with frequency while the out-of-phase
component (χ00) become nonzero below approximately
6Kand shows amaximumat a slightly lower temperature
with a similar trend (Figure 7). The strong dependence on
frequency is uncharacteristic of long-range ordering but
common to the behavior of superparamagnets, SMMand
SCM due to slow relaxation processes.2a To clarify the
nature of the relaxation process, the peak temperature of
χ0 can bemeasured by a parameterΦ=(ΔT/T)/Δ(log ν)=
0.29, which is in the range of a normal superparamagnet
and precludes the possibility of a spin glass.20 An experi-
ment performed by sweeping the frequency of the osci-
llating ac-field at fixed temperature shows an Argand
diagram (Cole-Cole plot, Figure 8) for temperatures

between 1.9 and 4.0 K. The single semicircular shape
suggests that a simple Debye model applies and the
analyses result in a relative narrow distribution of relaxa-
tion times (R = 0.21-0.30), in agreement with those
observed forCoII-based SMMs.5However, the relaxation
time of 1 deduced from these measurements presents two
activated regimes which follow the Arrhenius law
(Figure 7 inset), above and below 2.7 K (1/T*=0.37 K)
with Δτ1/kB=21(4) K, τ01=2.7 � 10-7 s, and Δτ2/kB=
13(8) K, τ02= 3.9 � 10-6 s, respectively. The appearance

Figure 6. M vsH plot at 2 K of 1.

Figure 8. Cole-Cole plots between 1.9 and 4 K; solid lines represent the
fit to a generalized Debye model.

Figure 7. Temperature dependence of the in-phase χ0 (top) and out-of-
phase χ0 0 (bottom) ac-susceptibilities for 1 at different oscillating frequen-
cies. Inset: peak temperatures of χ0 0 fitted to the Arrhenius law.

Figure 9. Frequency dependence of χ0 0 in different bias dc-fields at 2.6 K.
Inset: deduced from the χ0 0 vs ν plot.

Figure 10. In-phase χ0 and out-of-phase χ0 0 components of the ac-
susceptibilities measured in a bias dc-field of 600 Oe. Inset: Peak
temperatures of χ0 0 fitted to the Arrhenius law.

(20) φ=0.01 is a typical value for a spin glass. For details, seeMydosh, J.
A. Spin Glasses: An Experimental Introduction; Taylor & Francis:
London, 1993.

(21) (a) Zheng, Y.-Z.; Tong,M.-L.; Zhang,W.-X.; Chen,X.-M.Angew.
Chem., Int. Ed. 2006, 45, 6310–6314. (b) Kachi-Terajima, C.;
Miyasaka, H.; Saitoh, A.; Shirakawa, N.; Yamashita, M.; Cl�erac, R.
Inorg. Chem. 2007, 46, 5861–5872.
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of a crossover in the Arrhenius plot is similar to the
observed SCMs and associated to finite-size effects and
has been predicted and experimentally observed for sys-
tems with a slow relaxation of single monomer units.2a,21

As a result of the lack of hysteresis and any steps in the
isothermal magnetization loop below the blocking tem-
perature (TB), which normally would have confirmed
SMMbehavior, we did a search for the first level crossing
the spectrum by measuring the frequency dependence of
the ac-susceptibilities at different bias dc-field below TB.
Apparently a variety of effects can alter themagnetization
dynamics of superparamagnets, for example, applying a
dc-field will alter the QTM relaxation pathway and the
Zeeman effects will remove the degeneracy of the (MS

levels.2a,18 By plotting the value of χ00, which relates to the
absorption, as a function of frequency we osberved a
minimum in the peak frequency at a field of 600 Oe
suggesting the location of the first level crossing
(Figure 9). Consequently, we performed a temperature
dependence run of the ac-susceptibilities at different
frequencies in a fixed dc-field of 600 Oe. Although it is
slightly perturbed from the one at zero field, similar
analysis of the relaxation time gives only one period
regime, τ0=9.31 � 10-8 s and Δτ=23.4 K (Figure 10).
The parameters defining the characteristics of 1 are

very similar to those defining the cobalt containing single-
molecule magnets in the literature.4-6 These are collected
in Table 3. While the energy barriers to magnetization
reversal are not so different, the relaxation rates span
3 orders of magnitude and are faster than the MnIII

containing SMMs.1 Furthermore, there is hardly any
hysteresis in the cobalt containing SMMs which has been
associated with the relatively rapid relaxation rate.4-6

Whether the faster rate in the present cluster is due to the
extensive hydrogen bonding, which resulted in supra-
molecular chains, remains to be unraveled.18

Notably, the magnetic properties 1 are similar to those of
the dinuclear Mn2 compound, in which the [Mn2-
(salpn)2(H2O)2]

2þ units linked through twofold hydrogen
bonds (O-Hwater 3 3 3Oph 2.733(2) Å) forming supra-
molecular chains resulting in the magnetic behaviors des-
cribed at the frontier of SMMs and SCMs.18b It is dissimilar
to that of our previously reported on a well isolated cubane-
based, triangular Co12 supercluster, which behaves as a
SMMs, in spite of an Ising type ferromagnetic coupling of
the large number of 12Kramers doublets. Less conspicuous

magnetization relaxation can be observed for the Co12
cluster above 1.8 K,5 whereas attractive relaxation dyna-
mics is displayed owing to the infinite hydrogen bonding in
1. It is also different from the case of homospin helical CoII-
based SCM reported by Gao et al.,23 with the strong
intrachain magnetic coupling through azide bridges, which
is not in the Ising limit, and large domainwalls are probably
relevantwith theΔξ=80K,Δτ=94K;both energy gaps are
larger than that of1. This is comparedwith thevery recently
reported linear Mn6 SMMs,24 through the dicarboxylate
linkers (iso-phthalate and succinate) with primary SMM
behavior rather than staggered magnetization of antiferro-
magnetic finite-sized chains of SMMs. Apparently, differ-
ent kinds of weak exchange approaches resulted in distinct
efficiency of magnetic interaction and correlation among
clusters and played quite different roles in magnetic propa-
gation between Mn6 system and 1.

Conclusion

The fortunate in situ generation of 1,2-bis(8-hydroxy-
quinolin-2-yl)ethane-1,2-diol from 2-(hydroxymethyl)-
quinolin-8-ol by the rare C-C coupling reaction resulted
in the formation of the unique cluster, where the organic
ligand wrapped a vertex-shared dicubane cobalt(II) unit
in a trefoil fashion. Strong intramolecular π-π and
intermolecular interactions serve to strengthen the pack-
ing within and between clusters in the crystal. Magnetic
studies reveal clear evidence of single-molecule-magnet
behavior, though some complexities in the slow magneti-
zation relaxation processes may be influenced by the
crystal system, the large anisotropy of cobalt(II), and
the supramolecular interactions.
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Table 3. List of the Behaviors as Well as the Gap Energy and Relaxation Times for the Compounds Containing Co4O4 Units

compounds ground state gap energy (K) relaxation times (s)

[(NMe4)3Na{Co4(cit)4[Co(H2O)5]2}] 3 7H2O (cit = citrate)4a SMM 26 8.2 � 10-9

[(NMe4)4{Co4(cit)4[Co(H2O)5]2}] 3 6H2O
4a SMM 32 2.1 � 10-9

[C(NH2)3]8[Co4(cit)4] 3 8H2O
4b SMM 21 8 � 10-7

[Co8(cit)4(H2O)12] 3 24H2O
4b SMM 20.5 10 � 10-7

{KCo3(cit)(Hcit)(H2O)2 3 8H2O}8
22 canted AF (TN < 2 K)

[Co12(bm)12(NO3)(OAc)6(EtOH)6](NO3)5 (bm = benzimidazole methanol)5 SMM 15 1.94 � 10-7

[Co4(hmp)4(MeOH)4Cl4]
6b SMM

Co7(μ3-OH)8(ox)3(pip)3
15 AF (TN = 26 K)

[Co7(bhqe)3(OH)2(H2O)6] 3 2C2H5OH 3H2O (this work) SMM 21, 13 2.7 � 10-7, 3.9 � 10-6
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