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Introduction

Research on molecular magnetism has been one of the most
active areas in molecular inorganic chemistry since
[Mn12O12 ACHTUNGTRENNUNG(OAc)16 ACHTUNGTRENNUNG(H2O)4]·4H2O·2HOAc {Mn12} was found to
function as a molecular nanomagnet in 1993.[2] Single-mole-
cule magnets (SMMs),[3] built up from paramagnetic transi-
tion metals and appropriate ligand systems, have attracted
enormous attention due to their characteristic quantum be-
havior and possible technical application to data storage and
quantum computation.[4] Essentially all SMMs exhibit slow
magnetic relaxation when T approaches 0 K. This relaxation
is caused by quantum tunneling of magnetization (QTM)[5]

and one of the major goals is the design of future SMMs to
control QTM for the desired applications.

Abstract: Reaction of cobalt(II) chlo-
ride hexahydrate with N-substituted di-
ethanolamines H2L

2–4 (3) in the pres-
ence of LiH in anhydrous THF leads
under anaerobic conditions to the for-
mation of three isostructural tetranu-
clear cobalt(II) complexes [CoII

4(Cl)4-ACHTUNGTRENNUNG(HL2–4)4] (4) with a [Co4ACHTUNGTRENNUNG(m3-O)4]
4+

cubane core. According to X-ray struc-
tural analyses, the complexes 4 a,c crys-
tallize in the tetragonal space group
I41/a, whereas for complex 4 b the tet-
ragonal space group P4̄ was found. In
the solid state the orientation of the
cubane cores and the formation of a
3D framework were controlled by the
ligand substituents of the cobalt(II) cu-
banes 4. This also allowed detailed

magnetic investigations on single crys-
tals. The analysis of the SQUID mag-
netic susceptibility data for 4 a gave in-
tramolecular ferromagnetic couplings
of the cobalt(II) ions (J1�20.4 K, J2

�7.6 K), resulting in an S=6 ground-
state multiplet. The anisotropy was
found to be of the easy-axis type (D=

�1.55 K) with a resulting anisotropy
barrier of D�55.8 K. Two-dimensional
electron-gas (2DEG) Hall magnetiza-
tion measurements revealed that com-
plex 4 a is a single-molecule magnet
and shows hysteretic magnetization

characteristics with typical temperature
and sweep-rate dependencies below a
blocking temperature of about 4.4 K.
The hysteresis loops collapse at zero
field owing to fast quantum tunneling
of the magnetization (QTM). The
structural and electronic properties of
cobalt(II) cubane 4 a, deposited on a
highly oriented pyrolytic graphite
(HOPG) surface, were investigated by
means of STM and current imaging
tunneling spectroscopy (CITS) at RT
and standard atmospheric pressure. In
CITS measurements the rather large
contrast found at the expected loca-
tions of the metal centers of the mole-
cules indicated the presence of a
strongly localized LUMO.
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Polynuclear transition-metal complexes based on N-sub-
stituted diethanolamines[6,7] have attracted considerable at-
tention recently owing to their diverse electrochemical and
magnetic properties. In this context, we reported on the syn-
thesis of neutral ironACHTUNGTRENNUNG(III)-coronand [FeIII

6Cl6(L1)6]
[8] and

ferric star [FeIII ACHTUNGTRENNUNG{FeIII(L1)2}3] (1)[3l, 9] (Figure 1) with ironACHTUNGTRENNUNG(III)

chloride and N-methyldiethanolamine H2L
1 in THF, depend-

ing on the hydride and metal/ligand stoichiometry used. Fur-
thermore, when bis(tetraethylammonium) tetrachloroman-
ganate(II) was used as the metal source in the presence of
H2L

1 together with cesium carbonate, the metal-centered,
heptanuclear, mixed-valent, six-membered manganese wheel
Et4N ACHTUNGTRENNUNG[MnII�{MnII

3MnIII
3Cl6(L1)6}] (2) was isolated under

aerobic conditions (Figure 1).[6d] Reports on diethanolamine-
based cobalt complexes in the literature are scarce[10] and
this prompted us to study another cobalt metal source in
combination with this type of ligand, on which we report
here.

Results and Discussion

Synthesis : As part of our effort to expand the coordination
chemistry of N-substituted diethanolamine ligands, we
report on the synthesis through self-assembly,[11] the structur-
al characterization, and the magnetic behavior of novel co-ACHTUNGTRENNUNGbalt(II) cubanes. Diethanolamines H2L

2–4 (3) were deproton-
ated with LiH as the base under anaerobic conditions in an-
hydrous THF for 1 h. The resulting white suspension was
treated with cobalt(II) chloride hexahydrate (2 equiv) and
was stirred for a further three days (Scheme 1). After ex-
traction of the smeary crude reaction product with chlorinat-
ed hydrocarbons, filtration and evaporation to dryness af-
forded a purple solid. On the basis of elemental analysis,
mass spectrometry, and IR spectroscopy, compounds 4 were
identified as tetranuclear cobalt(II) complexes [CoII

4(Cl)4-ACHTUNGTRENNUNG(HL2–4)4] with metal/ligand/chloride ratio (M/HL/Cl)=1:1:1.

X-ray crystallography : To differentiate the cubane-like
structure[12] of 4 from other possible tetranuclear metal ar-
rangements[13] or even higher polynuclear cobalt(II) aggre-
gates,[14] purple cuboids of 4, obtained from suitable solvent
systems, were unambiguously characterized by X-ray struc-
ture analysis (Table 1).[15,16] According to these analyses all
three CoII cubanes are in principle isostructural with slight
differences in bond lengths, angles, and the orientation of
their N-alkyl substituents. For that reason, only the structure
of 4 a (Figure 2) is discussed in detail. Complex 4 a crystalli-
zes in the tetragonal space group I41/a with four molecules
in the unit cell. It has a cubane [Co4ACHTUNGTRENNUNG(m3-O)4]

4+ core with
CoII and oxygen atoms occupying alternate vertices. Thus,
the molecule consists of two interpenetrating tetrahedra,
one of four CoII atoms and one of four m3-oxygen donors
originating from the tritopic, tridentate diethanolateamine
ligands. In addition to these three m3-oxygen donors, each
CoII ion is coordinated to one nitrogen atom, one ethanol-ACHTUNGTRENNUNGamine OH group and a single chloride ion to complete a dis-
torted octahedral coordination environment and charge
compensation (Figure 2, bottom).

There are two types of Co�O bonds for each metal ion:
one bond is rather elongated to 2.244 � (Co�OH), whereas
the other two bonds are shorter (Co�m3-O= 2.065 and
2.121 �). The cube deviates from the ideal geometry and
possesses a molecular C2 axis, running through the center of
the plane that is capped by the ligands (Figures 2 and 3).
The internal cube angles (O-Co-O) at the metal vertices
have an average value of 79.88, whereas the comparable
angles at the alkoxide corners (Co-O-Co) are much larger
(mean value 98.88). The Co···Co cube-face diagonals in com-
plex 4 a (3.384, 3.107, and 3.113 �), reflecting the different
alkoxide-type Co�O bond lengths, are longer than the three
other face diagonal vectors (m3-O�m3-O=2.760, 2.760, and
2.594 �). The bond lengths around the CoII ions are typical
of those found in octahedrally distorted high-spin cobalt(II)
complexes with O/N/Cl ligation.[12e]

Scheme 1. Synthesis of tetranuclear cobalt(II) cubanes 4 from N-substi-
tuted diethanolamines H2L

2–4 (3) and CoCl2·6H2O in the presence of lith-
ium hydride.

Figure 1. Molecular structure of ferric star 1 and mixed-valent manganese
wheel 2 synthesized with N-methyldiethanolamine H2L

1. H atoms are
omitted for clarity. C: shaded; N: net; O: diagonal; Cl: segment; Fe3+ :
cross; Mn2+ : globe; Mn3+ : void.
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The packing of the cobalt(II)
cubanes 4 in the solid state is
influenced by the nature of the
sidearm in the ligands. In 4 a,b,
the more-or-less aliphatic sub-
stituents of (HL2,3)� interdigi-
tate and CoII cubanes function
as building bricks, thus creating
1D strands[6e] along the c axis of
the unit cell with {CoII

4} cubane
separations d= 13.07 and
21.09 �, respectively. This
effect is more pronounced in
the crystal structure of 4 a
(Figure 3), because the aliphatic
N substituents of (HL2)� (3 a)�

do not contain any branches.
Despite the presence of the ter-
minal phenyl rings in (HL3)�

(3 b)�, no p–p interaction could
be detected.

The striking feature in the
crystal structure of cobalt(II)
cubane 4 c is the formation of a
3D framework, caused by
strong p–p interactions of 2-
naphthyl groups in the sidearm
of ligand (HL4)� (3 c)�

(Figure 4). The {CoII
4} cubanes

are aligned along the c axis
(Figure 4) and the extension to
a 3D network is propagated by

tight intermolecular p–p interactions of all four naphthyl
substituents in 4 c along the a and b axes (Figure 4). Nearly

Table 1. Crystal data, data collection, and structure refinement details for the X-ray structure determinations
for complexes 4.

4a 4b 4c

formula C32H72Cl4Co4N4O8 C80H92Cl4Co4N8O8·2CHCl3 C60H72Cl4Co4N4O8

·2.301CH2Cl2·0.355Et2O
Mr [gmol�1] 1018.46 1909.87 1576.45
crystal size [mm3] 0.30 � 0.25 � 0.25 0.32 � 0.28 � 0.23 0.31 � 0.28 � 0.24
crystal system tetragonal tetragonal tetragonal
space group I41/a P4̄ I41/a
a [�] 18.5102(5) 14.789(2) 15.442(2)
c [�] 13.0739(3) 21.088(3) 58.625(3)
V [�3] 4479.5(2) 4612.3(11) 13979(3)
Z 4 2 8
1calcd [Mg m�3] 1.510 1.375 1.498
T [K] 173(2) 100(2) 100(2)
m (MoKa) [mm�1] 1.741 1.051 1.317
F ACHTUNGTRENNUNG(000) 2112 1968 6492
q range [8] 2.91–27.47 3.37–27.10 3.35–28.01
index ranges �23�h�23 �18�h�18 �20�h�18

�16�k�16 �18�k�18 �20�k�20
�14� l�16 �26� l�27 �77� l�71

reflns collected 4174 65486 42384
independent reflns 2550 10132 8425
reflns observedACHTUNGTRENNUNG[I>2s(I)]

2272 7751 5451

max/min
transmission

0.670/0.623 0.790/0.703 0.730/0.651ACHTUNGTRENNUNG[Rint] 0.0132 0.0777 0.0478
data/parameters 2550/118 10132/554 8425/508
GoF on F2 1.038 1.065 1.024
Flack parameter[a] – �0.005(15) –
final R1 [I>2s(I)] 0.0268 0.0476 0.0428
wR2 (all data) 0.0737 0.1179 0.1106
largest residuals [e��3] 0.584/�0.681 1.071/�0.504 0.691/�0.556

[a] See Ref. [31].

Figure 2. Top: PLUTON presentation of the molecular structure of com-
plex 4 a with the numbering of the heavy atoms. Hydrogen atoms (except
for OH) are omitted for clarity. Bottom: Stereo view (PLUTON presen-
tation) of the central [Co4ACHTUNGTRENNUNG(m3-O)4(OH)4(N)4(Cl)4] cubane core of 4a high-
lighting the distorted octahedral coordination sphere at each CoII ion.
The [Co4 ACHTUNGTRENNUNG(m3-O)4] fragment is indicated by solid lines. Carbon atoms of
the alkyl chain and hydrogen atoms are omitted for clarity. Co: void; Cl:
segment; O: diagonal; N: net.

Figure 3. Stereo view (PLUTON presentation) of the crystal structure of
4a, highlighting the structural motif interdigitation of the n-butyl N sub-
stituents of (HL2)�, giving rise to 1D strands and alignment of cobalt(II)
cubanes along the c axis. Hydrogen atoms are omitted for clarity. Co:
void; Cl: segment; O: diagonal; N: net; C: shaded.
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perfectly parallel 2-naphthyl substituents show an intermo-
lecular separation of d=3.50 � with a slight lateral shift
(centroid–centroid distance d=3.87 �, typical distances for
such face-to-face p–p interactions between the arene
planes).[17]

Magnetic investigations : Naturally, SMMs have a negative
magnetoanisotropy (D<0 K), which provides the ground
spin state either S or �S. It is known that metal ions with dn

electrons (n>5) typically have D>0 K, which makes them
less attractive candidates for building an SMM. Neverthe-
less, it could be possible to build a SMM with negative mo-
lecular magnetoanisotropy D<0 K even out of metal ions
that have single-ion zero-field interactions with positive D.
Among numerous SMMs investigated during recent decades,
far fewer molecules with more than five d electrons have
been reported for cobalt ions.[18] It has been shown that
[CoII

4ACHTUNGTRENNUNG(hmp)4 ACHTUNGTRENNUNG(MeOH)4Cl4] possesses an S=6 ground spin
state and has a negative magnetoanisotropy with D =

�4 K.[18b] There was evidence of hysteretic behavior of mag-
netization for this complex, although the opening of rather
irregular hysteresis loops (in other words, the coercive field)
was found to be very small. The blocking temperature ob-
served was as low as about 1.2 K; above this temperature
the hysteretic magnetization behavior vanished completely.
In this paper we show, on the basis of our magnetic investi-
gations of this system, that cubane complexes [CoII

4(Cl)4-ACHTUNGTRENNUNG(HL2)4] (4 a),[19] demonstrate even more prominent SMM-
like properties.

The magnetic properties of 4 a were investigated by using
a commercial MPMS SQUID system as well as a home-
made micro-Hall-bar magnetometer.[20] We used the SQUID
magnetometer for susceptibility measurements of a powder

sample of 4 a at magnetic fields of 0.2, 0.5, 1, and 5 T in the
1.8–300 K range (Figure 5). The cmolT value of
12 K cm3 mol�1 is compatible with four CoII ions with spins
S=

3
2. This is also supported by the magnetization versus

field measurements of the powder sample of 4 a (Figure 6).

To investigate the magnetic anisotropy of 4 a further, we
measured the angular resolved magnetization at the lowest
possible temperature (1.8 K) of a single crystal of 4 a that
had been placed in the MPMS SQUID magnetometer
equipped with a rotator. The results of the measurements
along the three principal axes are summarized in Figure 6.
Magnetization along the easy axis, at angle (08,08), clearly
demonstrates ferromagnetic-like behavior. It already be-
comes saturated at a magnetic field of around 1 T (Figure 6,
*). Magnetization within the hard plane, for example,
along the orthogonal axes (908,908) and (908,08), shows a
typical paramagnetic response (Figure 6, ~ and ^, respec-
tively). The hard-plane magnetization does not reach satura-
tion even at 5 T, at which it is approximately seven times

Figure 4. Stereo view (PLUTON presentation) of the crystal structure of
4c, highlighting the four face-to-face p–p interactions of 2-naphthyl N
substituents in each CoII cubane (view along the a,b plane diagonal of
the unit cell). Highly disordered solvate molecules and hydrogen atoms
are omitted for clarity. Co: void; Cl: segment; O: diagonal; N: net; C:
shaded.

Figure 5. Molar susceptibility of 4 a versus temperature at different mag-
netic-field values. Inset: 3D coupling scheme with J1�20.4 K (blue: top
and bottom faces), J2�7.6 K (red: side faces), and single anisotropy
value D’�59 K.

Figure 6. Magnetization versus applied magnetic field of 4 a measured at
1.8 K. The open symbols show data collected from the single-crystal
measurements (*=along the easy axis, and ~,^=along the hard plane)
and * represents the powder sample data. The origin of the weak in-
crease in the (08,08) measurement after 1 T is due to imperfect parallel
alignment relative to the easy axis.
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lower than that along the easy axis. This suggests a very
strong easy-axis type of magnetic anisotropy for the system
4 a, which is a typical feature of SMMs.

In theory, only three ground-spin-state formations are
possible for the molecule consisting of four CoII ions with
spins S=

3
2: pure ferromagnetic coupling (››››) would give

S= 6, uncompensated antiferromagnetic coupling (›››fl)
would give S= 3, and compensated antiferromagnetic cou-
pling (››flfl) can build S=0. It is known that a strong spin–
orbit coupling exists for cobalt(II) ions.[21] To take these ef-
fects into account an effective Hamiltonian in the form of
Equation (1)[18b, 22] was used to fit the susceptibility data.

hint ¼�J1ðS1S2 þ S3S4Þ � J2ðS1S4 þ S2S4 þ S2S3 þ S3S1Þ
þD0ðS2

1x þ S2
2y þ S2

3x þ S2
4yÞ

ð1Þ

An additional single-ion anisotropy term was taken into
account in addition to the Heisenberg term with the cou-
pling scheme shown in the inset of Figure 5. The solid lines
in Figure 5 show the best fit. For the exchange coupling con-
stants we obtained J1�20.4 K, J2�7.6 K with g�2.2, and D’
�59 K for the axial single-ion zero-field splitting parameter.
This leads to the conclusion that the ground-state spin of
the system is S=6.

For further confirmation of the SMM properties of 4 a, we
measured the single-crystal magnetization on a home-made
micro-Hall-bar magnetometer, which consisted of several
10 � 10 mm2 Hall bars on top of which a micrometer-sized
single crystal of 4 a was placed with the easy axis approxi-
mately parallel to the applied magnetic field. The measure-
ments were performed at several temperatures in the 0.3–
4.5 K range, and the magnetic-field sweeps were at rates of
25–400 mT s�1. As can be seen from the results in Figure 7
for a sweep rate 50 mT s�1, hysteresis loops (one of the typi-
cal features of an SMM) were evident for the complex 4 a.[23]

The hysteresis disappeared only at 4.4 K (the blocking tem-
perature), at which no opening of the curve was apparent.
Note that the blocking temperature of the first CoII cubane-
based SMM was only around 1.2 K.[18b]

Figure 8 shows an ac susceptibility measurement on 4 a ;
the absence of the M versus H hysteresis loop opening at
H= 0 for this complex is caused by the presence of a rela-
tively fast zero-field relaxation. Therefore, to minimize this
effect, we measured the ac susceptibility under an applied
dc field of 0.5 T, at which the opening of the hysteresis mea-
sured by the single-crystal Hall-bar magnetometer is maxi-
mal (Figure 7, center). The shape and the temperature–fre-
quency dependence of the ac signal indicate the SMM
nature of 4 a. Indeed, the out-of-phase signal c’’ shows a
prominent peak, which shifts to lower temperatures on de-
creasing the ac driving frequency (Figure 8, bottom). This
plot demonstrates that the out-of-phase signal for low fre-
quencies does not go to zero at low temperatures but stays
at a constant value. This can be considered as an indication
for a high blocking temperature. The so-called Argand plot,
that is, the dependence of c’’ as a function of c’, of the dis-

persion data (Figure 8, bottom, inset) gives an almost per-
fect semicircle. This is clear evidence for a relaxation pro-
cess with a single-relaxation time t0.

[24]

Therefore, from the Arrhenius plot in Figure 9 we esti-
mated the relaxation time t0 to be �10�8 s and the anisotro-
py barrier D to be �55.8 K. The barrier height of 4 a is com-
parable with that of {Mn12} (approximately 62 K), whereas
the pre-exponential factor t0 (�10�7 s) is faster by an order
of magnitude.[24] The barrier height suggests that the uniaxial
anisotropy parameter D is at least approximately �1.55 K
(�32.3 GHz). We believe that the relaxation mechanism at
0.5 T is due to the direct process.[21]

Tunneling microscopy and spectroscopy : For many potential
applications of molecular magnets, surface deposition and
access to individual molecules are essential.[25] For our inves-
tigations we deposited a very low concentration of 4 a in a
dichloromethane solution on a highly oriented pyrolytic
graphite (HOPG) surface and investigated single molecules
by STM using constant-current topography measurements

Figure 7. Magnetization of 4a, normalized to the saturation magnetiza-
tion Ms, versus H measured at different temperatures. Magnetic bistabili-
ty is evident up to 4.4 K. Measurement sweep rate =50 mT s�1.
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and current-imaging tunneling spectroscopy (CITS). CITS
records a full I versus V curve (tunneling spectrum) for
every sample point, thus providing information about the
density of states close to the Fermi energy. As already dem-
onstrated,[26] direct addressing of metal centers in complex
molecules is possible with this technique.

Sticking of the molecules to the graphite surface was
rather poor. Molecules not directly attached to defects were
often found to detach at high bias voltages or after repeated
scanning. The blurry topographic image (Figure 10 a) that
was recorded during CITS measurements can be attributed
to the very long and thin ligands that could not be resolved.
The square of four bright spots nearly in the center of the
current map at + 800 mV bias in Figure 10 b can be identi-

fied with the metal ions of the cubane motif. The measured
distances of about 2 � between the metal centers match the
edge length of the cubane very well and, therefore, also the
projected distance between the metal ions. Because the tun-
neling current is proportional to the integrated local density
of states, a strong contrast, at positive bias voltages applied
to the sample, indicates the presence of a LUMO strongly
localized at the positions of the metal centers. The positions
of the upper and lower metal centers could not be unambig-
uously ascertained.

We have, therefore, demonstrated that it is feasible to per-
form spectroscopy on a single molecule; however, poor
sticking and the shape of the ligands limit the quality of the
results. Investigation of cubanes 4 b,c with aromatic substitu-
ents in the ligand chain did not improve the situation.

Conclusion

Starting from differently N-substituted diethanolamines
H2L

2–4 (3), we present here the synthesis of three tetranu-
clear cobalt(II) cubanes [CoII

4(Cl)4ACHTUNGTRENNUNG(HL2–4)4] (4) through self-
organization. The structures of complexes 4 were solved by
a combination of IR spectroscopy, mass spectrometry, ele-
mental analysis, and single-crystal X-ray analysis. By select-
ing different ligand substitutions (branches, alkyl or aryl
groups), we could control the orientation and alignment of 4
in the crystal structure (interdigitation and p–p interactions)
and, moreover, this allowed detailed magnetic studies on
single crystals. In the case of 4 a, the pure ferromagnetic
couplings (J1�20.4 K, J2�7.6 K) of these cobalt(II) centers
result in an S=6 ground-state multiplet. Owing to an aniso-
tropy of the easy-axis type, magnetization reversal at low
temperatures is hindered by an anisotropy barrier D

�55.8 K (D=�1.55 K) that is of the same order of magni-
tude as that of {Mn12}. The co ACHTUNGTRENNUNGbalt(II) cubane 4 a is a single-
molecule magnet and shows hysteretic magnetization char-
acteristics below a blocking temperature of about 4.4 K;

Figure 8. Frequency dependence of the in-phase c’ (top) and out-of-phase
c’’ (bottom) ac susceptibility of 4a from 1.8 to 9 K at 0.2 K intervals
under a dc magnetic field of 0.5 T in the frequency interval 10–1488 Hz.
The ac driving amplitude is 2.56 Oe. Bottom inset: The Argand plot for
4a.

Figure 9. Magnetization relaxation time t0 versus T�1 for 4 a (dc field
0.5 T). The solid line corresponds to the Arrhenius law. t0�10�8 s, D

�55.8 K.

Figure 10. a) Topography recorded during CITS measurement; b) current
image at + 800 mV sample bias of the same measurement at RT and stan-
dard atmospheric pressure. Inset: true-to-scale representation of cubane
4a, with one CoII ion (gold) at the front face hidden by chloride (green).
The setpoint for the tunneling current was 30 pA. During spectroscopy,
the bias did not exceed �800 mV for stability reasons.
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however, unlike other SMMs, 4 a suffers from fast tunneling
at m0H =0 T. Furthermore, by tunneling-microscopic and
spectroscopic measurements on HOPG at room tempera-
ture and standard atmospheric pressure, we were able to
visu ACHTUNGTRENNUNGalize the square topology of the cobalt centers in 4 a (2D
projection), which is in good agreement with the dimensions
determined by X-ray crystallography.

Experimental Section

General techniques : Unless stated otherwise, all manipulations were car-
ried out under a dry dinitrogen atmosphere and the solvents used were
purified and dried according to standard procedures. All the reagents
(high-grade-purity materials), metal salts, and H2L

2 (3a) employed were
commercially available and used as supplied (Fluka, Aldrich, and Acros
Organics). Compounds H2L

3,4 (3b,c) were prepared as described ear-
lier.[6f] Melting points were determined on a Wagner–Munz apparatus
and are not corrected. IR spectra of the films or powder films were re-
corded on an ASI React IR-1000 spectrometer. FAB-MS spectra were re-
corded on a Micromass ZABSpec (Cs+) spectrometer with m-nitrobenzyl
alcohol as matrix. Elemental analyses were performed on a Carlo Erba
EA1110 CHN instrument and on a Heraeus CHN-Mikroautomat.

Single-crystal X-ray structure analyses : Details of crystal data, data col-
lection, and refinement are given in Table 1. X-ray data for 4a were col-
lected on a Nonius KappaCCD area detector, with MoKa radiation (l=

0.71073 �). The structures were solved by direct methods with SHELXS-
97[27] and refined with full-matrix least-squares against F2 with the
SHELXL-97 program system.[27] Lorentz, polarization, and absorption
corrections[28] were applied. All non-hydrogen atoms were refined aniso-
tropically. The positions of the hydrogen atoms were fixed in ideal posi-
tions (riding model) and were included without refinement and with
fixed isotropic U.

Data for 4b,c were collected on a Bruker-Nonius KappaCCD diffractom-
eter with MoKa radiation (l= 0.71073 �) and a graphite monochromator.
The structures were solved by direct methods, and full-matrix least-
squares refinements were carried out on F2 by using
SHELXTL NT 6.12.[29] A semiempirical absorption correction based on
multiple scans (SADABS)[30] was performed. All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were geometrically
positioned with their isotropic displacement parameters being tied to the
equivalent isotropic displacement parameter of the corresponding carrier
atom by a factor of either 1.2 Ueq or 1.5 Ueq. Disorder was found in struc-
tures 4b and 4c. Some restraints (for 4 b : DFIX, SADI, and ISOR; for
4c : DFIX, SADI, and SIMU) were applied in the treatment of this disor-
der. In 4 b, two solvate molecules per formula unit could be located that
were disordered on three sites; no hydrogen atoms were included for
these disordered solvate molecules in the structure model. In 4c, the co-
crystallizing solvate molecules were all disordered and located on twofold
crystallographic sites. In one case, a dichloromethane solvate molecule
shares its crystallographic site with a diethyl ether molecule; no hydrogen
atoms were included for these disordered solvate molecules in the struc-
ture model.

STM experiments : All measurements were carried out by using a home-
built STM head and control system under ambient conditions. Before
adding the solution onto the substrate surface, we ensured that the tun-
neling tip had a sufficiently high resolution by observing the atomic lat-
tice of the HOPG surface. Different settings for the tunneling current
and the bias voltage were used, ranging from 5 to 50 pA and �50 to
�200 mV, respectively. The concentration of the solutions of 4 was
10�9

m. All images were recorded in constant-current mode and CITS was
measured with the interrupted feedback technique. Different tips and
samples were used to check for reproducibility and to ensure that no
image artifacts were introduced by the tips or samples. The images were
flattened to compensate for tilting of the substrate and scan-line distor-
tions, and a Gaussian-filtered transform was employed to remove scan-

ning noise in the STM images. The data were visualized and treated with
WSxM Software.[32] The scan frequency was varied between 2 and 5 Hz.
The resolution was 256 � 256 points for topography measurements and
128 � 128 points for CITS. We used Pt/Ir (90:10) tips mechanically cut
from wires with a diameter of 0.25 mm.

General method for the synthesis of cobalt(II) cubanes : N-substituted di-
ethanolamine ligands H2L

2–4 (3 ; 4 mmol) were added to a suspension of
LiH (0.08 g, 10 mmol) in anhydrous THF (50 mL). The reaction mixture
was stirred at 20 8C for 1 h, then CoCl2·6H2O (1.9 g, 8 mmol) was added
in small portions. A purple precipitate was formed and the resulting
slurry was stirred at 20 8C for three days. After the solvent had been re-
moved under reduced pressure, the crude remaining precipitate was ex-
tracted with chloroform or dichloromethane. After filtration the solvent
was again removed under reduced pressure to give 4 as purple solids.ACHTUNGTRENNUNG[Co4(Cl)4 ACHTUNGTRENNUNG(HL2)4] (4a): H2L

2 (3a, 0.64 g); yield: 0.39 g (38 %); purple cu-
boids from chloroform by vapor diffusion of diethyl ether (20 8C); m.p.
>236 8C (decomp); IR: ñ =3204, 2949, 2876, 1073, 1011, 907, 730 cm�1;
MS: m/z (%): 1041 (18) {[Co4Cl4 ACHTUNGTRENNUNG(HL2)4]+Na}+, 1018 (3) [Co4Cl4-ACHTUNGTRENNUNG(HL2)4]

+, 983 (6) [Co4Cl3ACHTUNGTRENNUNG(HL2)4]
+, 952 (19), 857 (10) [Co4Cl3ACHTUNGTRENNUNG(HL2)4]

+ ,
820 (56) [Co4Cl3 ACHTUNGTRENNUNG(HL2)3]

+ , 783 (20) [Co4Cl2 ACHTUNGTRENNUNG(HL2)3]
+ , 748 (100) [Co4Cl-ACHTUNGTRENNUNG(HL2)3]

+ , 659 (44) [Co4Cl3ACHTUNGTRENNUNG(HL2)2]
+ , 624 (65) [Co4Cl2 ACHTUNGTRENNUNG(HL2)2]

+ , 566 (26)
[Co3Cl2 ACHTUNGTRENNUNG(HL2)2]

+ , 530 (97) [Co3Cl ACHTUNGTRENNUNG(HL2)2]
+ ; elemental analysis calcd (%)

for C32H72Cl4Co4N4O8 (1018.49): C 37.74, H 7.13, N 5.50; found: C 37.60,
H 7.11, N 5.36.ACHTUNGTRENNUNG[Co4(Cl)4 ACHTUNGTRENNUNG(HL3)4] (4b): H2L

3 (3 b, 1.30 g); yield: 0.92 g (24 %); purple tet-
rahedral prisms from chloroform by vapor diffusion of n-pentane (20 8C);
m.p.>200 8C (decomp); IR: ñ=3460, 3022, 2876, 1462, 1088 cm�1; MS:
m/z (%): 1671 (5) [CoCl ACHTUNGTRENNUNG(HL3)4]

+ , 1636 (30) [Co4Cl3ACHTUNGTRENNUNG(HL3)4]
+ , 1312 (100)

[Co4Cl3 ACHTUNGTRENNUNG(HL3)3]
+ , 1276 (85) [Co4Cl2 ACHTUNGTRENNUNG(HL3)3]

+ , 987 (20) [Co4Cl3 ACHTUNGTRENNUNG(HL3)2]
+ ; el-

emental analysis calcd (%) for C80H92Cl4Co4N8O8 (1671.22): C 57.50, H
5.55, N 6.70; found: C 57.78, H 5.41, N 6.90.ACHTUNGTRENNUNG[Co4(Cl)4 ACHTUNGTRENNUNG(HL4)4] (4c): H2L

4 (3c, 0.98 g); yield: 0.54 g (36 %); purple ir-
regular crystals from dichloromethane by vapor diffusion of diethyl ether
(20 8C); m.p.>220 8C (decomp); IR: ñ =3040, 2988, 2896, 2842,
1086 cm�1; MS: m/z (%): 1131 (40) [Co2Cl ACHTUNGTRENNUNG(HL4)4)]+ , 1072 (20) [Co4Cl3-ACHTUNGTRENNUNG(HL4)3]

+ , 1000 (80) [Co4Cl ACHTUNGTRENNUNG(HL4)3]
+ , 698 (100) [Co3Cl ACHTUNGTRENNUNG(HL4)2]

+ ; elemental
analysis calcd (%) for C60H72Cl4Co4N4O8 (1354.79): C 53.19, H 5.36, N
4.14; found: C 53.26, H 5.28, N 4.22.

Acknowledgements

This work was supported by the Deutsche Forschungsgemeinschaft SPP
1137 “Molecular Magnetism” (SA 276/26-1–3), SA 276/27-1–2, SA 276/29-
1, SFB 583, GK 312, the Bayerisches Langzeitprogrammm “Neue Werk-
stoffe”, and the Fonds der Chemischen Industrie. The generous allocation
of premises by Prof. Dr. K. Meyer at the Lehrstuhl f�r Anorganische und
Allgemeine Chemie (Universit�t Erlangen-N�rnberg) is gratefully ac-
knowledged.

[1] R. W. Saalfrank, U. Reimann, A. Scheurer, F. Hampel, C. Goebel,
R. Herbst-Irmer, Z. Naturforsch. B. 2009, 64, 365 –370.

[2] a) R. Sessoli, D. Gatteschi, A. Caneschi, M. Novak, Nature 1993,
365, 141 –143; b) R. Sessoli, H.-L. Tsai, A. R. Schake, S. Wang, J. B.
Vincent, K. Folting, D. Gatteschi, G. Christou, D. N. Hendrickson, J.
Am. Chem. Soc. 1993, 115, 1804 – 1816.

[3] For publications on single-molecule magnetism, see: Ref. [2] and
a) K. L. Taft, G. C. Papaefthymiou, S. J. Lippard, Science 1993, 259,
1302 – 1305; b) B. Pilawa, M. T. Kelemen, S. Wanka, A. Geissel-
mann, A. L. Barra, Europhys. Lett. 1998, 43, 7 –12; c) B. Barbara, L.
Thomas, F. Lionti, I. Chiorescu, A. Sulpice, J. Magn. Magn. Mater.
1999, 200, 167 –181; d) E. Coronado, J.-R. Gal�n-Mascar�s, C.-J.
G�mez-Garc	a, J. Ensling, P. G�tlich, Chem. Eur. J. 2000, 6, 552 –
563; e) D. Gatteschi, R. Sessoli, Angew. Chem. 2003, 115, 278 –309;
Angew. Chem. Int. Ed. 2003, 42, 268 –297; f) A. K. Boudalis, B. Don-
nadieu, V. Nastopoulos, J. M. Clemente-Juan, A. Mari, Y. Sanakis,

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 4784 – 47924790

A. Scheurer, P. M�ller et al.

http://dx.doi.org/10.1038/365141a0
http://dx.doi.org/10.1038/365141a0
http://dx.doi.org/10.1038/365141a0
http://dx.doi.org/10.1038/365141a0
http://dx.doi.org/10.1021/ja00058a027
http://dx.doi.org/10.1021/ja00058a027
http://dx.doi.org/10.1021/ja00058a027
http://dx.doi.org/10.1021/ja00058a027
http://dx.doi.org/10.1126/science.8446898
http://dx.doi.org/10.1126/science.8446898
http://dx.doi.org/10.1126/science.8446898
http://dx.doi.org/10.1126/science.8446898
http://dx.doi.org/10.1209/epl/i1998-00310-1
http://dx.doi.org/10.1209/epl/i1998-00310-1
http://dx.doi.org/10.1209/epl/i1998-00310-1
http://dx.doi.org/10.1016/S0304-8853(99)00409-6
http://dx.doi.org/10.1016/S0304-8853(99)00409-6
http://dx.doi.org/10.1016/S0304-8853(99)00409-6
http://dx.doi.org/10.1016/S0304-8853(99)00409-6
http://dx.doi.org/10.1002/(SICI)1521-3765(20000204)6:3%3C552::AID-CHEM552%3E3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1521-3765(20000204)6:3%3C552::AID-CHEM552%3E3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1521-3765(20000204)6:3%3C552::AID-CHEM552%3E3.0.CO;2-U
http://dx.doi.org/10.1002/ange.200390067
http://dx.doi.org/10.1002/ange.200390067
http://dx.doi.org/10.1002/ange.200390067
http://dx.doi.org/10.1002/anie.200390099
http://dx.doi.org/10.1002/anie.200390099
http://dx.doi.org/10.1002/anie.200390099
www.chemeurj.org


J.-P. Tuchagues, S. P. Perlepes, Angew. Chem. 2004, 116, 2316 –2320;
Angew. Chem. Int. Ed. 2004, 43, 2266 – 2270; g) L. M. Wittick, K. S.
Murray, B. Moubaraki, S. R. Batten, L. Spiccia, K. J. Berry, Dalton
Trans. 2004, 1003 –1011; h) D. Foguet-Albiol, T. A. O
Brien, W.
Wernsdorfer, B. Moulton, M. J. Zaworotko, K. A. Abboud, G. Chris-
tou, Angew. Chem. 2005, 117, 919 – 923; Angew. Chem. Int. Ed. 2005,
44, 897 – 901; i) S. Koizumi, M. Nihei, M. Nakano, H. Oshio, Inorg.
Chem. 2005, 44, 1208 –1210; j) A. Cornia, A. C. Fabretti, P. Garrisi,
C. Mortal�, D. Bonacchi, D. Gatteschi, R. Sessoli, L. Sorace, W.
Wernsdorfer, A.-L. Barra, Angew. Chem. 2004, 116, 1156 –1159;
Angew. Chem. Int. Ed. 2004, 43, 1136 –1139; k) A. M. Ako, I. J.
Hewitt, V. Mereacre, R. Cl�rac, W. Wernsdorfer, C. E. Anson, A. K.
Powell, Angew. Chem. 2006, 118, 5048 –5051; Angew. Chem. Int. Ed.
2006, 45, 4926 – 4929; l) R. W. Saalfrank, A. Scheurer, I. Bernt, F. W.
Heinemann, A. V. Postnikov, V. Sch�nemann, A. X. Trautwein,
M. S. Alam, H. Rupp, P. M�ller, Dalton Trans. 2006, 2865 –2874;
m) R. W. Saalfrank, A. Scheurer, R. Prakash, F. W. Heinemann, T.
Nakajima, F. Hampel, R. Leppin, B. Pilawa, H. Rupp, P. M�ller,
Inorg. Chem. 2007, 46, 1586 –1592; n) C. J. Milios, R. Inglis, A. Vin-
slava, R. Bagai, W. Wernsdorfer, S. Parsons, S. P. Perlepes, G. Chris-
tou, E. K. Brechin, J. Am. Chem. Soc. 2007, 129, 12505 –12511;
o) A. M. Ako, V. Mereacre, R. Cl�rac, W. Wernsdorfer, I. J. Hewitt,
C. E. Anson, A. K. Powell, Chem. Commun. 2009, 544 –546; p) L.
Gregoli, C. Danieli, A.-L. Barra, P. Neugebauer, G. Pellegrino, G.
Poneti, R. Sessoli, A. Cornia, Chem. Eur. J. 2009, 15, 6456 –6467;
q) A. J. Tasiopoulos, S. P. Perlepes, Dalton Trans. 2008, 5537 –5555.

[4] a) M. N. Leuenberger, D. Loss, Nature 2001, 410, 789 –793; b) W.
Wernsdorfer, N. Aliaga-Acalde, D. N. Hendrickson, G. Christou,
Nature 2002, 416, 406; c) J. Tejada, E. M. Chudnovsky, E. del Barco,
J. M. Hernandez, T. P. Spiller, Nanotechnology 2001, 12, 181.

[5] L. Thomas, F. Lionti, R. Ballou, D. Gatteschi, R. Sessoli, B. Barbara,
Nature 1996, 383, 145 – 147.

[6] For our recent work on diethanolamine-based complexes, see:
Ref. [3l,m] and a) R. Prakash, R. W. Saalfrank, H. Maid, A. Scheu-ACHTUNGTRENNUNGrer, F. W. Heinemann, A. X. Trautwein, L. H. Bçttger, Angew.
Chem. 2006, 118, 6017 – 6022; Angew. Chem. Int. Ed. 2006, 45, 5885 –
5889; b) A. F. Tak�cs, M. Neumann, A. V. Postnikov, K. Kuepper, A.
Scheurer, S. Sperner, R. W. Saalfrank, K. C. Prince, J. Chem. Phys.
2006, 124, 044 503; c) R. W. Saalfrank, R. Prakash, H. Maid, F.
Hampel, F. W. Heinemann, A. X. Trautwein, L. H. Bçttger, Chem.
Eur. J. 2006, 12, 2428 – 2433; d) R. W. Saalfrank, T. Nakajima, N.
Mooren, A. Scheurer, H. Maid, F. Hampel, C. Trieflinger, J. Daub,
Eur. J. Inorg. Chem. 2005, 1149 – 1153; e) A. M. Ako, H. Maid, S.
Sperner, S. H. H. Zaidi, R. W. Saalfrank, M. S. Alam, P. M�ller,
F. W. Heinemann, Supramol. Chem. 2005, 17, 315 –321; f) R. W.
Saalfrank, C. Deutscher, S. Sperner, T. Nakajima, A. M. Ako, E.
Uller, F. Hampel, F. W. Heinemann, Inorg. Chem. 2004, 43, 4372 –
4382; g) R. W. Saalfrank, C. Deutscher, H. Maid, A. M. Ako, S.
Sperner, T. Nakajima, W. Bauer, F. Hampel, B. A. Heß, N. J. R.ACHTUNGTRENNUNGvan Eikema Hommes, R. Puchta, F. W. Heinemann, Chem. Eur. J.
2004, 10, 1899 – 1905; h) R. W. Saalfrank, I. Bernt, F. Hampel, A.
Scheurer, T. Nakajima, S. H. Z. Huma, F. W. Heinemann, M.
Schmidtmann, A. M�ller, Polyhedron 2003, 22, 2985 –2989.

[7] For recent representative work of other groups on diethanolamine-
based complexes, see: Ref. [3h] and a) A. M. Ako, V. Mereacre, R.
Cl�rac, I. J. Hewitt, Y. Lan, G. Buth, C. E. Anson, AK. Powell,
Inorg. Chem. 2009, 48, 6713 –6723; b) B. Biswas, T. Weyherm�ller,
E. Bill, P. Chaudhuri, Inorg. Chem. 2009, 48, 1524 – 1532; c) K. R.
Gruenwald, A. M. Kirillov, M. Haukka, J. Sanchiz, A. J. L. Pom-
beiro, Dalton Trans. 2009, 2109 –2120; d) S. Mishra, S. Daniele, S.
Petit, E. Jeanneau, M. Rolland, Dalton Trans. 2009, 2569 –2577;
e) T. Liu, B.-W. Wang, Y.-H. Chen, Z.-M. Wang, S. Gao, Z. Anorg.
Allg. Chem. 2008, 634, 778 – 783; f) V. Mereacre, A. M. Ako, R.
Cl�rac, W. Wernsdorfer, I. J. Hewitt, C. E. Anson, A. K. Powell,
Chem. Eur. J. 2008, 14, 3577 – 3584; g) S. J. Shah, C. M. Ramsey, K. J.
Heroux, A. G. DiPasquale, N. S. Dalal, A. L. Rheingold, E. del Bar-
co, D. N. Hendrickson, Inorg. Chem. 2008, 47, 9569 – 9582; h) C. C.
Beedle, C. J. Stephenson, K. J. Heroux, W. Wernsdorfer, D. N. Hen-
drickson, Inorg. Chem. 2008, 47, 10798 –10800; i) B. Biswas, S.

Khanra, T. Weyherm�ller, P. Chaudhuri, Chem. Commun. 2007,
1059 – 1061; j) S. Mishra, J. Zhang, L. G. Hubert-Pfalzgraf, D.
Luneau, E. Jeanneau, Eur. J. Inorg. Chem. 2007, 602 –608; k) A. M.
Ako, V. Mereacre, R. Cl�rac, I. J. Hewitt, Y. Lan, C. E. Anson,
A. K. Powell, Dalton Trans. 2007, 5245 –5247; l) A. M. Ako, O.
Waldmann, V. Mereacre, F. Klçwer, I. J. Hewitt, C. E. Anson, H. U.
G�del, A. K. Powell, Inorg. Chem. 2007, 46, 756 –766; m) A. M.
Ako, V. Mereacre, I. J. Hewitt, R. Cl�rac, L. Lecren, C. E. Anson,
A. K. Powell, J. Mater. Chem. 2006, 16, 2579 – 2586; n) W. Wang,
T. S. A. Hor, Y. K. Yan, Inorg. Chim. Acta 2006, 359, 3754 –3762;
o) E. M. Rumberger, S. J. Shah, C. C. Beedle, L. N. Zakharov, A. L.
Rheingold, D. N. Hendrickson, Inorg. Chem. 2005, 44, 2742 – 2752;
p) D. Foguet-Albiol, K. A. Abboud, G. Christou, Chem. Commun.
2005, 4282 – 4284; q) E. M. Rumberger, L. N. Zakharov, A. L. Rhein-
gold, D. N. Hendrickson, Inorg. Chem. 2004, 43, 6531 – 6533; r) J.
Zhang, L. G. Hubert-Pfalzgraf, D. Luneau, Inorg. Chem. Commun.
2004, 7, 979 –984.

[8] R. W. Saalfrank, I. Bernt, E. Uller, F. Hampel, Angew. Chem. 1997,
109, 2596 – 2599; Angew. Chem. Int. Ed. Engl. 1997, 36, 2482 –2485.

[9] R. W. Saalfrank, I. Bernt, M. M. Chowdhry, F. Hampel, G. B. M.
Vaughan, Chem. Eur. J. 2001, 7, 2765 – 2769.

[10] a) R. W. Saalfrank, I. Bernt, F. Hampel, Chem. Eur. J. 2001, 7,
2770 – 2774; b) F. Klçwer, Y. Lan, J. Nehrkorn, O. Waldmann, C. E.
Anson, A. K. Powell, Chem. Eur. J. 2009, 15, 7413 – 7422.

[11] Recent publications on metal-assisted self-assembly, see: a) R. W.
Saalfrank, H. Maid, A. Scheurer, Angew. Chem. 2008, 120, 8924 –
8956; Angew. Chem. Int. Ed. 2008, 47, 8794 – 8824; b) R. W. Saal-
frank, H. Maid, A. Scheurer, F. W. Heinemann, R. Puchta, W.
Bauer, D. Stern, D. Stalke, Angew. Chem. 2008, 120, 9073 –9077;
Angew. Chem. Int. Ed. 2008, 47, 8941 – 8945; c) M. D. Pluth, K. N.
Raymond, Chem. Soc. Rev. 2007, 36, 161 –171; d) D. K. Chand, K.
Biradha, M. Kawano, S. Sakamoto, K. Yamaguchi, M. Fujita, Chem.
Asian J. 2006, 1–2, 82–90; e) E. E. Moushi, T. C. Stamatatos, W.
Wernsdorfer, V. Nastopoulos, G. Christou, A. J. Tasiopoulos, Angew.
Chem. 2006, 118, 7886 – 7889; Angew. Chem. Int. Ed. 2006, 45, 7722 –
7725; f) E. S. Barrett, T. J. Dale, J. Rebek, Jr., J. Am. Chem. Soc.
2007, 129, 8818 –8824; g) J. Heo, Y.-M. Jeon, C. A. Mirkin, J. Am.
Chem. Soc. 2007, 129, 7712 – 7713; h) H.-B. Yang, A. M. Hawkridge,
S. D. Huang, N. Das, S. D. Bunge, D. C. Muddiman, P. J. Stang, J.
Am. Chem. Soc. 2007, 129, 2120 – 2129; i) R. M. McKinlay, J. L.
Atwood, Angew. Chem. 2007, 119, 2446 –2449; Angew. Chem. Int.
Ed. 2007, 46, 2394 –2397; j) E. G. Bardaj	, E. Freisinger, B. Costisel-
la, C. A. Schalley, W. Br�ning, M. Sabat, B. Lippert, Chem. Eur. J.
2007, 13, 6019 –6039; k) M. Shanmugam, G. Chastanet, T. Mallah,
R. Sessoli, S. J. Teat, G. A. Timco, R. E. P. Winpenny, Chem. Eur. J.
2006, 12, 8777 –8785; l) C. M. Zaleski, J. W. Kampf, T. Mallah, M. L.
Kirk, V. L. Pecoraro, Inorg. Chem. 2007, 46, 1954 – 1956; m) H.
Oshio, M. Nihei, Bull. Chem. Soc. Jpn. 2007, 80, 608 – 620; n) M. Al-
brecht, R. Frçhlich, Bull. Chem. Soc. Jpn. 2007, 80, 797 – 808; o) C.
Pariya, C. R. Sparrow, C.-K. Back, G. Sand	, F. R. Fronczek, A. W.
Maverick, Angew. Chem. 2007, 119, 6421 – 6424; Angew. Chem. Int.
Ed. 2007, 46, 6305 –6308; p) G. Arom	, P. Gamez, J. Reedijk, Coord.
Chem. Rev. 2008, 252, 964 –989.

[12] For recent literature on [CoII
4O4] cubane cores, see: a) B. Moubara-

ki, K. S. Murray, T. A. Hudson, R. Robson, Eur. J. Inorg. Chem.
2008, 4525 – 4529; b) K. W. Galloway, A. M. Whyte, W. Wernsdorfer,
J. Sanchez-Benitez, K. V. Kamenev, A. Parkin, R. D. Peacock, M.
Murrie, Inorg. Chem. 2008, 47, 7438 –7442; c) S. K. Padhi, R. Sahu,
Polyhedron 2008, 27, 2662 – 2666; d) K. Mitsumoto, S. Koizumi, T.
Shiga, H. Nishikawa, Y. Chi, H. Oshio, Chem. Lett. 2007, 36, 1154 –
1155; e) S. G. Telfer, R. Kuroda, J. Lefebvre, D. B. Leznoff, Inorg.
Chem. 2006, 45, 4592 –4601; f) T. A. Hudson, K. J. Berry, B. Moubar-
aki, K. S. Murray, R. Robson, Inorg. Chem. 2006, 45, 3549 –3556;
g) E. K. Brechin, Chem. Commun. 2005, 5141 – 5153; h) J. F. Berry,
F. A. Cotton, C. Y. Liu, T. Lu, C. A. Murillo, B. S. Tsukerblat, D. Vil-
lagr�n, X. Wang, J. Am. Chem. Soc. 2005, 127, 4895 –4902; i) G. S.
Papaefstathiou, A. Escuer, F. A. Mautner, C. Raptopoulou, A.
Terzis, S. P. Perlepes, R. Vicente, Eur. J. Inorg. Chem. 2005, 879 –
893; j) U. N. Nehete, H. W. Roesky, H. Zhu, S. Nembenna, H.-G.

Chem. Eur. J. 2010, 16, 4784 – 4792 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 4791

FULL PAPERCobalt(II) Cubanes [CoII
4(Cl)4(HL)4]

http://dx.doi.org/10.1002/ange.200353147
http://dx.doi.org/10.1002/ange.200353147
http://dx.doi.org/10.1002/ange.200353147
http://dx.doi.org/10.1002/anie.200353147
http://dx.doi.org/10.1002/anie.200353147
http://dx.doi.org/10.1002/anie.200353147
http://dx.doi.org/10.1039/b312672b
http://dx.doi.org/10.1039/b312672b
http://dx.doi.org/10.1039/b312672b
http://dx.doi.org/10.1039/b312672b
http://dx.doi.org/10.1002/ange.200461820
http://dx.doi.org/10.1002/ange.200461820
http://dx.doi.org/10.1002/ange.200461820
http://dx.doi.org/10.1002/anie.200461820
http://dx.doi.org/10.1002/anie.200461820
http://dx.doi.org/10.1002/anie.200461820
http://dx.doi.org/10.1002/anie.200461820
http://dx.doi.org/10.1021/ic0484203
http://dx.doi.org/10.1021/ic0484203
http://dx.doi.org/10.1021/ic0484203
http://dx.doi.org/10.1021/ic0484203
http://dx.doi.org/10.1002/ange.200352989
http://dx.doi.org/10.1002/ange.200352989
http://dx.doi.org/10.1002/ange.200352989
http://dx.doi.org/10.1002/anie.200352989
http://dx.doi.org/10.1002/anie.200352989
http://dx.doi.org/10.1002/anie.200352989
http://dx.doi.org/10.1002/ange.200601467
http://dx.doi.org/10.1002/ange.200601467
http://dx.doi.org/10.1002/ange.200601467
http://dx.doi.org/10.1002/anie.200601467
http://dx.doi.org/10.1002/anie.200601467
http://dx.doi.org/10.1002/anie.200601467
http://dx.doi.org/10.1002/anie.200601467
http://dx.doi.org/10.1039/b515980f
http://dx.doi.org/10.1039/b515980f
http://dx.doi.org/10.1039/b515980f
http://dx.doi.org/10.1021/ic0614059
http://dx.doi.org/10.1021/ic0614059
http://dx.doi.org/10.1021/ic0614059
http://dx.doi.org/10.1021/ja0736616
http://dx.doi.org/10.1021/ja0736616
http://dx.doi.org/10.1021/ja0736616
http://dx.doi.org/10.1039/b814614d
http://dx.doi.org/10.1039/b814614d
http://dx.doi.org/10.1039/b814614d
http://dx.doi.org/10.1002/chem.200900483
http://dx.doi.org/10.1002/chem.200900483
http://dx.doi.org/10.1002/chem.200900483
http://dx.doi.org/10.1039/b805014g
http://dx.doi.org/10.1039/b805014g
http://dx.doi.org/10.1039/b805014g
http://dx.doi.org/10.1038/35071024
http://dx.doi.org/10.1038/35071024
http://dx.doi.org/10.1038/35071024
http://dx.doi.org/10.1038/416406a
http://dx.doi.org/10.1088/0957-4484/12/2/323
http://dx.doi.org/10.1038/383145a0
http://dx.doi.org/10.1038/383145a0
http://dx.doi.org/10.1038/383145a0
http://dx.doi.org/10.1002/ange.200601478
http://dx.doi.org/10.1002/ange.200601478
http://dx.doi.org/10.1002/ange.200601478
http://dx.doi.org/10.1002/ange.200601478
http://dx.doi.org/10.1002/anie.200601478
http://dx.doi.org/10.1002/anie.200601478
http://dx.doi.org/10.1002/anie.200601478
http://dx.doi.org/10.1002/chem.200501497
http://dx.doi.org/10.1002/chem.200501497
http://dx.doi.org/10.1002/chem.200501497
http://dx.doi.org/10.1002/chem.200501497
http://dx.doi.org/10.1002/ejic.200400773
http://dx.doi.org/10.1002/ejic.200400773
http://dx.doi.org/10.1002/ejic.200400773
http://dx.doi.org/10.1080/10610270500114632
http://dx.doi.org/10.1080/10610270500114632
http://dx.doi.org/10.1080/10610270500114632
http://dx.doi.org/10.1021/ic049799w
http://dx.doi.org/10.1021/ic049799w
http://dx.doi.org/10.1021/ic049799w
http://dx.doi.org/10.1002/chem.200306050
http://dx.doi.org/10.1002/chem.200306050
http://dx.doi.org/10.1002/chem.200306050
http://dx.doi.org/10.1002/chem.200306050
http://dx.doi.org/10.1016/S0277-5387(03)00432-7
http://dx.doi.org/10.1016/S0277-5387(03)00432-7
http://dx.doi.org/10.1016/S0277-5387(03)00432-7
http://dx.doi.org/10.1021/ic900645d
http://dx.doi.org/10.1021/ic900645d
http://dx.doi.org/10.1021/ic900645d
http://dx.doi.org/10.1021/ic8018327
http://dx.doi.org/10.1021/ic8018327
http://dx.doi.org/10.1021/ic8018327
http://dx.doi.org/10.1039/b813160k
http://dx.doi.org/10.1039/b813160k
http://dx.doi.org/10.1039/b813160k
http://dx.doi.org/10.1039/b818974a
http://dx.doi.org/10.1039/b818974a
http://dx.doi.org/10.1039/b818974a
http://dx.doi.org/10.1002/zaac.200700505
http://dx.doi.org/10.1002/zaac.200700505
http://dx.doi.org/10.1002/zaac.200700505
http://dx.doi.org/10.1002/zaac.200700505
http://dx.doi.org/10.1002/chem.200800125
http://dx.doi.org/10.1002/chem.200800125
http://dx.doi.org/10.1002/chem.200800125
http://dx.doi.org/10.1021/ic801374u
http://dx.doi.org/10.1021/ic801374u
http://dx.doi.org/10.1021/ic801374u
http://dx.doi.org/10.1021/ic801485k
http://dx.doi.org/10.1021/ic801485k
http://dx.doi.org/10.1021/ic801485k
http://dx.doi.org/10.1039/b613782b
http://dx.doi.org/10.1039/b613782b
http://dx.doi.org/10.1039/b613782b
http://dx.doi.org/10.1039/b613782b
http://dx.doi.org/10.1002/ejic.200600825
http://dx.doi.org/10.1002/ejic.200600825
http://dx.doi.org/10.1002/ejic.200600825
http://dx.doi.org/10.1039/b714620p
http://dx.doi.org/10.1039/b714620p
http://dx.doi.org/10.1039/b714620p
http://dx.doi.org/10.1021/ic061650s
http://dx.doi.org/10.1021/ic061650s
http://dx.doi.org/10.1021/ic061650s
http://dx.doi.org/10.1039/b604611h
http://dx.doi.org/10.1039/b604611h
http://dx.doi.org/10.1039/b604611h
http://dx.doi.org/10.1016/j.ica.2006.03.027
http://dx.doi.org/10.1016/j.ica.2006.03.027
http://dx.doi.org/10.1016/j.ica.2006.03.027
http://dx.doi.org/10.1021/ic048316l
http://dx.doi.org/10.1021/ic048316l
http://dx.doi.org/10.1021/ic048316l
http://dx.doi.org/10.1039/b507748f
http://dx.doi.org/10.1039/b507748f
http://dx.doi.org/10.1039/b507748f
http://dx.doi.org/10.1039/b507748f
http://dx.doi.org/10.1021/ic0488886
http://dx.doi.org/10.1021/ic0488886
http://dx.doi.org/10.1021/ic0488886
http://dx.doi.org/10.1016/j.inoche.2004.06.012
http://dx.doi.org/10.1016/j.inoche.2004.06.012
http://dx.doi.org/10.1016/j.inoche.2004.06.012
http://dx.doi.org/10.1016/j.inoche.2004.06.012
http://dx.doi.org/10.1002/ange.19971092225
http://dx.doi.org/10.1002/ange.19971092225
http://dx.doi.org/10.1002/ange.19971092225
http://dx.doi.org/10.1002/ange.19971092225
http://dx.doi.org/10.1002/anie.199724821
http://dx.doi.org/10.1002/anie.199724821
http://dx.doi.org/10.1002/anie.199724821
http://dx.doi.org/10.1002/1521-3765(20010702)7:13%3C2765::AID-CHEM2765%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3765(20010702)7:13%3C2765::AID-CHEM2765%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3765(20010702)7:13%3C2765::AID-CHEM2765%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3765(20010702)7:13%3C2770::AID-CHEM2770%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/1521-3765(20010702)7:13%3C2770::AID-CHEM2770%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/1521-3765(20010702)7:13%3C2770::AID-CHEM2770%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/1521-3765(20010702)7:13%3C2770::AID-CHEM2770%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/chem.200900101
http://dx.doi.org/10.1002/chem.200900101
http://dx.doi.org/10.1002/chem.200900101
http://dx.doi.org/10.1002/ange.200702075
http://dx.doi.org/10.1002/ange.200702075
http://dx.doi.org/10.1002/ange.200702075
http://dx.doi.org/10.1002/anie.200702075
http://dx.doi.org/10.1002/anie.200702075
http://dx.doi.org/10.1002/anie.200702075
http://dx.doi.org/10.1002/ange.200804225
http://dx.doi.org/10.1002/ange.200804225
http://dx.doi.org/10.1002/ange.200804225
http://dx.doi.org/10.1002/anie.200804225
http://dx.doi.org/10.1002/anie.200804225
http://dx.doi.org/10.1002/anie.200804225
http://dx.doi.org/10.1039/b603168b
http://dx.doi.org/10.1039/b603168b
http://dx.doi.org/10.1039/b603168b
http://dx.doi.org/10.1002/asia.200600029
http://dx.doi.org/10.1002/asia.200600029
http://dx.doi.org/10.1002/asia.200600029
http://dx.doi.org/10.1002/asia.200600029
http://dx.doi.org/10.1002/ange.200603498
http://dx.doi.org/10.1002/ange.200603498
http://dx.doi.org/10.1002/ange.200603498
http://dx.doi.org/10.1002/ange.200603498
http://dx.doi.org/10.1002/anie.200603498
http://dx.doi.org/10.1002/anie.200603498
http://dx.doi.org/10.1002/anie.200603498
http://dx.doi.org/10.1021/ja071774j
http://dx.doi.org/10.1021/ja071774j
http://dx.doi.org/10.1021/ja071774j
http://dx.doi.org/10.1021/ja071774j
http://dx.doi.org/10.1021/ja0716812
http://dx.doi.org/10.1021/ja0716812
http://dx.doi.org/10.1021/ja0716812
http://dx.doi.org/10.1021/ja0716812
http://dx.doi.org/10.1021/ja066804h
http://dx.doi.org/10.1021/ja066804h
http://dx.doi.org/10.1021/ja066804h
http://dx.doi.org/10.1021/ja066804h
http://dx.doi.org/10.1002/ange.200604453
http://dx.doi.org/10.1002/ange.200604453
http://dx.doi.org/10.1002/ange.200604453
http://dx.doi.org/10.1002/anie.200604453
http://dx.doi.org/10.1002/anie.200604453
http://dx.doi.org/10.1002/anie.200604453
http://dx.doi.org/10.1002/anie.200604453
http://dx.doi.org/10.1002/chem.200600155
http://dx.doi.org/10.1002/chem.200600155
http://dx.doi.org/10.1002/chem.200600155
http://dx.doi.org/10.1002/chem.200600155
http://dx.doi.org/10.1021/ic0621648
http://dx.doi.org/10.1021/ic0621648
http://dx.doi.org/10.1021/ic0621648
http://dx.doi.org/10.1246/bcsj.80.608
http://dx.doi.org/10.1246/bcsj.80.608
http://dx.doi.org/10.1246/bcsj.80.608
http://dx.doi.org/10.1246/bcsj.80.797
http://dx.doi.org/10.1246/bcsj.80.797
http://dx.doi.org/10.1246/bcsj.80.797
http://dx.doi.org/10.1002/ange.200701252
http://dx.doi.org/10.1002/ange.200701252
http://dx.doi.org/10.1002/ange.200701252
http://dx.doi.org/10.1002/anie.200701252
http://dx.doi.org/10.1002/anie.200701252
http://dx.doi.org/10.1002/anie.200701252
http://dx.doi.org/10.1002/anie.200701252
http://dx.doi.org/10.1002/ejic.200800611
http://dx.doi.org/10.1002/ejic.200800611
http://dx.doi.org/10.1002/ejic.200800611
http://dx.doi.org/10.1002/ejic.200800611
http://dx.doi.org/10.1021/ic800896k
http://dx.doi.org/10.1021/ic800896k
http://dx.doi.org/10.1021/ic800896k
http://dx.doi.org/10.1016/j.poly.2008.05.024
http://dx.doi.org/10.1016/j.poly.2008.05.024
http://dx.doi.org/10.1016/j.poly.2008.05.024
http://dx.doi.org/10.1246/cl.2007.1154
http://dx.doi.org/10.1246/cl.2007.1154
http://dx.doi.org/10.1246/cl.2007.1154
http://dx.doi.org/10.1021/ic0517218
http://dx.doi.org/10.1021/ic0517218
http://dx.doi.org/10.1021/ic0517218
http://dx.doi.org/10.1021/ic0517218
http://dx.doi.org/10.1021/ic051779m
http://dx.doi.org/10.1021/ic051779m
http://dx.doi.org/10.1021/ic051779m
http://dx.doi.org/10.1039/b510102f
http://dx.doi.org/10.1039/b510102f
http://dx.doi.org/10.1039/b510102f
http://dx.doi.org/10.1021/ja044185b
http://dx.doi.org/10.1021/ja044185b
http://dx.doi.org/10.1021/ja044185b
http://dx.doi.org/10.1002/ejic.200400670
http://dx.doi.org/10.1002/ejic.200400670
http://dx.doi.org/10.1002/ejic.200400670
www.chemeurj.org


Schmidt, M. Noltemeyer, D. Bogdanov, K. Samwer, Inorg. Chem.
2005, 44, 7243 –7248; k) G. Arom	, A. S. Batsanov, P. Christian, M.
Helliwell, O. Roubeau, G. A. Timco, R. E. P. Winpenny, Dalton
Trans. 2003, 4466 – 4471; l) T. Baruah, M. R. Pederson, Chem. Phys.
Lett. 2002, 360, 144 –148; m) M.-L. Tong, S.-L. Zheng, J.-X. Shi, Y.-
X. Tong, H. K. Lee, X.-M. Chen, J. Chem. Soc. Dalton Trans. 2002,
1727 – 1734; n) K. E. Gubina, V. A. Ovchynnikov, J. Swiatek-Kozlow-
ska, V. M. Amirkhanov, T. Y. Sliva, K. V. Domasevitch, Polyhedron
2002, 21, 963 –967.

[13] For recent literature on cobalt(II) defective dicubanes or other
{Co4} arrangements, see: Ref. [12c] and a) A. N. Georgopoulou, C. P.
Raptopoulou, V. Psycharis, R. Ballesteros, B. Abarca, A. K. Bouda-
lis, Inorg. Chem. 2009, 48, 3167 – 3176; b) D. Wu, D. Guo, Y. Song,
W. Huang, C. Duan, Q. Meng, O. Sato, Inorg. Chem. 2009, 48, 854 –
860; c) A. K. Boudalis, C. P. Raptopoulou, V. Psycharis, B. Abarca,
R. Ballesteros, Eur. J. Inorg. Chem. 2008, 3796 – 3801; d) D.-C. Wen,
T.-Y. Xie, Inorg. Chem. Commun. 2007, 10, 1531 –1533; e) J. Luo, Y.
Zhao, H. Xu, T. L. Kinnibrugh, D. Yang, T. V. Timofeeva, L. L.
Daemen, J. Zhang, W. Bao, J. D. Thompson, R. P. Currier, Inorg.
Chem. 2007, 46, 9021 –9023; f) A. Ferguson, A. Parkin, M. Murrie,
Dalton Trans. 2006, 3627 –3628; g) L. F. Jones, P. Jensen, B. Moubar-
aki, J. D. Cashion, K. J. Berry, K. S. Murray, Dalton Trans. 2005,
3344 – 3352; h) D. S. Nesterov, V. G. Makhankova, V. N. Kokozay,
B. W. Skelton, Inorg. Chim. Acta 2005, 358, 4519 –4526; i) P. King,
R. Cl�rac, W. Wernsdorfer, C. E. Anson, A. K. Powell, Dalton
Trans. 2004, 2670 – 2676; j) G. S. Papaefstathiou, A. Escuer, M. Font-
Bard	a, S. P. Perlepes, X. Solans, R. Vicente, Polyhedron 2002, 21,
2027 – 2032; k) Z. E. Serna, M. K. Urtiaga, M. G. Barandika, R.
Cort�s, S. Martin, L. Lezama, M. I. Arriortua, T. Rojo, Inorg. Chem.
2001, 40, 4550 –4555; l) G. S. Papaefstathiou, A. Escuer, C. P. Rapto-
poulou, A. Terzis, S. P. Perlepes, R. Vicente, Eur. J. Inorg. Chem.
2001, 1567 – 1574.

[14] For recent literature on a selection of polynuclear aggregates, see:
Ref. [12a] and a) S. Langley, M. Helliwell, R. Sessoli, S. J. Teat,
R. E. P. Winpenny, Dalton Trans. 2009, 3102 –3110; b) L. F. Jones,
C. A. Kilner, M. A. Halcrow, Chem. Eur. J. 2009, 15, 4667 –4675;
c) G. N. Newton, G. J. T. Cooper, P. Kçgerler, D.-L. Long, L. Cronin,
J. Am. Chem. Soc. 2008, 130, 790 –791; d) L. Lisnard, F. Tuna, A.
Candini, M. Affronte, R. E. P. Winpenny, E. J. L. McInnes, Angew.
Chem. 2008, 120, 9841 – 9845; Angew. Chem. Int. Ed. 2008, 47, 9695 –
9699; e) V. Tudor, G. Marin, F. Lloret, V. C. Kravtsov, Y. A. Simo-
nov, M. Julve, M. Andruh, Inorg. Chim. Acta 2008, 361, 3446 –3452;
f) X.-T. Wang, B.-W. Wang, Z.-M. Wang, W. Zhang, S. Gao, Inorg.
Chim. Acta 2008, 361, 3895 –3902; g) L. F. Chibotaru, L. Ungur, C.
Aronica, H. Elmoll, G. Pilet, D. Luneau, J. Am. Chem. Soc. 2008,
130, 12445 –12455; h) G. I. Chilas, M. Stylianou, M. Kubicki, T. Vai-
makis, P. Kçgerler, A. D. Keramidas, T. A. Kabanos, Inorg. Chem.
2008, 47, 4451 –4453; i) S. Langley, M. Helliwell, R. Sessoli, S. J.
Teat, R. E. P. Winpenny, Inorg. Chem. 2008, 47, 497 –507; j) T. C.
Stamatatos, A. K. Boudalis, K. V. Pringouri, C. P. Raptopoulou, A.
Terzis, J. Wolowska, E. J. L. McInnes, S. P. Perlepes, Eur. J. Inorg.
Chem. 2007, 5098 – 5104; k) A. Ferguson, A. Parkin, J. Sanchez-Be-
nitez, K. Kamenev, W. Wernsdorfer, M. Murrie, Chem. Commun.
2007, 3473 –3475; l) G. J. T. Cooper, G. N. Newton, P. Kçgerler, D.-
L. Long, L. Engelhardt, M. Luban, L. Cronin, Angew. Chem. 2007,
119, 1362 –1366; Angew. Chem. Int. Ed. 2007, 46, 1340 – 1344.

[15] For details of crystal data, data collection and refinement, see
Table 1 and the single-crystal X-ray structure analyses.

[16] CCDC-711491 (4 a), 699656 (4b), and 699657 (4 c) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

[17] a) C. A. Hunter, J. K. M. Sanders, J. Am. Chem. Soc. 1990, 112,
5525 – 5534; b) C. Janiak, J. Chem. Soc. Dalton Trans. 2000, 3885 –
3896; c) A. Iida, S. Yamaguchi, Chem. Commun. 2009, 3002 –3004;
d) S. Hayami, K. Hiki, T. Kawahara, Y. Maeda, D. Urakami, K.

Inoue, M. Ohama, S. Kawata, O. Sato, Chem. Eur. J. 2009, 15, 3497 –
3508; e) V. Blanco, D. Abella, E. P	a, C. Platas-Iglesias, C. Peinador,
J. M. Quintela, Inorg. Chem. 2009, 48, 4098 –4107; f) X.-X. Zhao, J.-
P. Ma, D.-Z. Shen, Y.-B. Dong, R.-Q. Huang, CrystEngComm 2009,
11, 1281 –1290; for recent examples of our group on p–p interac-
tions creating supramolecular aggregates in the solid state, see:
Ref. [6f] and g) L. Plasseraud, A. Scheurer, F. Hampel, Z. Natur-
forsch. B 2007, 62, 799 –806; h) A. Scheurer, H. Maid, F. Hampel,
R. W. Saalfrank, L. Toupet, P. Mosset, R. Puchta, N. J. R. van Eike-
ma Hommes, Eur. J. Org. Chem. 2005, 2566 – 2574; i) A. Scheurer,
W. Bauer, F. Hampel, C. Schmidt, R. W. Saalfrank, P. Mosset, R.
Puchta, N. J. R. van Eikema Hommes, Tetrahedron: Asymmetry
2004, 15, 867 –872.

[18] For example, see: Refs. [12b] and [13b and i] and a) H. Oshio, N.
Hoshino, T. Ito, J. Am. Chem. Soc. 2000, 122, 12602 – 12603; b) E.-C.
Yang, D. N. Hendrickson, W. Wernsdorfer, M. Nakano, L. N. Za-
kharov, R. D. Sommer, A. L. Rheingold, M. Ledezma-Gairaud, G.
Christou, J. Appl. Phys. 2002, 91, 7382 –7384.

[19] Magnetic investigations of CoII cubanes 4b,c did not show any evi-
dence of SMM behavior such as ac out-of-phase signal and easy-axis
anisotropy. This is most probably due to slight differences in bond
lengths and angles which affect strongly the ferromagnetic interac-
tions of the different CoII centers and modify the magnetic proper-
ties in cubane 4 b,c. Therefore, these complexes have been excluded
from further magnetic discussions.

[20] A. K. Geim, S. V. Dubonos, J. G. S. Lok, I. V. Grigorieva, J. C.
Maan, L. T. Hansen, P. E. Lindelof, Appl. Phys. Lett. 1997, 71, 2379 –
2381.

[21] A. Abragam, B. Bleaney, Electron Paramagnetic Resonance of Tran-
sition Ions, Clarendon Press, Oxford, 1970.

[22] M. Nakano, G.-E. Matsubayashi, T. Muramatsu, T. C. Kobayashi, K.
Amaya, J. Yoo, G. Christou, D. N. Hendrickson, Mol. Cryst. Liq.
Cryst. 2002, 376, 405 –410.

[23] For similar SMM behavior of a cobalt(II) cubane, see: Ref. [12b].
[24] D. Gatteschi, R. Sessoli, J. Villain, Molecular Nanomagnets, Oxford

University Press, Oxford, 2006.
[25] a) A. Naitabdi, J.-P. Bucher, P. Gerbier, P. Rabu, M. Drillon, Adv.

Mater. 2005, 17, 1612 – 1616; b) J. G�mez-Segura, I. D	ez-P�rez, N.
Ishikawa, M. Nakano, J. Veciana, D. Ruiz-Molina, Chem. Commun.
2006, 2866 – 2868.

[26] For recent STM studies by our group on supramolecular assemblies,
see: Refs. [3l] and [6e], and a) K. Petukhov, M. S. Alam, H. Rupp, S.
Strçmsdçrfer, P. M�ller, A. Scheurer, R. W. Saalfrank, J. Kortus, A.
Postnikov, M. Ruben, L. K. Thompson, J.-M. Lehn, Coord. Chem.
Rev. 2009, 253, 2387 –2398; b) M. S. Alam, A. Scheurer, R. W. Saal-
frank, P. M�ller, Z. Naturforsch. B. 2008, 63, 1443 –1446; c) S. K.
Dey, T. S. M. Abedin, L. N. Dawe, S. S. Tandon, J. L. Collins, L. K.
Thompson, A. V. Postnikov, M. S. Alam, P. M�ller, Inorg. Chem.
2007, 46, 7767 – 7781; d) M. S. Alam, V. Dremov, P. M�ller, A. V.
Postnikov, S. S. Mal, F. Hussain, U. Kortz, Inorg. Chem. 2006, 45,
2866 – 2872; e) S. Novokmet, M. S. Alam, V. Dremov, F. W. Heine-
mann, P. M�ller, R. Alsfasser, Angew. Chem. 2005, 117, 813 –817;
Angew. Chem. Int. Ed. 2005, 44, 803 –806.

[27] G. M. Sheldrick, Acta Crystallogr. Sect. A 2008, 64, 112 –122.
[28] a) “Collect” data collection software, B. V. Nonius, 1998 ; b) “Scale-

pack” data processing software: Z. Otwinowski, W. Minor, Methods
Enzymol. 1997, 276, 307 –326.

[29] SHELXTL NT 6.12, Bruker AXS, Inc., Madison, WI, 2002.
[30] SADABS 2.06, Bruker AXS, Inc., Madison, WI, 2002.
[31] H. D. Flack, Acta Crystallogr. Sect. A 1983, 39, 876 – 881.
[32] I. Horcas, R. Fern�ndez, J. M. G�mez-Rodr	guez, J. Colchero, J.

G�mez-Herrero, A. M. Baro, Rev. Sci. Instrum. 2007, 78, 013705

Received: September 18, 2009
Published online: March 19, 2010

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 4784 – 47924792

A. Scheurer, P. M�ller et al.

http://dx.doi.org/10.1021/ic050859n
http://dx.doi.org/10.1021/ic050859n
http://dx.doi.org/10.1021/ic050859n
http://dx.doi.org/10.1021/ic050859n
http://dx.doi.org/10.1016/S0009-2614(02)00824-2
http://dx.doi.org/10.1016/S0009-2614(02)00824-2
http://dx.doi.org/10.1016/S0009-2614(02)00824-2
http://dx.doi.org/10.1016/S0009-2614(02)00824-2
http://dx.doi.org/10.1039/b111475c
http://dx.doi.org/10.1039/b111475c
http://dx.doi.org/10.1039/b111475c
http://dx.doi.org/10.1039/b111475c
http://dx.doi.org/10.1016/S0277-5387(02)00895-1
http://dx.doi.org/10.1016/S0277-5387(02)00895-1
http://dx.doi.org/10.1016/S0277-5387(02)00895-1
http://dx.doi.org/10.1016/S0277-5387(02)00895-1
http://dx.doi.org/10.1021/ic900115c
http://dx.doi.org/10.1021/ic900115c
http://dx.doi.org/10.1021/ic900115c
http://dx.doi.org/10.1021/ic8012188
http://dx.doi.org/10.1021/ic8012188
http://dx.doi.org/10.1021/ic8012188
http://dx.doi.org/10.1002/ejic.200800400
http://dx.doi.org/10.1002/ejic.200800400
http://dx.doi.org/10.1002/ejic.200800400
http://dx.doi.org/10.1016/j.inoche.2007.09.034
http://dx.doi.org/10.1016/j.inoche.2007.09.034
http://dx.doi.org/10.1016/j.inoche.2007.09.034
http://dx.doi.org/10.1021/ic701003z
http://dx.doi.org/10.1021/ic701003z
http://dx.doi.org/10.1021/ic701003z
http://dx.doi.org/10.1021/ic701003z
http://dx.doi.org/10.1039/b603622h
http://dx.doi.org/10.1039/b603622h
http://dx.doi.org/10.1039/b603622h
http://dx.doi.org/10.1039/b504270d
http://dx.doi.org/10.1039/b504270d
http://dx.doi.org/10.1039/b504270d
http://dx.doi.org/10.1039/b504270d
http://dx.doi.org/10.1016/j.ica.2005.07.032
http://dx.doi.org/10.1016/j.ica.2005.07.032
http://dx.doi.org/10.1016/j.ica.2005.07.032
http://dx.doi.org/10.1039/b405881j
http://dx.doi.org/10.1039/b405881j
http://dx.doi.org/10.1039/b405881j
http://dx.doi.org/10.1039/b405881j
http://dx.doi.org/10.1016/S0277-5387(02)01102-6
http://dx.doi.org/10.1016/S0277-5387(02)01102-6
http://dx.doi.org/10.1016/S0277-5387(02)01102-6
http://dx.doi.org/10.1016/S0277-5387(02)01102-6
http://dx.doi.org/10.1021/ic0013476
http://dx.doi.org/10.1021/ic0013476
http://dx.doi.org/10.1021/ic0013476
http://dx.doi.org/10.1021/ic0013476
http://dx.doi.org/10.1002/1099-0682(200106)2001:6%3C1567::AID-EJIC1567%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1099-0682(200106)2001:6%3C1567::AID-EJIC1567%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1099-0682(200106)2001:6%3C1567::AID-EJIC1567%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1099-0682(200106)2001:6%3C1567::AID-EJIC1567%3E3.0.CO;2-7
http://dx.doi.org/10.1039/b819976k
http://dx.doi.org/10.1039/b819976k
http://dx.doi.org/10.1039/b819976k
http://dx.doi.org/10.1002/chem.200802368
http://dx.doi.org/10.1002/chem.200802368
http://dx.doi.org/10.1002/chem.200802368
http://dx.doi.org/10.1021/ja0768183
http://dx.doi.org/10.1021/ja0768183
http://dx.doi.org/10.1021/ja0768183
http://dx.doi.org/10.1002/ange.200804147
http://dx.doi.org/10.1002/ange.200804147
http://dx.doi.org/10.1002/ange.200804147
http://dx.doi.org/10.1002/ange.200804147
http://dx.doi.org/10.1002/anie.200804147
http://dx.doi.org/10.1002/anie.200804147
http://dx.doi.org/10.1002/anie.200804147
http://dx.doi.org/10.1016/j.ica.2008.03.007
http://dx.doi.org/10.1016/j.ica.2008.03.007
http://dx.doi.org/10.1016/j.ica.2008.03.007
http://dx.doi.org/10.1016/j.ica.2008.03.020
http://dx.doi.org/10.1016/j.ica.2008.03.020
http://dx.doi.org/10.1016/j.ica.2008.03.020
http://dx.doi.org/10.1016/j.ica.2008.03.020
http://dx.doi.org/10.1021/ja8029416
http://dx.doi.org/10.1021/ja8029416
http://dx.doi.org/10.1021/ja8029416
http://dx.doi.org/10.1021/ja8029416
http://dx.doi.org/10.1021/ic8004213
http://dx.doi.org/10.1021/ic8004213
http://dx.doi.org/10.1021/ic8004213
http://dx.doi.org/10.1021/ic8004213
http://dx.doi.org/10.1021/ic700984r
http://dx.doi.org/10.1021/ic700984r
http://dx.doi.org/10.1021/ic700984r
http://dx.doi.org/10.1002/ejic.200700533
http://dx.doi.org/10.1002/ejic.200700533
http://dx.doi.org/10.1002/ejic.200700533
http://dx.doi.org/10.1002/ejic.200700533
http://dx.doi.org/10.1039/b706238a
http://dx.doi.org/10.1039/b706238a
http://dx.doi.org/10.1039/b706238a
http://dx.doi.org/10.1039/b706238a
http://dx.doi.org/10.1002/ange.200603870
http://dx.doi.org/10.1002/ange.200603870
http://dx.doi.org/10.1002/ange.200603870
http://dx.doi.org/10.1002/ange.200603870
http://dx.doi.org/10.1002/anie.200603870
http://dx.doi.org/10.1002/anie.200603870
http://dx.doi.org/10.1002/anie.200603870
http://dx.doi.org/10.1021/ja00170a016
http://dx.doi.org/10.1021/ja00170a016
http://dx.doi.org/10.1021/ja00170a016
http://dx.doi.org/10.1021/ja00170a016
http://dx.doi.org/10.1039/b003010o
http://dx.doi.org/10.1039/b003010o
http://dx.doi.org/10.1039/b003010o
http://dx.doi.org/10.1039/b901794a
http://dx.doi.org/10.1039/b901794a
http://dx.doi.org/10.1039/b901794a
http://dx.doi.org/10.1002/chem.200802395
http://dx.doi.org/10.1002/chem.200802395
http://dx.doi.org/10.1002/chem.200802395
http://dx.doi.org/10.1021/ic8022425
http://dx.doi.org/10.1021/ic8022425
http://dx.doi.org/10.1021/ic8022425
http://dx.doi.org/10.1039/b818753n
http://dx.doi.org/10.1039/b818753n
http://dx.doi.org/10.1039/b818753n
http://dx.doi.org/10.1039/b818753n
http://dx.doi.org/10.1002/ejoc.200500042
http://dx.doi.org/10.1002/ejoc.200500042
http://dx.doi.org/10.1002/ejoc.200500042
http://dx.doi.org/10.1016/j.tetasy.2004.01.027
http://dx.doi.org/10.1016/j.tetasy.2004.01.027
http://dx.doi.org/10.1016/j.tetasy.2004.01.027
http://dx.doi.org/10.1016/j.tetasy.2004.01.027
http://dx.doi.org/10.1021/ja002889p
http://dx.doi.org/10.1021/ja002889p
http://dx.doi.org/10.1021/ja002889p
http://dx.doi.org/10.1063/1.1450813
http://dx.doi.org/10.1063/1.1450813
http://dx.doi.org/10.1063/1.1450813
http://dx.doi.org/10.1063/1.120034
http://dx.doi.org/10.1063/1.120034
http://dx.doi.org/10.1063/1.120034
http://dx.doi.org/10.1002/adma.200401623
http://dx.doi.org/10.1002/adma.200401623
http://dx.doi.org/10.1002/adma.200401623
http://dx.doi.org/10.1002/adma.200401623
http://dx.doi.org/10.1039/b606276h
http://dx.doi.org/10.1039/b606276h
http://dx.doi.org/10.1039/b606276h
http://dx.doi.org/10.1039/b606276h
http://dx.doi.org/10.1016/j.ccr.2009.01.024
http://dx.doi.org/10.1016/j.ccr.2009.01.024
http://dx.doi.org/10.1016/j.ccr.2009.01.024
http://dx.doi.org/10.1016/j.ccr.2009.01.024
http://dx.doi.org/10.1021/ic070336a
http://dx.doi.org/10.1021/ic070336a
http://dx.doi.org/10.1021/ic070336a
http://dx.doi.org/10.1021/ic070336a
http://dx.doi.org/10.1021/ic051586z
http://dx.doi.org/10.1021/ic051586z
http://dx.doi.org/10.1021/ic051586z
http://dx.doi.org/10.1021/ic051586z
http://dx.doi.org/10.1002/ange.200461274
http://dx.doi.org/10.1002/ange.200461274
http://dx.doi.org/10.1002/ange.200461274
http://dx.doi.org/10.1002/anie.200461274
http://dx.doi.org/10.1002/anie.200461274
http://dx.doi.org/10.1002/anie.200461274
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1016/S0076-6879(97)76066-X
http://dx.doi.org/10.1016/S0076-6879(97)76066-X
http://dx.doi.org/10.1016/S0076-6879(97)76066-X
http://dx.doi.org/10.1016/S0076-6879(97)76066-X
http://dx.doi.org/10.1107/S0108767383001762
http://dx.doi.org/10.1107/S0108767383001762
http://dx.doi.org/10.1107/S0108767383001762
http://dx.doi.org/10.1063/1.2432410
www.chemeurj.org

