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Low-dimensional molecular magnets are being studied as
potential memory elements for information storage,[1–3] for
quantum information processing,[4–6] or as components of
molecular machines.[7] One key consideration is the anisotropy of the magnetic centers; this is particularly important
for single-molecule magnets[1, 8] and single-chain magnets.[9]
Modeling magnetic behavior with high anisotropy due to firstorder orbital angular momentum is particularly challenging.
The most common examples are six-coordinate cobalt(II)
complexes, and the slow relaxation seen in some polymetallic
cobalt(II) complexes remains controversial.[10] To describe
even dimetallic compounds can involve an intimidating level
of theory.[11] Here, multi-frequency electron paramagnetic
resonance (EPR), inelastic neutron scattering (INS), and
magnetic studies are reported, and modern theory is used to
generate a simple model. This approach suggests that the
exchange in such systems is largely controlled by the
orientation of the local magnetic moments.
Dimetallic six-coordinate cobalt(II) compounds are one
of the simplest cases in which orbital degeneracy is present in
an exchange-coupled system. The synthesis and structures of
[Co2(H2O)(O2CtBu)4(HO2CtBu)4] (1) and [Co2(H2O)(O2CtBu)4(HO2CtBu)2(py)2] (2; py = pyridine), based on a
common {Co2(m-H2O)(m-O2CR)2} core, have been
reported.[12] The simplicity of the structures (Figure 1)
allows per-deuteration, giving the opportunity for INS studies.
Coronado, G!del, and co-workers have shown how INS can
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Figure 1. Molecular structures of 1 (top) and 2 (bottom), with principal
axes of gi for the lowest Kramers doublets of the CoII ions. The length
of the vectors is proportional to the magnitude of geff. Co blue, O red,
C gray, N dark blue, H omitted for clarity.

define zero-field level structures and hence exchange-interaction(s).[13–16] However, this contains no information on the
highly anisotropic Zeeman interaction(s). This can, in principal, be obtained from EPR, but reports of resolved spectra
are very rare.
For compound 2 the molar magnetization (M) at 1.8 K
increases rapidly with applied magnetic field (H), saturating
to 3.75 mB (Figure 2). In contrast, compound 1 shows a stepped
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Figure 2. Magnetization (M) vs. applied magnetic field (H) for polycrystalline samples of 2 (*) and 1 (*) at 1.8 K.

M(H) plot, with little magnetization to ca. 2 T before a rapid
increase to a similar saturation value (Figure 2). Molar
magnetic susceptibility (cm) data are similar for 1 and 2
from 300 to 100 K, with a gradual decline in cm T. At lower
temperatures cm T of 2 reaches a plateau at 4.2 cm3 K mol!1,
which is field-dependent below 5 K, while cm T of 1 continues
to decline (Figure S1, Supporting Information).
A simple and intuitive approach towards the interpretation of low-temperature data for cobalt(II) ions is the pseudo
(or effective) spin-1/2 approximation, where only the lowestlying Kramers doublet of each ion is considered. The 4T1g
ground state (using Oh symmetry labels) is split into six
Kramers doublets by the combination of the low-symmetry
crystal field and spin–orbit coupling. The lowest doublet is
separated by ca. 200 cm!1 from the next doublet (see Table S1
for calculated energies); hence, at low temperature, only this
doublet is populated. Although this comprises both spin and
orbital angular momentum in its wave-function, it can be
treated as a pseudo “seff” = 1/2 state given its two-level nature.
Using this model, the observed low-temperature magnetism has a straightforward possible explanation; in 2 the two
seff = 1/2 couple ferromagnetically to give a total effective
Seff = 1 ground state and an Seff = 0 excited state. In 1 the
coupling is antiferromagnetic to give an effective singlet
ground state. The stepped M(H) curve for 1 is then due to the
crossover of one of the triplet levels with Seff = 0 with
increasing field. Both the saturation magnetizations for 1
and 2 and the low-temperature plateau in cm T for 2 are
consistent with an average geff " 4. Note that we can describe
the coupled states as Seff = 0 and 1 in zero-field, because there
are no matrix elements to connect the antisymmetric
2!1/2(j›fli!jfl›i) state (Seff = 0) with any of the other three
states, even for rhombic exchange interactions [giving
2!1/2(j›fli+jfl›i) and 2!1/2(j››i#jflfli) “triplet” states]. This
is not the case in an applied field (see below).
INS data on per-deuterated samples, 1D and 2D, collected
in zero-field, are consistent with four-level schemes. Spectra
of 1D (6.0 " neutrons; 0.4 cm!1 resolution) between 4 and
16 K show five well-resolved magnetic transitions: three cold
bands at 4.7, 9.4, and 11.3 cm!1 and two hot bands at 1.9 and
6.6 cm!1 (Figures 3, top, and S2). These transition energies
give relative energies for the four levels of 0, 4.7, 9.4 and
11.3 cm!1 (Figure 3, top inset). The Q-dependence[17] (where
Q is the scattering vector) of the cold transitions are
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Figure 3. INS spectra of 1D, at 16 K with 6.0 # neutrons (top) and of 2D
at 2.4 K with 8.0 # neutrons (bottom); Gaussian fit to peaks as solid
lines. Insets: derived level schemes with possible INS transitions.
[Note the model predicts a 0.88 cm!1 transition for 2D : this would not
be resolved from the 0.96 cm!1 band within the experimental resolution; both transitions are hot and DSeff = 1.]

consistent with DSeff = 1 transitions, while those at 1.9 and
6.6 cm!1 are consistent with DSeff = 0 (Figure S3). This is only
possible if the lowest level is the Seff = 0 state, consistent with
M(H) data.
A smaller spread of transition energies is observed for 2D
under similar conditions (Figure S4, left). A higher resolution
(8 " neutrons; 0.16 cm!1 resolution) and lower temperature
(0.7 to 16 K) experiment reveals cold transitions at 0.64, 1.52,
and 2.48 cm!1 and hot transitions at 0.96 and 1.84 cm!1
(Figures 3, bottom, and S4, right). This gives relative level
energies of 0, 0.64, 1.52, and 2.48 cm!1 (Figure 3, bottom
inset). The Q-dependence of the 0.64, 1.84, and 2.48 cm!1
transitions are consistent with DSeff = 0 while those at 0.96 and
1.52 cm!1 are consistent with DSeff = 1 (Figure S5). This is only
consistent with the third-highest level (at relative energy
1.52 cm!1) being the Seff = 0 state, consistent with the lack of a
step in M(H) data.
In both cases, the data confirm a well-isolated four-level
energy manifold arising from coupling of the lowest Kramers
doublets of two cobalt(II) ions; experiments up to 60 K at
3.8 " do not show any further magnetic transitions. The
complete lifting of the degeneracy in zero-field implies that
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the exchange interactions are rhombic. The smaller spread of
transition energies for 2D implies weaker exchange for this
compound.
EPR spectra of 1 and 2 at low temperature are well
resolved with complicated fine structure. Such resolution is
extremely rare for exchange-coupled orbitally degenerate
ions,[18–20] and is important because it gives spectroscopic
access to the very anisotropic geff-values. Spectra of 1 are
simpler than those of 2 at 94 GHz (Figures 4 and 5); the fewer

Figure 4. Variable-temperature EPR spectra of polycrystalline samples
of 1 at 94 GHz, and 2 at 345 GHz: experimental (black) and calculated
(red) with the model in the text. [The sharp g = 2.0 feature at 94 GHz
is due to a MnII impurity.]

Figure 5. Variable-frequency EPR spectra of polycrystalline sample of 2
at 4 K (2 K at 345 GHz): experimental (black) and calculated spectra
(red) with the model described in the text.

transitions are consistent with a larger exchange interaction.
Higher-frequency spectra, up to 345 GHz, have been measured for 2 and reveal up to twelve transitions covering the
full magnetic field range (Figure 5).
We have modeled the EPR spectra using the simple spinHamiltonian (1):
Ĥ ¼ ŝ1 % J % ŝ2 þ mB

X
i¼1;2

H % gi % ŝi

ð1Þ

where gi are the effective g-matrices for the seff = 1/2 centers.
Note we define a single anisotropic exchange matrix, J, rather
than separate isotropic and anisotropic components. There
are many variables since J and gi are expected to be highly
Angew. Chem. Int. Ed. 2011, 50, 4007 –4011

anisotropic and there is no requirement for these interaction
matrices to share axes. To avoid over-parameterization we
have fixed many parameters from INS and ab initio calculations.
The principal values of J are fixed such that diagonalization of Equation (1) gives the zero-field energies determined
from INS. This gives Jx,y,z = + 2.8, + 6.6, + 16.0 cm!1 for 1 and
Jx,y,z = + 0.32, + 1.60, !3.36 cm!1 for 2. [We use xyz to label
local principal axes of the matrices/tensors in Equation (1)
and XYZ to label a common molecular coordinate frame.]
The sign of the largest component is fixed as antiferromagnetic or ferromagnetic, respectively, as observed from M(H),
and the signs of Jx,y as necessary to justify the pattern of hot
and cold bands and their Q-dependence in INS. Note that Jx,y
are positive while Jz is negative for 2: this gives the Seff = 0
state as the third level in zero field.
We have calculated the principal axes and orientations of
gi by ab initio methods, based on the crystal structures, using
methods described elsewhere[21] (Table S1). The calculated
signs of the product of the gi principal values were positive for
both 1 and 2. Hence, we can take all of them with positive
signs; a detailed discussion will be given elsewhere (negative g
values have been used to model powder magnetic data in a
recent study of a (CoII)5 complex[22]). The calculated gi are
highly rhombic (gx,y,z " 2, 4, 7; Table S1) but within the range
expected for rhombically distorted six-coordinate CoII.[23] For
2 the two gz are near co-parallel (148 or, equivalently, 1668;
Table S3) to each other and are near perpendicular (808) to
the Co-O-Co plane (Figure 1). For 1 the two gz make a much
greater angle to each other (388; Table S2) and to the Co-OCo plane (61 and 768 for the two independent Co ions;
Figure 1).
The two CoII ions in 2, and hence gCo1 and gCo2, are
symmetry-equivalent, being related by a crystallographic twofold axis bisecting the Co-O-Co angle.[12] From symmetry
arguments, one of the principal axes of J must be coincident
with this two-fold axis (we choose this as Y). The remaining
two axes of J can be located anywhere in the plane normal to
the C2 axis. Single-crystal magnetic studies on 2 give the
location of two of the crystal magnetic axes as parallel (X) and
perpendicular (Z) to the Co–Co vector. In order to avoid
over-parameterization, we have taken these as the remaining
two principal axes of J. This choice is convenient, because it
makes gCo1 and gCo2 symmetry-related about J, which can then
be used to define the XYZ molecular frame. Although 1 has
only pseudo two-fold symmetry, we have kept the same
molecular frame and have imposed gCo1 = gCo2.
In our initial EPR calculations we fixed both the
orientations and values of gi, and then cycled through the
possible assignments of the principal values of J to JX,Y,Z (and
also through the possible sign combinations in order to test
the INS assignments). In each case, only one combination
gave reasonable results compared to the experimental data.
For these solutions we refined the principal geff-values. For 1
we found good simulations (Figure 4) with JX,Y,Z = + 6.6,
+ 2.8, + 16.0 cm!1 and gx,y,z = 2.4, 4.0, 7.0. For 2 we get
JX,Y,Z = + 1.60, + 0.32, !3.36 cm!1 and gx,y,z = 2.3, 3.9, 6.2
(Figure 4 and Figure 5). The simulations are remarkably
good (including temperature dependence, Figure 4) given the
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simplicity of the model and the extreme sensitivity to the
parameters, e.g., to the orientations of gi. Importantly, they
reproduce the spread of the spectra of 2 over a wide frequency
and field range (Figure 5).
The four levels can be described as Seff = 0 and 1 in zero
applied field (see above). For 2, the assignment of the third
level as the singlet (Figure 3) is confirmed by the EPR results.
It is only possible to model the variable-temperature effects in
the high-frequency spectra (e.g., the highest-field “doublet”
centered on 10.6 T at 345 GHz, Figure 4) using the sign
combination of JX,Y,Z given above. The consistency with INS
gives confidence in the model. However, in an applied field
the huge g-anisotropies—and the non-colinearity of the
axes—lead to extensive mixing of the four states. For
example, a Zeeman diagram for 2 with the magnetic field at
an angle f = 408 in the XY plane (q = 908) shows all four
levels evolving with field, with allowed EPR transitions
between levels 1!2 and 3!4 at high field (see Figure 6 with
345 GHz transitions shown; these give rise to the highest-field
“doublet” in Figure 4). A simple parameterization as Seff = 0
and 1 is not possible in applied field.

near normal (808) to this plane; in 1 they are significantly
further skewed from this plane (average 688). We have
performed ab initio calculations for two further complexes,
and found angles of 45–708; in both cases the exchange is also
antiferromagnetic from magnetization studies.
This suggests that the relationship between the local
crystal field about the cobalt centers and the superexchange
pathway is controlling the magnetic interaction. Others have
noted the importance of the orientation of gi in interpreting
magnetic data of polymetallic CoII complexes.[22] In a sense,
this is analogous to magnetostructural correlations for spinonly ions such as copper(II), where the crystal field directions
are easily established by inspection. For CoII, the local crystal
field can vary subtly with minor changes in ligand sphere, and
this could explain the diverse magnetism displayed by
polymetallic cobalt cages and single-chain magnets.[24] Similar
considerations must apply to other highly anisotropic spin
centers such as 4f ions.[25, 26]

Experimental Section
INS spectra were measured on a multi-chopper time-of-flight instrument[27] TOFTOF at FRM-II of the Technische Universit#t M!nchen:
data were normalized to a vanadium sample and backgroundsubtracted using an empty can. 34 and 94 GHz EPR spectra were
measured on Bruker instrumentation at the EPSRC National EPR
Facility at Manchester. High-frequency/field EPR spectra were
measured at the LNCMI-CNRS at Grenoble on a home-built
spectrometer. Simulations used Stoll$s EasySpin.[28]
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Figure 6. Zeeman diagram for 2 with applied magnetic field at an
angle of f= 408, q = 908 (in the XY plane) with allowed 345 GHz EPR
transitions.

In summary, we are able to interpret the high-quality INS
and EPR data for 1 and 2, giving detailed information on the
exchange and gi matrices. Both are highly rhombic and their
relative orientations appear to be related. Magnetostructural
correlations typically look at structural parameters associated
with the superexchange pathways. Here the key parameter
might be the angle at the bridging water molecule. In 1 and 2
this is 1108 and 1088, respectively. We have studied five further
compounds (differing only in terminal ligands from 1 and 2);
all have larger Co-O-Co angles and in each case the magnetic
behavior is similar to that of 1. However, it seems surprising
that such a small change in angle should have such a
significant influence.
Instead, a possible correlation arises from the orientations
of the local magnetic moments, as reflected in the gi axes, with
respect to the superexchange path. In both 1 and 2, the
dominant component of the exchange (Jz, determining the
overall sign of the interaction) is perpendicular to the Co-OCo plane (i.e. along Z). In 2 the two largest geff values (gz) lie
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