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ABSTRACT: We report the magnetic structure of two of the mag-
netically ordered phases of Co3(OH)2(C4O4)2 3 3H2O, a coordina-
tion polymer that consists of a triangular framework decorated with
anisotropic Co(II) ions. The combination of neutron diffraction
experiments andmagnetic susceptibility data allows us to identify one
phase as displaying spin idle behavior, where only a fraction of the
moments order at intermediate temperatures, while at the lowest
temperatures the system orders fully. This novel magnetic behavior is
discussed within the framework of a simple Hamiltonian and
representational analysis and rationalizes this multiphase behavior
by considering the combination of frustration and anisotropy.

’ INTRODUCTION

Coordination polymers, also known as metal organic frame-
works (MOFs), have become one of the most active areas of
inorganic materials chemistry.1-3 This is largely because of their
proposed use as solid supports in the fuel tanks of hydrogen powered
vehicles.4 The need to characterize the binding sites of H2 molecules
to the walls of the host has led to the use of neutron diffraction5-7

and scattering8,9 techniques on a range of porous MOFs. There has
also been considerable interest in the magnetism of coordination
polymers because the anisotropy of their lattices can lead to exotic
magnetic behavior,10 while structures have also been shown to be
dependent on the level of hydration, indicating that this parameter
could possibly be used to manipulate the magnetic behavior.
However, a complete understanding of their magnetism has been
hampered because of the difficulty of in-depth studies. In contrast,
exotic states in metal oxides have been very well characterized by a
combination of techniques such as diffraction11 and inelastic scatter-
ing12 of neutrons, and muon spectroscopy.13 Neutron techniques
have been assumed to be unsuitable for magnetic MOFs because of
the incoherent scattering from 1H and the difficulty of deuterating

these compounds. In this respect, coordination networks incorporat-
ing the squarate dianion are promising candidates for study as the
ligand contains no “organic” hydrogen. We have already reported
on the neutron diffraction14 and inelastic neutron scattering15 of
Mn2(OH)2(C4O4),

16 where the magnetization behavior is relatively
simple. The material Co3(OH)2(C4O4)2 3 3H2O (1), previously
reported by us,17 and further studied by Kepert, Kurmoo and co-
workers,18 is a perfect candidate for further study as it shows complex
magnetic behavior and is susceptible to deuteration by exchangewith
D2O.Here we report themagnetic susceptibility and neutron diffrac-
tion data of a polycrystalline sample of 1, prepared using a modifica-
tion of the original synthesis.

’EXPERIMENTAL SECTION

Synthesis. In the Teflon insert of a 23 mL Parr reactor, Co(OAc)2 3
4H2O (250 mg, 1 mmol) was dissolved in water (5 mL). Aqueous KOH
(2 mL of a 2 M solution, 4 mmol) was added followed by solid squaric acid
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(329mg, 2.88mmol) followed by furtherwater (2.5mL). The autoclavewas
sealed andheated to 200 �C for 15 h followedby cooling to about 50 �Cover
4 h before opening. The product was then isolated by filtration to yield
100mg60%.Deuterationwas performed by cycles of dehydration by heating
to 150 �Cunder vacuum, followed by exposure toD2Ovapor under a flowof
nitrogen. This was repeated for five cycles.
Diffraction. Single crystal X-ray diffraction was performed using

a Bruker Kappa CCD diffractometer equipped with an Oxford Cryo-
systems Helix crystal cooling device operating at 30 K. CCDC-735274
contain supplementary 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.

All neutron diffraction experiments were performed using a 2.5 g
sample in a standard vanadium sample can. A standard orange cryostat
was used with the D20 and D2B diffractometers at the Institut Laue
Langevin (ILL), Grenoble, France, while those on the SPODI diffrac-
tometer at the Forschungsnutronenquelle Heinz Maier-Liebnitz (FRM
II), Munich, Germany, used a CCR system. Wavelengths used were
2.5 Å (D20), 1.594 Å (D2B), and 2.537 Å (SPODI). Standard correc-
tions for detector efficiency were performed in all cases. For SPODI and
D2B data the Debye-Scherrer rings were straightened to allow the use
of a large area of the detector. Rietveld refinements19 were performed
using the GSAS suite of programs while the magnetic structures were
calculated using the SARAh representational analysis software.20

Magnetic susceptibility measurements were performed using a
QuantumDesign MPMS-XL-5 magnetometer with the samples isolated
in gelatin capsules. Direct current (DC) magnetization measurements
were performed in the range 2-300 K with a 100 Oe measuring field,
while alternating current (AC) measurements were performed with an
alternating field of 3.95 Oe in the temperature range 1.8-10 K at 110Hz
with a range of different DC magnetic fields applied (7-700 Oe).

’RESULTS

Crystal Structure. The crystal structure of compound 1 is
already known over a wide temperature range >100 K;18 how-
ever, for this study we needed to be assured that there were no
significant structural changes at temperatures close to the
magnetic ordering. Additional data was collected at 30 K, and
the structure determination repeated (Table 1); this revealed no
significant change from the room temperature study both in the
framework and, more importantly, to the disorder of the guest
water molecules. To understand the magnetic behavior of 1 we
first need to consider the possible pathways for magnetic super-
exchange. The important structural features are as follows: μ3-
OH bridged isosceles triangles of cobalt atoms share alternating
edges and vertices to form Co3(OH) strips parallel to the c axis
forming the backbone of the lattice (Figure 1). Both cobalt ions

have a distorted octahedral coordination environment and are
further bridged by squarate dianions via both a one atom
(M-O-M) and a four-atom (M-O-C-C-O-M) bridge.
The squarate dianion also facilitates four and five atom bridges to
neighboring strips resulting in the formation of large water-filled
channels (Figure 2). As shorter superexchange pathways mediate
the strongest spin-spin interactions, it is anticipated that these
long bridging pathways between strips will be relatively weak.
Magnetometry. We were initially suspicious of the unusual

nature of the susceptibility, with three N�eel point-like disconti-
nuities in a small temperature range (Figure 3). This result was
subsequently confirmed from three independent samples on two
different magnetometers and by checking sample purity by X-ray
powder diffraction (Figure S1, Supporting Information). At 8 K
there is a discontinuity, followed by two maxima at 5.7 and 3.2 K.
Fitting the data between 20 and 300 K to the Curie-Weiss law
yields C = 10.58(1) cm3 mol-1 K andΘ =-5.6(2) K. The room
temperature value of χT is 10.3 cm3 mol-1 K consistent with the
observed Curie constant and within the range expected for three
Co2þ ions. Using a spin only approach, one can extract an
effective g value of 2.7, this is similar to other values reported in
the literature using this oversimplified approach.21

The application ofMean Field Theory to theWeiss constant is
not a good measure of coupling strength here as it is unsuitable for
anisotropic systems, and in this case it will also include a component
due to zero field splitting22 as a result of the spin-orbit coupling

Table 1. Crystal Data and Structure Refinement for 1 at 30 K

empirical formula C8H8Co3O13

crystal system monoclinic

space group C2/m

formula weight (g/mol) 488.93

a (Å) 9.2711(4)

b (Å) 12.8719(6)

c (Å) 5.4940(2)

β (deg) 90.685(2)

volume (Å3) 655.59(5)

Z 2

R1I > 2σ(I) 0.0338

wR2 indices (all data) 0.0857 Figure 1. Section of the alternating edge and vertex sharing chain in 1,
from X-ray data, showing the possible bridging interactions.

Figure 2. Packing diagram of 1 along the crystallographic c axis, showing
the large water filled channels.
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inherent with the unquenched orbital angular momentum asso-
ciated with the electronic configuration of octahedral Co(II). We
have also recorded AC susceptibility data in varying static applied
fields; the temperature dependence of χ0 confirms the presence of
three different ordered phases and shows that with an applied field
of over 7000 Oe all three phase transitions are suppressed.
NeutronDiffraction. Neutron diffraction data were collected

using the high flux diffractometer D20 at the ILL.23 At
approximately 8 K, extra Bragg reflections are observed, char-
acteristic of a magnetic phase transition (Figure 4). The
positions of several of these new peaks show a strong tempera-
ture dependence; this behavior is indicative of an incommen-
surate magnetic structure, that is, the magnetic unit cell is not an
integer multiple of nuclear cells. Below 5.75 K a second set of
magnetic Bragg peaks is observed with positions that do not
vary as a function of T as the sample is cooled down to 2 K.
Integration over the 2θ range of individual magnetic Bragg
peaks and plotting as a function of temperature shows that there
are three changes in intensity, consistent with three magnetic
phase transitions, with the final one occurring at 3.25 K; these
intensity changes correspond to the three different disconti-
nuities in the susceptibility (Figure 5) giving rise to four
different magnetic regimes labeled A, B, and C for the regions
below 3.25 K, between 3.25 and 5.75 K, between 5.75 and 8 K
respectively, and P for the paramagnetic phase above 8 K.
Changes occur because of the growth and shrinkage of mag-
netic Bragg peaks, and to changes in background intensity.
High resolution data were obtained using the diffractometer

D2B at the ILL. All magnetic peaks in phase A are indexed by
propagation vectors k = (0,0,1/2) and (1,0,1/2); the latter must
be considered because of the centering of the cell.24 In both cases
the decomposition of the magnetic representations of the two

cobalt atoms are
ΓCo1 ¼ 2Γ2 þ 1Γ4

ΓCo2 ¼ 1Γ1 þ 1Γ2 þ 2Γ3 þ 2Γ4

However, it should be noted that the irreducible representations
correspond to different structures for the two different propaga-
tion vectors. Four combinations of irreducible representations
give good fits; considering both the goodness of fit, χ2, and the
magnitude of the moment, the structure is best described by the
combination Co1 Γ2, Co2 Γ1. The moment magnitude has to be
considered to ensure that the result does not correspond to
unphysical magnetic structures. All possible combinations of basis
vector for both propagation vectors, even those described by
different irreducible representations, were refined in pairs to deter-
mine the true alignment of the moments (Figure 6, Figure S2,
Supporting Information). This analysis shows that the structure is
described fully by Co1 Γ2 Ψ2 and Co2 Γ1 Ψ1 with moments of
4.00(18) and 3.47(4) μB, respectively. The moments on Co2 align
coparallel with each other and parallel to the b axis along the shared
edge, with alternating edges aligned antiparallel to each other. The
vertex sharing position (Co1) has the moment aligned along the c
axis; as with the edge sharing positions, alternating positions align
antiparallel to each other (Figure 7). Taking cross sections perpen-
dicular to c at, for example, [a,b,0], [a,b,0.5], [a,b,1] shows that all

Figure 3. Left, DC susceptibility of 1 in a measuring field of 100 Oe; right, AC susceptibility in a range of DC fields (inset-size of DC field in Oe).

Figure 4. Temperature dependence of the magnetic diffraction in 1 ob-
tained by subtracting the 12 K diffraction pattern from the raw data.

Figure 5. Superposition of the DC susceptibility data for 1 and the
integrated intensity at various angles in the neutron diffraction pattern.
Black, susceptibility; green, intensity between 8.9 and 10� 2θ; blue, intensity
between 10 and 11.5� 2θ; red, intensity between 11.5 and 13.5� 2θ.
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theCo2 sites have coparallel spins; equivalent slices at [a,b,0.25] and
[a,b,0.75] show the Co1 spins within each layer also to be coparallel
(Figure S3, Supporting Information).
There are notable differences in the diffraction pattern when

the material enters phase B; the 0 1 0 reflection is no longer
observed and the 0 0 1 magnetic Bragg peak is reduced in
intensity. The structure of phase B was also investigated by
examining all possible combinations of basis vectors. The mo-
ments on the Co2 site order with the same symmetry as in phase
A, while the moment on Co1 consistently refines to zero
(Figure 8). Comparison with the difference pattern shows a
good agreement with the data (Figure 9).
The observation of a reduction in intensity and extra Bragg

peaks is wholly consistent with this finding, as the large back-
ground change between phase A and phase B is indicative of the
reduction of paramagnetic scattering of the unordered site and
the additional Bragg peaks infer extra ordering.
Lack of order in materials with more than one magnetic site is

referred to as idle spin behavior.25,26 This phenomenon has
been observed before in frustrated materials with more than
one site, and previous explanations have been that only a
portion of the sites order, so as to lessen frustration. To the
authors’ knowledge, no other spin idle compound has been

found to undergo a further transition to a completely long-
range ordered state upon cooling.
As with many other complex magnetic systems, even such

well-studied examples as magnetite, it has not been possible
to fully characterize all three phases to date. Attempts to
solve the structure of the incommensurate phase, C, have so
far been unsuccessful. Some relatively simple model struc-
tures can be eliminated, as we do not observe equally spaced
incommensurate satellites around a central peak. Also the
rate of incommensurability is different for different reflec-
tions. This is important as it implies that the structure is
independently incommensurate in two different directions
in reciprocal space. As such this phase is likely to be too
complicated to be correctly solved using powder diffraction
techniques, consequently single crystal neutron diffraction is
planned.
Further neutron diffraction data using the high resolution

diffractometer SPODI at the FRM II reveals the sensitivity of the
magnetic structure to hydration level. On cooling below 170 K,
intensity is observed in the diffraction pattern at positions
expected for hk ( 1 reflections which should be systematically
absent, but indicate a doubling along c. Given that no similar
change was reported in X-ray diffraction patterns18 this can be
ascribed to differences in positions of hydrogen atoms. Further
interpretation of these changes is hampered by the lack of
additional data represented by the observation of a small
number of reflections and by the inaccuracy of the nuclear
structure at this hydration level. Upon further cooling to phase
B, we see a different magnetic diffraction pattern to previous
experiments, notably the 001 is more intense and the 110
reflection is observed. Previous work18 has proposed a large
difference in magnetism upon going to the completely dehy-
drated structure; the current work suggests that changes in the
magnetic structure can occur with only small changes to the
level of dehydration.

Figure 6. Rietveld refinement of the entire neutron diffraction pattern
for phase A at 2 K using data from the D2B diffractometer. Black lines
indicate allowed positions for nuclear Bragg peaks, blue marks for
magnetic peaks, red marks show the allowed positions for ice Ih, which
is present in small quantities as a consequence of the deuteration
process.

Figure 7. Magnetic structure of 1 at 2 K (i.e., in phase A). Left, one repeat unit in a single chain; center, three adjacent chains in the bc plane; right, one
unit cell.

Figure 8. Magnetic structure of a chain in phase B at 3.5 K determined
using neutron diffraction.
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’DISCUSSION

Themagnetic structure of phase A shows an unusual mechanism
for accommodating magnetic frustration. The structure of both
phases A and B indicate that the Co2-Co20 interaction (mediated
by O3) is ferromagnetic, as seen in other Co(II) compounds with
similar exchange pathways,27-29 and that the next-nearest neighbor
Co2-Co200 interaction (mediated by O1-C1-C2-O2) is anti-
ferromagnetic. As shown in Figure 10, the spin on Co1 cannot now
order in such a way as to satisfy the Co1-Co2 exchange interaction
irrespective of whether this interaction is ferro- or antiferromagnetic.
The observation of a structure in which the spin on Co1 orders
orthogonal to those on Co2 indicates the importance of single ion
anisotropy leading to an antisymmetric (Dzyaloshinskii-Moriya)
contribution to the spin Hamiltonian. This stabilizes the orthogonal
arrangement, and in the presence of frustration of the symmetric
exchange interactions it is possible that this can dominate the
observed structure.

On heating, a magnetic phase transition occurs to a structure in
which the spin on Co1 is not ordered. This idle spin behavior has
previously been observed when geometric frustration is present in
an extended lattice of reasonable high symmetry. Nearest neighbor
exchange interactions to Co1 provide no enthalpic driving force for
ordering; hence, long-range order must be the result of next-nearest
(or further) interactions which will necessarily be weak. This
enthalpic contribution will be easily overcome, even at low tem-
peratures, by the entropy increase associated with loss of order.

We can rationalize the presence of multiple phase transitions
by considering the types of behavior we can expect for different rela-
tive sizes of the parameters in the simplified Hamiltonian (eq 1):

Ĥ ¼ -J1
X

i

S2i 3 S2ai - J2
X

i

ðS1i 3 S2i þ S1i 3 S2iþ1Þ

þ
X

i

ðD1S1
2
i þD2S2

2
i Þ ð1Þ

To derive some meaningful results we have to consider only
nearest neighbor interactions and consider that the zero-field

splitting is no higher than tetragonal. We can then contemplate
two limiting cases:30 D>J and J>D. In the first case, the two sites
will behave independently; hence, the ordering of the individual
sites does not have to be described by the same irreducible
representation, and the sites may order at different temperatures.
In the second case, there is strong coupling between the sites
leading to a single phase transition and a structure where the basis
vectors for the spins on both sites must belong to the same
irreducible representation.

The need for two irreducible representations to describe phase
A indicates that single ion anisotropy is the dominant factor in
determining the magnetic structure. This situation should give
only two ordered phases, but we observe three, indicating that the
relationship between J and D is not straightforward. In this
particular case, we postulate that all four parameters in the
Hamiltonian; D1, D2, J1, and J2 have similar magnitudes. This
allows us to tentatively suggest the following mechanism for the
transitions to phases A, B, and C. At 8 K, the moments order
according to the symmetry as determined by single ion effects of
Co2. As the temperature is lowered, the effect of the exchange
interaction is to perturb the ordered structure; initially this causes
the observed incommensurability, however, at 6.2 K this becomes
critical and phaseB is observed. The final phase transition is caused
by the ordering of the moments of Co1; the temperature of this
transition is suppressed because of the frustration inherent in the
ordering of Co2. This exchange topology has been studied
theoretically in the case of mixed S and mixed anisotropy systems.
Depending on the ratio of anisotropy to exchange interactions,
different ground states are predicted.31

’CONCLUSION

We have shown that neutron diffraction is a powerful tool for
helping to elucidate the behavior of magnetic coordination
networks, just as it is for metal oxides. In addition, the greater
range of structure types available for coordination networks
indicates that many new types of magnetic structure may be
discovered for them using this technique.
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