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A two-dimensional compound [Co3(u;-OH),(1,2-chdc),].. (1,2-
chdc = trans-1,2-cyclohexane-dicarboxylate) comprising trian-
gular arrays of Co";(u;-OH) affording a Kagomé-like lattice
exhibits the coexistence of spin frustration and long-range
magnetic ordering.

Spin-frustration, defined as a system’s inability to satisfy all
antiferromagnetic interactions between spins simultaneously,
amplifies the context of molecular-based magnets because they
can lead to macroscopic degeneracies and qualitatively new states
of matter.! Magnetic long-range ordering (LRO) may be
suppressed or significantly reduced as a result of competing
antiferromagnetic exchange interactions.>* Spin-frustrated systems
are ubiquitous, and they can be deliberately designed in certain
topologies (ESI Scheme S17), which are so-called geometrically
frustrated lattices such as the triangular, Kagome, pyrochlore and
fec lattices (ESI Scheme S21),' whereas the true LRO is only
limited in three-dimensional (3D) or two-dimensional (2D) Ising
systems.* Combination of these two kinds of behaviour into a
single crystal lattice might result in new physical properties. An
attractive strategy for creating these “bi-functional” magnets
targets inorganic-organic hybrid materials.’ In this method, the
inorganic components are mainly based on the assembly of
triangular secondary building units including M;(1i;-OH) (M =
transition metal ion) moieties. So far the metal ions employed
in the M;(p3-OH) triangles have been mainly VAL CpVI gnd
Fe'™ 57 1 fact, Co" ions can also form antiferromagnetically-
coupled triangular Co"5(u3-OH) moieties with versatile topolo-
gies,®” particularly the novel A-chain,® which represents a section
of Kagomé lattice showing a whole 3D spin frustration and no
magnetic ordering down to 2 K, therefore one would expect that
triangular Co"5(13-OH) could also be used to assemble a 2D
frustrated antiferromagnet. However, to our knowledge, no 2D
cobalt(il) hydroxide with distinct spin frustration has been
reported.

Inspired by the fact that succinic acid as an analogue of frans-
1,2-cyclohexane-dicarboxylic acid (1,2-chdcH,) was used to
incorporate Co™5(u3-OH) moieties into inorganic-organic hybrid
materials,'® we chose 1,2-chdcH, in the preparation of layered
hybrid materials with the highly hydrophobic aliphatic component
of 1,2-chdc for efficient separation of the magnetic exchange
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between the layers, and successfully generated a new organically
sandwiched cobalt(i) hydroxide 2[Cos(us-OH)s(1,2-chdc),] (1)
possessing a new geometrical topology analogous to the Kagomé
lattice and showing the coexistence of spin frustration and long-
range magnetic ordering.

In the crystal structure§ of 1 (Fig. 1), each asymmetrical unit
contains three Co™ atoms, two p3-OH groups and two 1,2-chdc
ligands. Col is in a distorted tetrahedral geometry with four
oxygen atoms from two hydroxyl and two carboxylate ligands
(Co-O 1.943(3)-2.093(3) A; O-Co-O 97.8(1)-136.7(2)°), while

(a)

(b)

(c)

Fig. 1 Views of the metal-ligand environments (symmetric codes: a = x
+05,py, —z+05b=—-x+1,y—-05 —=z+05c=—-x+1,y+05, —z
+05d=x—-05y, —z+05e=—x+05y+05zf=—-x+05y—
0.5, 2) (a), 2D Kagomé-like lattice (O atoms of p3-OH are highlighted in
red polyhedra and the C atoms are omitted for clarity) (b), and packing
diagram (Co atoms are highlighted in blue polyhedra) (c) in 1.
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Co2 is in a slightly distorted octahedron with two trans p3-OH
groups (Co-O 2.080(4)-2.135(3) A; O-Co-O 172.2(1)°) and
equatorial cis arrangement of carboxylate-O oxygen atoms (Co—
0 2.073(4)-2.1023) A; O-Co-O 86.2(2)-96.4(2)°), and Co3 is
coordinated in an elongated octahedron with the axial positions
occupied by two carboxylate-O oxygen atoms (Co-O 2.209(3)-
2.406(4) A) and the equatorial positions by two carboxylate-O
oxygen atoms and two p3-OH groups (Co-O 2.019(3)-2.142(4) A)
(Fig. 1a). The arrangement of metal ions is unusual. Col, Co2 and
Co3 are connected by two independent p3-OH groups, giving two
kinds of triangles of Co;Co0,Co; and Co0;Co0,.Cos,, which are
hereafter referred as A-(13-Og) and A-(13-O,0), respectively. The
mean Co-O bond length of A-(3-Oy) is 2.084 A, being slightly
longer than that (2.014 A) of A-(u3-Oyo). A-(n3-Oo) is greatly
deviated from an equilateral triangle (Co---Co 3.028-3.800 A,
Co-+-Co---Co 52.8-76.4°, Co—O—Co 91.5(1)-134.6(2)°), compared
to that of A-(13-Oy0) (Co-+-Co 3.189-3.324 A, Co---Co-+-Co 58.3—
62.5°, Co—O-Co 102.2(2)-114.1(2)°). The two kinds of triangle are
corner-shared with a dihedral angle of 141.9° to furnish a
geometrical topology akin to a distorted Kagomé lattice
(Fig. 1b). Although all the Co™ atoms are located at the vertices
of a Kagomé lattice, the resulting topological lattice is different
from a standard Kagomé lattice not only because the Co™ atoms
are mixed-geometrical but also because not all the Co'™ atoms are
corner-shared. The tetrahedral Co' atoms are corner- or edge-
shared with the octahedral Co™ atoms, while the octahedral Co™
atoms are only edge-shared with each other (ESI Fig. S1t). The
formation of an analogous Kagome¢ lattice rather than a triangular
lattice in 1 with the triangular Co™y(j;-OH) units is greatly related
to the length and flexible nature of 1,2-chdc. Each 1,2-chdc is
coordinated to five Co™ atoms by four oxygen atoms of the two
trans-related carboxylates, while the hexane ring is almost
perpendicular to the cobalt(il) hydroxide layer. These hexane
rings act as an organic skin to wrap the layer into a perfect
inorganic-organic sandwich structure (Fig. 1c). Such layers are
stacked in the c-direction only by the van der Waals interactions
with the shortest interlayer Co™--Co™ distance up to ca. 13.6 A.

The magnetic properties of 1 are shown in Fig. 2.9 At room
temperature, the y7 value of 1 is 6.09 cm® mol ' K per Co' unit,
which s slightly higher than the spin-only value (5.63 cm® mol ' K)
due to the orbital contribution from the single octahedral Co™
ions. Upon cooling, it decreases to a minimum at ca. 13.6 K and
then abruptly increases to reach a maximum at ca. 10 K (Fig. 2a).
The shape of the y7 vs. T curve corresponds well to the
antiferromagnetism  of the Cos(u-OH) triangles with an
uncompensated ground-state.'> The 1/ym vs. T plot is very
informative. Above 14 K, the plot is exactly a straight line well
fitted by the Curie-Weiss law (y, = CA(T — 0)), with C =
7.73 em® mol ' K, 0 = —80.33 K, and R=5 x 10>, where R =
S mdobs = (Vmdearcd[(Vzmdons>. The C value corresponds
to g = 2.34, which is normal for such a mixed octahedral
and tetrahedral Co" system.%° The Weiss constant, which is
significantly larger than those of other cobalt(il)-hydroxy com-
pounds,® 1 indicates a dominated antiferromagnetic coupling
between the Co" ions. The value of £ = |[0/Tn] = 7.3 (Tx = 11 K
defined by ac susceptibility, see below) as well as a wide range of
strictly linear 1/, vs. T plot above Ty indicate the presence
of moderate spin frustration in 1.> The f value is smaller than those
of iron jarosites (f > 10)," indicating that the distortion of
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Fig. 2 Plots of 47 vs. T (blue) and 1/y vs. T (black) (a), x vs. T at various
fields (b), isothermal magnetization at various temperatures (c), hysteresis
loop (d), field-cooled (FC) and zero-field-cooled (ZFC) magnetization (e)
and temperature dependence of ac susceptibility at various frequencies (f)
of 1 (lines without specification are eye-guides only).

Co"5(u5-OH) triangles weakens the spin frustration.' Moreover,
the y and y7 values are dependent on the applied field at low
temperatures (Fig. 2b and ESI Fig. S27), which is larger at a small
field due to the presence of spin canting within the inorganic layers
as a result of the tilting of CoOg4 octahedra and CoOy tetrahedra,
suggesting weak ferromagnetism,'' which is further confirmed by
the facts that the M—H curves at various temperatures are almost
linear (Fig. 2c), reaching the maximum value of 1.26 up, being
markedly below the expected 3 pg of an antiferromagnetically
coupled Co'ls unit (the value 3 up is estimated by the formula:
Ma =2 X oot X 32 — 1 X g X 3/2|, assuming goeq = Geer =
2),¢ as well as a narrow hysteresis loop observed at 9 K with a
small coercive field of 325 Oe and a remnant magnetization of
6.4 x 1072 pup indicating a soft-magnetic behavior of 1 (Fig. 2d).
Furthermore, irreversibility of the field-cooled (FC) and zero-field-
cooled (ZFC) magnetization below ca. 12 K (Fig. 2e) as well as a
sharp peak of the ac susceptibility at ca. 11 K in both real and
imaginary components (ESI Fig. S31) not only indicate the onset
of magnetic LRO, but also exhibit the occurrence of spontaneous
magnetization of 1. In addition, no obvious frequency-dependent
behaviour is observed in 1 (Fig. 2f), which precludes the possibility
of a spin-glass.'? Since the inorganic layers are well separated, the
occurrence of LRO in 1 is mainly driven by the dipolar interactions
between the inorganic layers which have a large effective moment
resulting from short-range intralayer interactions.”

The magneto-structure of 1 is rather complicated (Scheme 1),
and can hardly be quantitatively studied by simple analytical
expressions. It should be noted that long range ferro-/antiferro-
magnetic ordering are commonly found in some layered cobalt
compounds.®*® However, these compounds usually do not show
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Scheme 1 Illustration of inequivalent-exchange pathways in the
Kagomé-like lattice of 1.

the coexistence of spin frustration. This phenomenon observed for
1 might mainly attributed to two facts: one is the Jahn-Teller
distorted Co™" sites relieving frustration in one dimension, leading
to 2D Ising antiferromagnetism, the other is the formation of the
analogous Kagomé lattice with the Co™5(u3-OH) units since the
marginal magnetism of a Kagomé antiferromagnet is a result of
competition between LRO and quantum spin fluctuations caused
by strong spin frustration (ESI Scheme 3St).>* In other words, if
quantum spin fluctuations are large enough to suppress LRO, a
quantum spin liquid may be obtained, and such a ground-state is
likely to be found in S = Y2 Kagomé antiferromagnets,’ which is
partially the case for 1 at low temperatures due to the majority of
octahedral Co'" ions for the combined action of spin—orbital
coupling and noncubic crystal-field terms, giving six Kramers
doublets;”* if the competition is too close to suppress each other, a
median state of “order by disorder”!? is probably established. The
coexistence of spin frustration and LRO may be the median state,
which is also found in some other compounds possessing a
Kagomé lattice such as the Fe™/Cr™ jarosites.>” According to
some previous studies,” LRO in a Kagomé lattice may be
established by the presence of further-neighbour exchange
interactions, by anisotropy, or by lattice distortion/disorder. All
these reasons make the magnetism of a compound with the
Kagomé lattice more complex and versatile such as ferromagnet-
ism in the V" jarosites® and the dimeric Cu™ compound,'* glassy
behavior in the mixed valence Fe'/Fe™ compounds™ and
ferrimagnetism in the Fe' compounds.””? In contrast, the
magnetism of 1 is closer to the Fe™/Cr'™ jarosites.® The analogous,
but non-standard Kagomé lattice nature of 1 significantly weakens
the frustration between spins, leading to the establishment of
LRO.®

In summary, 1 represents an unprecedented geometrical
topology analogous to a distorted Kagomé lattice based on
mixed-geometrical cobalt(ll) hydroxide with the aid of carboxylate
bridges exhibiting the coexistence of spin frustration and LRO.

This work was supported by the NSFC (No. 20131020) and
Guangdong Provincial Science and Technology Bureau (No.
04205405).
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