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Abstract

A new cobalt(II) phosphonate, [enH2]0.5[Co(pa)(H2O)] Æ H2O (1) (H3pa = hydroxy-phosphono-acetic acid, HO2CCH(OH)PO3H2;
en = ethylenediamine), has been hydrothermally synthesized and structurally characterized. Compound 1 has a honeycomb-like layer
structure which is composed of CoO6 octahedra and l3-pa ligands with the protonated en and lattice water molecules stabilized between
the layers. Magnetic studies indicate that 1 shows weak ferromagnetic behavior, spin-glass behavior, and metamagnetic behavior.
� 2006 Elsevier B.V. All rights reserved.
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During the past three decades, metal phosphonates as a
new class of inorganic–organic hybrid materials have
attracted a great deal of research interest due to their struc-
tural diversity and many potential and practical applica-
tions [1,2]. Recently, increasing attention has also been
paid to the magnetic properties of these materials in search-
ing for new molecule based magnets [3–9]. Two strategies
have been used for designing new metal phosphonates,
including use of organic amine templates and adoption of
multifunctional phosphonates (diphosphonates, or carbo-
xyphosphonates, etc.). Now we have chosen a multifunc-
tional phosphonate, pa, as a bischelating ligand to
construct alternating chains of metal ions, as shown in
Scheme 1. Within the chain, pa ligand should be able to
mediate electronic effects between paramagnetic metal ions.
Owing to predictable lack of compensation between indi-
vidual spin moments through asymmetrical exchanging
mode of pa, this chain may exhibit weak ferromagnetic
character [10]. In addition, the phosphonate group of pa
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ligand can further interconnect these chains into a 2D
structure, leading to stabilization of magnetic ordering.
Herein, we report the hydrothermal synthesis [11], crystal
structure and magnetic properties of a new metal-pa com-
pound, [enH2]0.5[Co(pa)(H2O)] Æ H2O (1). As far as we are
aware, compound 1 is the first example of metal-pa com-
pound with organic amine template in the structure [12,13].

The single crystal X-ray analysis [14] reveals that 1 is
composed of anionic layers of ½CoðpaÞðH2OÞ�n�n , with
charge-compensating ½enH2�2þ cations and the lattice water
molecules between the layers (Fig. 1). There are one crystal-
lographically unique Co ion and one pa ligand in the asym-
metric unit. Each Co(II) displays a distorted octahedral
CoO6 geometry, in which four oxygens (O1, O2A, O3,
O4A) are provided by two pa ligands through two different
O,O 0-chelating modes (Fig. 2a), and the other two oxygens
(O6B and O7) are afforded by the phosphonate group of the
third pa and one water molecule, respectively. The Co–O
bond distances [2.038(11)–2.169(12) Å] and the O–Co–O
bond angles [73.30(4)–170.23(5)�] are similar in value to
those observed in other CoO6 of phosphonate compounds
[15–17]. Each pa ligand acts in l3-pa mode, utilizing two
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Fig. 1. The hydrogen bonds link the adjacent anionic layers into a 3D
supramolecular structure in 1. Dotted lines represent the various hydrogen
bonding interactions. The hydrogen atoms are omitted for clarity.

Scheme 1.
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carboxyl oxygens (O1 and O2), one hydroxyl oxygen (O3),
as well as one phosphonate oxygen (O4) to chelate Co(II)
ions to form a 1D Co-pa chain, and using the other phos-
phonate oxygen (O6) to link Co(II) ion from an adjacent
chain, producing an infinite 2D ½CoðpaÞðH2OÞ�n�n layer.
The significant structural feature of this 2D layer is that
the connectivity between Co ions and l3-pa ligands results
in a novel honeycomb-like (6, 3) net with two different sub-
rings, i.e. 18-membered ring A and 8-membered ring B
(Fig. 2b). The A-type ring is formed by four octahedral
Co(II) ions, and two O–C–O bridges as well as two O–P–
C–O bridges, where the Co� � �Co distances through O–C–
O and O–P–C–O bridges are 5.903(3) and 5.876(4) Å,
respectively. Two O–P–O bridges link a pair of cobalt cen-
ters to form B-type ring with Co� � �Co distance of
5.275(3) Å. An alternative way of describing this 2D layer
Fig. 2. (a) The coordination geometry of cobalt and l3-pa ligand. (b) View
is that it is built up from the interlocking motifs (A + B)
through sharing of cobalt atoms.

These anionic layers are arranged in AAA fashion. A
calculation using the PLATON [18] program shows that
the opening size of the voids is 212.8 Å3, corresponding
to 24.9% of the total unit-cell volume. The ½enH2�2þ cations
and the lattice water molecules are located in the interlayer
space via hydrogen bonding interactions (N–H� � �O
2.773(2), 3.330(19) Å; O–H� � �O 2.693(2), 3.244(4) Å).
Moreover, the terminal coordinated water oxygens (O7)
also form strong interlayer hydrogen bonds with phospho-
nate oxygens (O5G) from the adjacent layer (O–H� � �O
2.692(18) Å). Thus, the ½CoðpaÞðH2OÞ�n�n layers are assem-
bled into a 3D supramolecular structure by the extensive
hydrogen bonding, where the shortest Co� � �Co interlayer
distance is 7.750 (4) Å.

The temperature-dependent magnetic susceptibility of 1

was measured at a field of 1000 Oe in 2–300 K. Above
25 K, the magnetic behavior of 1 follows the Curie–Weiss
law (C = 3.63 cm3 K mol�1, h = � 26.2 K), indicating a
significant antiferromagnetic coupling between the Co(II)
ions. The value of vmT at 300 K is 3.32 cm3 K mol�1 per
Co (II), which is much larger than the spin-only value
(1.87 cm3 K mol�1) expected for a high-spin Co (II) ion
(with S = 3/2) (Fig. 3). Upon cooling vmT first gradually
decreases to a minimum value of 1.33 cm3 K mol�1 at
7 K, then abruptly increases to a sharp maximum value
of 1.78 cm3 K mol�1 at 4 K, and finally decreases more
rapidly on further cooling. The abrupt increase in vmT

value below 7 K is characteristic of a weak ferromagnet,
in which a predominantly antiferromagnetic phase pos-
sesses a small spontaneous magnetization due to the spin
canting [19,20]. Further support for this comes from the
vmT vs. T curves at different fields that show a pronounced
field dependence of the low-temperature phase, i.e. the lar-
ger increase of vmT values at a small field (inset in Fig. 3)
[19,21].

The temperature dependence of the ac susceptibility
measurements show the same features (see Supporting
information). The maximum of v 0m (1 Hz) observed at
TN = 4.3 K confirms the occurrence of an antiferromag-
netic phase transition. The presence of an out-of-phase
signal v00m (1 Hz) at 3.3 K indicates that a canted antiferro-
of one honeycomb-like layer of 1, showing A-type ring and B-type ring.



Fig. 3. The temperature dependence of vmT for 1 measured at 1000 Oe.
Inset: vmT vs. T plots at different fields.
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magnetic structure exists below this temperature [22]. In
addition, the out-of-phase v00m components are frequency
dependent, indicating either spin-glass or superparamag-
netic behavior. A quantitative measure of the frequency
shift of v00m is obtained from / = DTp/[TpD(log f)] = 0.04,
which is comparable to a spin-glass rather than a super-
paramagnet (/ > 0.1) [23,24]. It should be noted that weak
ferromagnetic ordering has been found in several metal
phosphonates [4,5,19,25]. However, compound 1 shows
the coexistence of spin-glass-like behavior, which is quite
rare in metal phosphonate chemistry.

The field dependence of the isothermal magnetization at
2 K shows a sigmoidal curve, suggesting a metamagnetic
behavior (see Supporting information). The critical field
for such a metamagnetic transition is approximately 1.7 T
at 2 K. The isotherm indicates clearly that the saturation
is not reached even at 7 T. The occurrence of an obvious
hysteresis loop at 2 K exhibits a small remnant magnetiza-
tion (MR) of ca. 0.025 lB and a coercive field (HC) around
71 Oe. The spin canting angle a is estimated to be about
0.5� through sinðaÞ ¼ M R=glBS [25,26].

The magneto-structural correlation indicates that the
intralayer antiferromagnetic interactions between Co(II)
ions can be mediated through the O–C–O as well as O–
P–O bridges. However, a primarily antiferromagnetic
phase exhibits a weakly ferromagnetic state below TN that
is due to the canting of spins. The single-ion anisotropy
usually causes spin canting, and therefore high-spin octahe-
dral Co(II) with large spin–orbit coupling due to its 4T1g

ground term is a good candidate for canting effect of this
system. On the other hand, the antisymmetric Dzyaloshin-
sky–Moriya interaction between different single ion aniso-
tropies is also responsible for the canting in 1 [27–29].
The interlayer dipolar coupling mediated by hydrogen
bonding should be considered as the driving force leading
to the canted antiferromagnetic state of 1. In addition, such
dipolar coupling, along with strong metal anisotropy from
single ions arranged in the chains may play a cooperative
role for the observed metamagnetic behavior of 1. The ori-
gin of glassy behavior of 1 may derive from structural dis-
orders or/and the different nearest-neighbor Co� � �Co
interactions competing in the complex network topology.
Consequently, bulk magnetic behavior of 1 is complex
due to influence of single ion anisotropy, intra- and inter-
layer exchanges.

In summary, our present studies demonstrate that the pa
ligand is a potentially powerful bridge, not only in con-
structing new metal phosphonate material with the honey-
comb-like layer, but also in mediating magnetic couplings
between metal ions via a DM mechanism. Owing to its
novel structural features, this cobalt-pa compound exhibit
interesting magnetic properties at low temperatures, such
as weak ferromagnetic behavior, spin-glass behavior, and
metamagnetic behavior.
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