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Derivatives of phosphonic acid have recently been shown to
introduce structural diversity into metal oxide based materials
produced both solvothermally and by conventional means.[1]

We are currently investigating the use of solvothermal
reactions to construct metal ± ligand frameworks and have
found that rigid aromatic carboxylic acid derivatives are
excellent structural members around which to form infinite
lattices.[2] However, the number of molecular clusters synthe-
sized by using solvothermal techniques is still relatively
small[3] and the factors which promote formation of molecular
rather than infinite structures are poorly understood. We
report herein the results of the extension of our efforts to the
synthesis of large molecular species based on flexible chelat-
ing ligands.

When CoII nitrate is treated with the potassium salt of the
ligand (phosphonomethyl)iminodiacetic acid under hydro-
thermal conditions only blue-purple solutions are obtained.
When the solvent is changed to methanol, the purple
crystalline product 1 is formed in good yield. X-ray structure
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analysis[4] shows the material to be based on a simple
structural unit in which the cobalt(ii) ions have a trigonal-
bipyramidal coordination geometry (Figure 1). The nitrogen
atom lies at one apex and the three arms of the ligand
coordinate equatorially. This ML unit is the monomer from
which hexameric rings are formed. The second apical

Figure 1. View of a monomeric unit showing the atom numbering scheme.
Unlabled shaded spheres in the center of the ring represent the positions of
the disordered lattice water molecules. Selected bond lengths [�] and
angles [8]: Co ± O1 2.027(6), Co ± O3 1.996(7), Co ± O5 2.030(6), Co-O6A
1.967(6), Co ± N1 2.169(7); O6A-Co-N1 177.6(3), O1-Co-O3 125.8(3), O1-
Co-O5 112.9(3), O3-Co-O5 115.8(3).

coordination site is occupied by a phosphonate oxygen from a
neighboring monomer such that oligomers are formed in a
head-to-tail fashion. This is in contrast to the behavior
observed for related tetradentate ligands and ions such as
FeIII where head-to-head bridging generates dimeric six-
coordinate species.[5] Hence the backbone of the rings consists
of M6P6O12 rings in which every other atom is an oxygen and
the metal and phosphorus alternate in the remaining sites. The
six-membered ring is generated by a 3Å site and is therefore in
the chair conformation. The head-to-tail polymerization can
take place in either a clockwise or anticlockwise fashion. The
symmetry of the space group results in all of the rings in one
layer (parallel to the ab plane) having one ªhandednessº,
whilst those in the adjacent layers are all of the opposite type.
Within each layer the topology of the cobalt atoms is that of a
puckered hexagonal sheet which approximates to the gray
arsenic[6] structure (Figure 2). The CoÿCo distances are
5.516(2) within the rings and 5.507(2) � between adjacent
units. The rings pack together in such a way as to generate
infinite channels parallel to the c axis.

Figure 2. View of the topology of cobalt atoms in a layer parallel to the ab
plane. Solid lines represent Co ± Co vectors within the ring, dashed lines
between rings.

An investigation of the magnetic behavior of 1 (Figure 3)
revealed that the room temperature moment is consistent
with noninteracting S� 3/2 centers and the sample obeys the
Curie ± Weiss law above 100 K with q�ÿ14 K. At 14 K there

Figure 3. Plot of the temperature dependence of cT (top) and c (bottom)
versus magnetization in fields of a) 10, b) 100, c) 1000, and d)10 000 G.

is a magnetic phase transition marked by a sharp increase in
the magnetization to a maximum value at 2 K of 115 G cm3

molÿ1 (for a field of 100 G). This is equivalent to 0.7 % of that
expected for ferromagnetic ordering. This behavior is char-
acteristic of canted antiferromagnetism[7, 8] in which a pre-
dominantly antiferromagnetic phase possesses a small spon-
taneous magnetization due to a small deviation from a strictly
antiparallel arrangement. A series of temperature scans in
various fields (Figure 3) shows a pronounced field depen-
dence of the low-temperature phase confirming our assign-
ment. Furthermore a hysteresis is observed below Tc (Fig-
ure 4), from which we can directly obtain values (at 5 K) for
the coercive field of 370 G and remnant magnetization of

Figure 4. Hysteresis at 5 K.
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170 Gcm3 molÿ1. Fitting the data in the range � (2000 ±
10 000) G to Equation (1) yields a value for the saturated
canted moment of Ms(5 K)� 288 G cm3 molÿ1 which corre-
sponds to a canting angle f of 0.98(2)8. The positions of

M(H,T) � Ms(T) � ck(T)H (1)

spins within the unit cell shows that the stringent symmetry
requirements[7] for canted antiferromagnetism (e.g. no inver-
sion center between coupled spins) are met. That a phase
change from paramagnet to canted antiferromagnet occurs
without an intermediate antiferromagnetic phase is indicative
of the predominant influence of D, the single ion anisotropy
over J, the exchange coupling which would have been
expected from structural considerations. It is becoming
evident that canted antiferromagnetism is surprisingly com-
mon in materials with extended structures[8] but there are few
examples of this behavior for molecular materials with the
exception of some purely organic radicals.[9] Hence we believe
this to be the first observation of canting for an inorganic
molecular compound.

In the last few years solvothermal synthesis has found new
applications in coordination chemistry. Despite a great deal of
interest and activity, control of product architecture is still
elusive. It has been observed that the use of nonaqueous
solvothermal conditions encourages the formation of molec-
ular species[3a] which has also been observed in this work. The
ability of CoII to tolerate a range of coordination environ-
ments makes it ideal for exploratory studies of this type.
Clearly an entirely different lattice would have been observed
for a metal requiring octahedral coordination. We have only
observed similar structures for ZnII, which also tolerates
trigonal-bipyramidal coordination, whilst other divalent metal
ions give entirely different structures. In addition the large
single-ion anisotropy for trigonal-bipyramidal CoII promotes
the formation of the canted magnetic phase.

Experimental Section

A solution of Co(NO3)2 ´ 6H2O (0.435 g, 1.5 mmol) in methanol (2 mL) was
added to a stirred solution of H2O3PCH2N(CH2CO2H)2 (0.341, 1.5 mmol)
and KOH (0.337 g, 6 mmol) in methanol (8 mL). The resulting blue slurry
was transferred into a 23 mL Teflon-lined autoclave and heated at 200 8C
for two days and allowed to cool to room temperature over a period of
three hours. The product was filtered and washed with methanol and dried
in air. Inspection of the final solid under an optical microscope, revealed
that it consisted of blue-purple hexagonal crystals of 1 (yield 0.65 g, 90%
based on Co) and colorless crystals of KNO3 (ca. 10%), which was
identified by IR spectroscopy and elemental analysis.

A KNO3-free sample of 1 was obtained from an identical reaction with
Co(OAc)2 ´ 4 H2O (0.375 g, 1.5 mmol), H2O3PCH2N(CH2CO2H)2 (0.341,
1.5 mmol), and KOH (0.112 g, 2 mmol).

Elemental analysis calcd for C5CoH6K2NO7P (%): C 16.25, H 1.89, N 3.97;
found: C 15.98, H 1.80, N 3.97.

Magnetic measurements were performed on polycrystalline samples using
a SQUID magnetometer in the range 2 ± 300 K.
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