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Two new layered transition metal oxalatophosphates, (H3TREN)-
[M2(HPO4)(C2O4)2.5]‚3H2O (M ) MnII and FeII), have been
synthesized by hydrothermal methods in the presence of a
structure-directing organic amine, tris(2-aminoethyl)amine, and
characterized by single-crystal X-ray diffraction and magnetic
susceptibility. They are the first metal oxalatophosphates which
adopt a two-dimensional honeycomb structure with the organic
cations and water molecules intercalated in between. Within a layer,
there are 12-membered pores made from 6 Mn, 1 phosphate, and
5 oxalate units. Measurements of field dependence of magnetiza-
tion and variable-temperature susceptibilities under different fields
were performed on a polycrystalline sample of the manganese
compound. The results indicate a phase transition from a
paramagnetic to an antiferromagnetic coupled state at about 12
K. Crystal data for the manganese compound follow: triclinic, space
group P1h (No. 2), a ) 8.8385(6) Å, b ) 9.0586(6) Å, c ) 16.020-
(1) Å, R ) 77.616(1)°, â ) 83.359(1)°, γ ) 68.251(1)°, and Z
) 2. Crystal data for the iron compound are the same as those
for the manganese compound except a ) 8.7776(9) Å, b )
8.9257(9) Å, c ) 15.884(2) Å, R ) 78.630(2)°, â ) 84.018(2)°,
and γ ) 67.372(2)°.

Phosphate-based networks exhibiting open architectures
have been prepared and studied with great intensity during
the past two decades.1 Open-framework structures can also

be prepared by exploiting appropriate metal centers linked
through suitable multidentate organic ligands.2 This approach
makes possible the rational design and synthesis of coordina-
tion polymers with potentially interesting properties. In recent
years, a large number of hybrid compounds have been
synthesized by incorporating multidentate organic ligands
such as bipyridines and oxalate in the structures of metal
phosphates. The underlying idea is to combine the robustness
of inorganic phosphate frameworks with the versatility and
chemical flexibility of organic ligands. In the former
category, the use of 4,4′-bipyridine and 2,2′-bipyridine has
led to a number of hybrid compounds.3 In the latter category,
a large number of oxalate-phosphates of V, Mn, Fe, Co,
Zn, Mo, Al, Ga, In, and Sn have been synthesized.4

Measurements of variable-temperature magnetic susceptibili-
ties on the V, Mn, Fe, and Co compounds showed antifer-
romagnetic interactions at low temperatures. Three different
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types of oxalate coordination are observed in their structures,
namely, bisbidentate, monobidentate, and bismono- and
bisbidentate. In most cases, the 3D framework structures are
formed of metal phosphate layers connected by bisbidentate
oxalate bridges. The oxalate units are out-of-plane with
respect to the inorganic layer. In contrast, the incorporation
of oxalate ligands within the layers (in-plane) has been
observed in a few cases only. We report herein a new MnII

oxalatophosphate, (H3TREN)[Mn2(HPO4)(C2O4)2.5]‚3H2O (H3-
TREN) [NH3(CH2)2]3N, TREN) tris(2-aminoethyl)amine)
(denoted as1), and the iron analogue, (H3TREN)[Fe2(HPO4)-
(C2O4)2.5]‚3H2O (denoted as2), that have a 2D layer structure
built of in-plane oxalate units, in addition to MIIO6 and HPO4.
They are the first examples where new metal oxalatophos-
phates are formed by partial replacement of oxalate units in
the 2D honeycomb structure of tris(oxalato)metalate by
phosphate groups.

Colorless columnar crystals of1 were obtained in a yield
of 74% by heating a mixture of MnCl2‚4H2O (1.50 mmol),
H3PO4 (11.5 mmol), TREN (6.0 mmol), oxalic acid (3.0
mmol), and H2O (11.0 mL) in a Teflon-lined acid digestion
bomb at 120°C for 3 days followed by slow cooling at 5
°C h-1 to room temperature. The powder X-ray diffraction
pattern of the bulk product is in good agreement with the
calculated pattern on the basis of the results from single-
crystal X-ray diffraction. Elemental analysis of the bulk
product confirmed the stoichiometry of1 (Found: C, 21.01;
H, 4.78; N, 8.83. Calcd for C11H28Mn2N4O17P: C, 20.99;
H, 4.49; N, 8.90). Red crystals of2 were obtained along
with a small amount of unidentified dark solid under similar
reaction conditions. Elemental analysis of a sample of
manually selected red crystals was also performed (Found:
C, 21.10; H, 4.44; N, 8.85. Calcd for C11Fe2H28N4O17P: C,
20.94; H, 4.47; N, 8.88). A room-temperature57Fe Mössbauer
spectrum, which was recorded on a powdered sample of the
red crystals, showed the presence of two FeII sites with equal
intensity and a third site which is FeIII in an estimated amount
of 18%. It is yet unclear whether the small amount of FeIII

should be attributed to impurity or mixed valence.
As revealed by single-crystal X-ray crystallography,5 the

structure of1 consists of macroanionic planar sheets of
formula [Mn2(HPO4)(C2O4)2.5]3- in the (110) plane which
are interleaved by the templating triprotonated tris(2-ami-

noethyl)amine cations (Figure 1). The interlayer separation
is 7.26 Å. Within a sheet there are 12-membered pores made
from 6 Mn, 1 phosphate, and 5 oxalate units. The organic
cations and water molecules sit in the middle of the pore
(Figure 2). The organic cation penetrates into the sheet. The
sheets are stacked in the sequence‚‚‚ABAB ‚‚‚. The structure
motif is reminiscent of the honeycomb networks of bimetallic
transition metal oxalates of the general formula [A+][MM ′-
(ox)3], where A+ is a templating inorganic or organic
countercation, and M and M′ are divalent and trivalent 3d
metal ions, respectively.6 These compounds have been
extensively researched because of their interesting structural
chemistry and magnetic properties. A pure zinc oxalate
templated with 1,3-diaminopropane, [H3N(CH2)3NH3][Zn2-
(ox)3]‚3H2O, also adopts the honeycomb oxalato-bridged
network structure.7 Each metal atom is cross-linked to three
oxalate units. One of the three oxalates is replaced by two
HPO4

2- units for every other metal atom, forming a
honeycomb network of1 as shown in Figure 2. To balance
charge one can substitute (H3TREN)3+ for A+ or [H3N(CH2)3-
NH3]2+. Bond-valence calculation indicates that the manga-
nese atoms in1 are divalent. Both Mn(1) and Mn(2) are
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Figure 1. Structure of1 viewed along the [001] direction. The MnO6

octahedra are shown in yellow and PO4 tetrahedra in green. Black circles,
C atoms; red circles, N atoms; blue circles, water oxygen atoms. H atoms
are not shown.

Figure 2. Section of a sheet in1 viewed perpendicular to the (110) plane.

COMMUNICATION

Inorganic Chemistry, Vol. 42, No. 20, 2003 6155



six-coordinate, but they do not display the same coordination
environment. Mn(1) is coordinated by two bidentate oxalate
and two phosphate units, while Mn(2) is coordinated by three
bidentate oxalate units. All oxalate units are bis-bidentate
ligands to two Mn atoms. There are four independent oxalate
ligands in the structure: C(1)C(2)O4

2- is at general position,
whereas the other three oxalates haveCi symmetry. The
HPO4

2- units are linked through two oxygen atoms to two
Mn(1) atoms, with one terminal PdO and one PsOH group.
The two phosphate units that coordinate to Mn(1) are related
by an inversion center. The organic cations and water
molecules in1 are well ordered, which can be attributed to
the formation of extensive hydrogen bonds with the oxalate
and phosphate oxygen atoms. Compound2 is isostructural
with 1 except that one of the aminoethyl groups in2 is
disordered.

Most of the magnetic properties of tris(oxalato)metalate
based networks have been established on 2D bimetallic
compounds prepared from the combination of [MIII (ox)3]3-

(MIII ) Cr, Fe, Ru) with divalent transition metal ions (Mn2+,
Ni2+, Fe2+, etc.).6 Some of these compounds show long-range
magnetic order at low temperatures leading to ferromagnets,
ferrimagnets, and canted antiferromagnets. Their magnetic
properties are sensitive to small changes in the countercations
situated quite far away in the lattice from magnetic centers.
The synthesis of these bimetallic complexes is a strategy for
inducing finite zero-field magnetization. To the best of our
knowledge, a pure Mn oxalate with the 2D honeycomb
structure is unknown yet. [FeII(bpy)3][MnII

2(ox)3] adopts a
chiral, 3D network structure.8 It is therefore of interest to
study the magnetic properties of the Mn oxalatophosphate,
1. Measurements of field dependence of magnetization and
variable-temperature susceptibilities under different fields
were performed on a polycrystalline sample of1. The
susceptibility showed paramagnetic 1/T dependence behavior
at high temperature. At low temperature, deviation to lower
value and external field dependence were clearly seen, as
shown in Figure 3. Low field measurement showed a sharp
peak around 12 K. These results suggested a phase transition
from a paramagnetic to an antiferromagnetic coupled state.
The inverse magnetic susceptibility, shown in Figure 4,
follows the Curie-Weiss law, and a linear fit forT > 50 K
data gave a Weiss temperatureθ ) -21.2 K. The negative

value is consistent with antiferromagnetic interactions. The
Curie constant (4.45) obtained from the linear fit is in good
agreement with the value (4.36) based on spin-only Mn2+

ions, which thus confirmed the oxidation state of Mn. The
øMT value decreases with decreasing temperature, indicating
again that the main magnetic interactions between Mn atoms
are antiferromagnetic. At 300 K,øM ) 0.0278 emu/mol and
øMT ) 8.34 emu‚K/mol. Thus, the effective magnetic
moment per Mn in sample1 is calculated to be 5.80µB/Mn,
which differs by only 2% from the spin-only value of 5.92
µB for Mn2+. The field dependence of magnetization below
12 K deviates from paramagnetic behavior only slightly up
to the maximum field (5 T) available to us. There is a small
hysteresis above 3.5 T, but there is no hysteresis at smaller
field, nor at any field above 12 K. These results give a hint
of a metamagnetic behavior. Unfortunately, we could only
observe small minor loops close to 5 T. AnM versusH curve
at 10 K is included in the Supporting Information. A pure
Mn oxalate with the 2D honeycomb structure has to be
synthesized in order to know the effect of phosphate bridging
ligand on the magnetic properties.

To our knowledge, the title compounds are the first
examples of a honeycomb structure for oxalatophosphate
materials. The structure is formed by partial replacement of
oxalate units in 2D honeycomb networks of a metal oxalato
complex by phosphate groups. The structure may be largely
due to the use of the organic trication, (H3TREN)3+, in the
synthesis; as such, a trication is needed for neutralizing the
charge on the trianionic oxalatophosphate sheets. Compounds
with other possible compositions of anionic sublattice and
different organic countercations can be envisaged. Bimetallic
networks are also highly interesting. We are now actively
searching for synthetic conditions and appropriate structure-
directing agents to prepare new oxalatophosphates of transi-
tion metals with the honeycomb structure.
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Supporting Information Available: Crystallographic data for
1 and 2 in CIF format and anM versusH curve for 1 at 10 K.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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Figure 3. øM versusT under 5 kOe (O) and 5 T (4) for 1.
Figure 4. øMT versusT (O) and 1/øM versusT (b) for 1.
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