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A 3-D, open framework, mixed valence iron phosphate, [H3NCH2CH2NH3]2[Fe4O-
(PO4)4]‚H2O, which contains organic ethylenediammonium dications in the framework voids,
has been prepared via hydrothermal synthesis and has been characterized by single-crystal
X-ray diffraction, magnetic susceptibility, and variable temperature Mössbauer spectroscopy.
Crystal data: tetragonal, space group I4h2m with a ) 10.1383(8) Å, c ) 9.628(1) Å, V )
989.6(1) Å3, Z ) 2, and R(Rw) ) 7.7(6.5) for 276 reflections (I > 3σ(I)) and 32 variables. The
fundamental building block of the structure is a novel cubane-like cluster with trigonal
bipyramidal iron and tetrahedral phosphorus atoms lying at alternate vertexes of a cube
with a tetrahedrally coordinated oxygen atom at the center of the cube. Each cluster is
linked by eight Fe-O-P bonds that extend along what would be all 〈111〉 directions of the
putative cube to eight similar clusters to form a framework that is only slightly distorted
(by the presence of the organic cations) from cubic 4h3m symmetry. Mössbauer and ac
magnetic susceptibility measurements show that equal amounts of valence trapped Fe2+

and Fe3+ are present, which undergo long range magnetic ordering at ∼12 K.

Introduction

It has been recently shown that the incorporation of
hydrogen-bonded organic molecules, especially diam-
monium cations, via hydrothermal synthesis is a very
general method for the preparation of a large variety of
novel organic-inorganic hybrid materials such as mo-
lybdenum phosphates,1 vanadium phosphates,2 vana-
dium phosphonates,3 tin phosphonates,4 cobalt phos-
phates,5 indium phosphates,6 and vanadium oxides.7
This strategy has also been used to prepare the first

organically templated layered Fe phosphate,8 which was
built up from phosphate-bridged 1-D strings of edge-
sharing Fe3+O6 octahedra that order as a weak ferro-
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magnetic state at 30 K. While there are a very large
number of known iron phosphate minerals, character-
ized largely by Moore,9 and many synthetic iron phos-
phates without entrained organic cations,10 we are
unaware of any 3-D iron phosphates containing organic
templates. Several organically templated ferric fluoro-
phosphates11 do, however, exist. In this paper we
describe the synthesis and structural characterization
of [H3NCH2CH2NH3]2[Fe4O(PO4)4]‚H2O, 1, which con-
tains a novel 3-D framework constructed from PO4
tetrahedra and four FeO5 trigonal bipyramids sharing
a common vertex, and show through Mössbauer and ac
magnetic susceptibility measurements that it contains
equal amounts of valence trapped Fe2+ and Fe3+ that
undergo magnetic ordering at ∼12 K. While we are
unaware of any known oxide-centered Fe4O(PO4)4-type
compounds, we note that oxide centered cubanes of the
type Ga4F(PO4)4 have been observed in the fluorinated
gallophosphate cloverite and in the compound ULM-5.12

Experimental Section

Synthesis. Phosphate 1 is prepared in very low yield (∼1%)
from the hydrothermal treatment of finely divided Fe2O3,
phosphoric acid, ethylenediamine, HF, and H2O in the mole
ratio of 1.0:7.6:8.9:3:444 for 90 h at 200 °C. The synthesis was
carried out in a poly(tetrafluoroethylene)-lined stainless steel
container under autogenous pressure. The 23 mL reaction
vessel was filled to approximately 30% volume capacity, and
all reactants were stirred briefly before heating. Phosphate
1 is isolated in the form of large, well-faceted, black prisms
somewhat reminiscent of pentagonal dodecahedra. This prepa-
ration also gives crystals of the layered iron phosphate [H3-
NCH2CH2NH3]0.5[Fe(OH)(PO4)],8 and while many reaction
variations have been attempted, the optimum reaction condi-
tions for the preparation of 1 have not yet been discovered.
Magnetic Susceptibility. The ac magnetic susceptibility

measurements were performed using a Lakeshore Cryogenics
Series 7000 susceptometer applying an ac magnetic field of 1
Oe at a frequency of 125 Hz.
Mo1ssbauer. Variable temperature Mössbauer spectra were

recorded using equipment that was previously described.13
R-Iron foil was employed as a standard. The spectra were
fitted to Lorentzians, using a program written primarily by
Stone.14

Crystallography. Although crystals of 1 appear to be
visibly well-formed, we have found that most are unsuitable
for single-crystal X-ray analysis. A black prism-shaped crystal
of approximate dimensions 0.10 × 0.05 × 0.05 mm was
mounted on a glass fiber. The X-ray and intensity data were
collected on a Rigaku AFC7R four-circle diffractometer equipped
with a 12 kW rotating anode generator using graphite mono-
chromated Mo KR radiation. Cell constants and an orientation
matrix for data collection were obtained from the setting angles
of 25 carefully centered reflections in the range 20.93° < 2θ <
29.92° and corresponded to a body centered tetragonal cell with

the unit cell dimensions given in Table 1. Although the data
crystal indexed cleanly onto a body-centered tetragonal cell,
the peaks were nevertheless quite broad.
The data collection consisted of scans of (1.37 + 0.35 tan

θ)° in the range 5° < 2θ < 60.1°, which were made at a speed
of 16°/min (in ω). The weak reflections [I < 20.0σ(I)] were
rescanned a maximum of four times. The intensities of three
standard reflections were measured after every 150 reflections
and over the course of data collection decreased in intensity
by only 0.2%. A linear correction factor was applied to account
for this phenomenon. An empirical correction using the
program DIFABS15 was also applied to the data and resulted
in transmission factors ranging from 0.82 to 1.00. The data
were also corrected for Lorentz and polarization effects.
The structure of 1 was solved by direct methods and refined

on F by full-matrix least squares using the teXsan crystal-
lographic software package of Molecular Structure Corpora-
tion.16 The iron, phosphorus, and one of the oxygen atoms in
the structure were refined with anisotropic temperature
factors, but due primarily to a paucity of data, the remaining
four oxygen atoms as well as the carbon and nitrogen atoms
of the ethylenediamine molecule were refined isotropically.
Hydrogen atoms were not included in the refinements. Carbon
atom C1 of the ethylenediammonium dication was found to be
2-fold disordered because of the symmetry elements of space
group I4h2m. This atom lies on the Wyckoff 16j position
resulting in two symmetry equivalent carbon atom positions,
each position having an occupancy factor of 0.50. The disorder
results in two possible conformations for the carbon atoms of
the ethylenediammonium dication, both of which are depicted
in Figure 2. The final least-squares refinement was based on
276 observed reflections [I < 3.0σ(I)] and 32 variable param-
eters and converged with R(Rw) ) 0.077(0.065). Further
details of the structural analysis are given in Table 1, the final
positional and equivalent isotropic thermal parameters are
given in Table 2, and some important bond distances and
angles are given in Table 3.

Results and Discussion

The structure of [H3NCH2CH2NH3]2[Fe4O(PO4)4]‚H2O
1 was solved in the body-centered tetragonal space
group I4h2m and consists of a three-dimensional frame-
work composed of linked cubane-like iron phosphate
clusters with ethylenediammonium cations and water
molecules occupying the intercluster tunnels (Figure 1).
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Table 1. Crystallographic Data for
[H3NCH2CH2NH3]2[Fe4O(PO4)4]‚H2O1

empirical formula Fe2P2O9C2N2
FW (g/mol) 369.67
crystal color, habit black, prism
crystal dimensions (mm) 0.10 × 0.05 × 0.05
crystal system tetragonal
space group I4h2m (no. 121)
lattice parameters a ) 10.1383(8) Å

b ) 9.628(1) Å
V ) 989.6(1) Å3

Z 2
Dcalc (g‚cm-3) 2.481
µ(Mo KR) 32.93 cm-1

scan type ω-2θ
2θ max (deg) 60.1
total reflections 454
observed reflections (I > 3.00σ(I)) 276
no. of variables 32
reflection/parameter ratio 8.62
R; Rw 0.077; 0.065
goodness of fit 3.84
max/min peak in difference
map (e-/Å)

0.85/-0.90
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The basic building block of the framework is the novel
“Fe4P4” oxo cluster, which is shown in Figure 2. The
cluster contains four trigonal bipyramidal iron centers,
each sharing a common vertex that is a µ4-tetrahedrally
coordinated oxygen atom residing in the center of the
cube. The four remaining vertexes of the cube are
occupied by tetrahedrally coordinated phosphorus at-
oms. Oxygen atoms very approximately occupy the
midpoints of the cube edge and form Fe-O-P bonds.

Hence, except for the four Fe-O bonds emanating from
the central µ4 oxygen atom, there are only Fe-O-P
bonds within the structure of 1.
The 3-D network structure observed in 1 is con-

structed by linking the “Fe4P4” oxo clusters together into
a solid through the eight corners of the aforementioned
cube to eight neighboring crystallographically equiva-
lent Fe4P4 cubes via the Fe-O-P bonds that run
parallel to the body diagonals of the cube. Accordingly,
each exopolyhedral Fe-O bond is connected to a phos-
phorus atom of a neighboring cube, while the similar
P-O bonds coordinated to the iron atoms are likewise
bonded to phosphorus atoms belonging to the other four
neighboring cubes.
In principle, if undistorted, the framework structure

of 1 would possess cubic I4h3m symmetry. As observed,
however, the framework of 1 has undergone a slight
compression along what is the tetragonal [001] direction
because of the noncubic distribution of the organic
cations and water solvate. This distortion, although
small (a/c ratio is ca. 1.053), has an effect on the
structure of 1, forcing the organic cations to be 2-fold
disordered from the I4h2m symmetry constraints. As in
many of our other organically templated oxides, the
ammonium cations are strongly H-bonded to the O
atoms of the framework, and for this example have
N‚‚‚O distances in the range of 3.05-3.22 Å.
The iron sites in [H3NCH2CH2NH3]2[Fe4O(PO4)4]‚H2O

(1) are mixed valence Fe2+/Fe3+. If one assumes that
the organic cation possesses a charge of 2+, then the
average oxidation state of the iron in 1 is formally 2.5+.
However, since the iron atom lies on the Wyckoff 8i
position in I4h2m, all of the iron atoms in the structure
of 1 are crystallographically equivalent. Valence sum
calculations17 done on the structure of 1 show the Fe
atom to possess an oxidation state of 2.7+. Normally,
one would expect to see different Fe-O bond lengths
associated with the 2+ and 3+ oxidation states, but here
they are forced to be equivalent because of the space
group symmetry. However, we speculate that the
difference in bond lengths expected from the presence
of both Fe2+ and Fe3+ shows up in the abnormally broad
peak widths in the X-ray diffraction pattern of 1, which
have an average peak width of 0.32° (in ω). Such a large
peak width could be due to the superposition of many
unit cells, each possessing a different ordering of the

(17) Brown, I. Structure and Bonding in Crystals; O′Keeffe, M.,
Navrotsky, A., Eds.; Academic Press: New York, 1981; Vol. II.

Figure 1. View of the “Fe4P4” oxo cluster in 1. The Fe, P,
and O atoms are represented by spheres of decreasing size.

Figure 2. Unit cell view of the structure of [H3NCH2CH2-
NH3]2[Fe4O(PO4)4]‚H2O 1 down the crystallographic c axis.

Table 2. Atomic Coordinates and Temperature Factors
(BEq) for [H3NCH2CH2NH3]2[Fe4O(PO4)4]‚H2O (1)

atom x y z Beq
a

Fe(1) 0.3736(2) 0.3736(2) 0.1212(4) 3.04(3)
P(1) 0.1689(4) 0.1689(4) 0.3039(8) 3.60(8)
O(1) 0.299(1) 0.524(2) 0.223(1) 5.7(3)
O(2) 0.5000 0.5000 0.0000 4.5(8)
O(3) 0.296(1) 0.2961() -0.052(2) 5.3(5)
O(4) 0.254(2) 0.254(2) 0.190(3) 7.6(6)
O(5) 0.0000 0.0000 0.0000 6.5(7)
N(1) 0.185(2) 0.5000 0.5000 3.8(4)
C(1) 0.045(2) 0.490(3) 0.561(2) 1.7(4)
a Beq ) 8/3π2(U11(aa*)2 +U22(bb*)2 + U33(cc*)2 + 2U12aa*bb* cos

γ + 2U13aa*cc* cos â + 2U23bb*cc* cos R).

Table 3. Selected Bond Lengths (Å) and Angles (deg) for
[H3NCH2CH2NH3]2[Fe4O(PO4)4]‚H2O (1)

bond lengths bond angles

Fe(1)-O(1) 1.97(2)a O(1)-Fe(1)-O(1) 110.3(8)
Fe(1)-O(2) 2.156(3) O(1)-Fe(1)-(O2) 92.2(4)
Fe(1)-O(3) 2.00(2) O(1)-Fe(1)-(O3) 124.7(4)
Fe(1)-O(4) 1.84(3) O(1)-Fe(1)-O(4) 94.5(6)
P(1)-O(1) 1.53(2)a O(2)-Fe(1)-O(3) 90.9(6)
P(1)-O(3) 1.47(2) O(2)-Fe(1)-O(4) 168.3(8)
P(1)-O(4) 1.64(3) O(3)-Fe(1)-O(4) 77.4(9)

Fe(1)-O(2)-Fe(1) 107.04(9)
Fe(1)-O(2)-Fe(1) 114.5(2)
Fe(1)-O(1)-P(1) 125.3(9)
Fe(1)-O(3)-P(1) 126(1)
Fe(1)-O(4)-P(1) 159(1)

a Atoms Fe(1) and P(1) are bonded to two symmetry equivalent
oxygen atoms.
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Fe2+/Fe3+ sites with a given tetrahedron relative to the
tetrahedra in neighboring cells, thus giving rise to slight
random distortions in all six lattice directions. There-
fore, the random superposition of the slightly different
cells might give rise to the observed broad peaks.
The trapped, mixed valence nature of the Fe in 1 has

been confirmed by Mössbauer spectroscopy measure-
ments at 77 K, as shown in Figure 3, for a mosaic of
hand-picked crystals. Herein one observes the overlap
of two quadrupole doublets typical of high-spin iron 2+
and high-spin iron 3+.18 In particular, the correspond-
ing isomer shifts (δ) (relative to natural iron foil) and
quadrupole splittings (∆E) are: δ(Fe2+) ) 1.22 mm/s,
∆E(Fe2+) ) 2.84 mm/s and δ(Fe3+) ) 0.43 mm/s,
∆E(Fe3+) ) 0.80 mm/s. The intensity ratio (IFe2+/IFe3+)
is 0.90, which is consistent with an expected somewhat
higher recoil-free fraction for the ferric sites. The
spectrum at ambient temperature is very similar to that
at 77 K, giving no evidence of incipient valence detrap-
ping behavior. It should be noted that the line widths
for the transitions of Figure 3 range from∼0.35 to∼0.50
mm/s. Such broadening is consistent with Fe2+/Fe3+

disorder in view of the fact that the normal line widths
of thin absorbers on our spectrometer are ∼0.25 mm/s.
The temperature dependence of the Mössbauer spec-

trum of 1 is shown in Figure 4 at a higher overall
velocity sweep for a polycrystalline powder sample.
Here, a weak magnetic hyperfine impurity background
corresponding to an R-Fe2O3 impurity (used in the
synthesis) is apparent (see arrows in the 77 K spec-
trum). Below about 12 K, magnetic hyperfine splitting
signaling the onset of cooperative long range magnetic
ordering of 1 occurs, and the expected multiple overlap-
ping hyperfine patterns are evident with magnetic
saturation below 2 K.
The underlying nature of the magnetic behavior of 1

is suggested from the temperature dependence of its
magnetic moment as determined from ac susceptibility
measurements. In particular, the effective magnetic
moment of 1 is only ∼8 µB/mol (4 µB/Fe) at ambient
temperature versus 10.86 µB/mol (5.43 µB/Fe) theoreti-

cally expected for spin only behavior and noninteracting
metal atoms in the Fe4P4 oxo-centered cluster. As seen
in Figure 5, the evident antiferromagnetic exchange
leads to a further gradual but steady decrease in
moment (µ/Fe ∼ 3.7 µB at 78 K to µ/Fe ∼ 3.4 µB at ∼15
K). Below ∼12 K and coincident with the 3-D ordering
suggested by the Mössbauer spectra, there is an abrupt
further decrease in µ to ∼1.8 µB at 4.2 K. The strong
out-of-phase component, ø′′, of the magnetic susceptibil-

(18) Greenwood, N.; Gibb, T. Mössbauer Spectroscopy; Chapman
and Hall: London, 1982.

Figure 3. Mössbauer spectrum of 1 at 77 K showing the
overlap of two quadrupole doublets typical of high-spin iron
2+ and high-spin iron 3+.

Figure 4. Temperature dependence of the Mössbauer spec-
trum for a polycrystalline powder sample of 1. The weak
magnetic hyperfine impurity background corresponding to
R-Fe2O3 is apparent at 77 K (arrows).

Figure 5. Ac susceptibility measurements and the temper-
ature dependence of the magnetic moment of 1.
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ity below ∼12 K indicates a 3-D magnetically ordered
ground state with a net magnetic moment, namely
ferrimagnetism or canted antiferromagnetism. The
choice between these two possibilities awaits further
detailed study, preferably by single-crystal magnetiza-
tion studies or by neutron diffraction. In any event, one
reasonable qualitative scenario for the overall temper-
ature dependence of øm and µeff is simple intracluster
AF-exchange, but with intercluster AF-exchange domi-
nating at lower temperatures such that 3-D order occurs
at TN ∼ 12 K among the “remaining” thermally un-
quenched moments of the clusters. The behavior of 1
is similar in a number of aspects to that of FeAsO4.19
This material contains antiferromagnetically coupled
5-coordinate FeIII dimer pairs that undergo long range
order (TN ∼ 68 K) at lower temperature owing to
interdimer exchange interactions.
In passing, we note that the trace of R-Fe2O3 present

in the sample of 1 is not expected to influence our
interpretation of the susceptibility data for 1. This
material is strongly antiferromagnetic20 (TN ∼ 950 K)
with very weak canting that disappears below ∼260 K,
the Morin transition.18

These results demonstrate the applicability of hydro-
thermal syntheses for the preparation of hybrid organic-
inorganic materials, which has now been extended to
include the 3-D iron phosphate system. On the basis
of the very large number of synthetic, and especially
mineral, examples of iron phosphate framework solids,
our results suggest that the organically templated
materials will be a fertile area for synthesis in the
future.
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