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Begoña Bazán,‡ JoséL. Mesa,† JoséL. Pizarro,‡ L. Lezama,† Marı́ a I. Arriortua, ‡ and
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A new iron(III) arsenate templated by ethylenediamine, (C2H10N2) [Fe(HAsO4)2(H2AsO4)](H2O), has been prepared
by hydrothermal synthesis. The unit-cell parameters area ) 8.705(3) Å,b ) 16.106(4) Å,c ) 4.763(1) Å,â )
90.63(3)°; monoclinic, P21 with Z ) 2. The compound exhibits a chain structure along thec-axis with the
ethylenediammonium cations as counterion. The chains show isolated FeO6 octahedra with two HAsO4 and one
H2AsO4 tetrahedra per FeO6 octahedron. The ESR spectrum at 5.0 K is isotropic with ag-value of 2.0, which
remains practically unchanged at room temperature. Magnetic measurements indicate the presence of antiferro-
magnetic interactions. A value of-0.835 K for theJ-exchange parameter has been calculated by fitting the
magnetic data to a model for antiferromagnetic chains of spinS ) 5/2.

Introduction

The world of crystalline porous materials has long been
dominated by aluminosilicate zeolites, which are used widely
in catalysis, separations, and ion-exchange processes.1 The
discovery of new families of porous materials, including new
crystalline systems as well as amorphous mesoporous materials,
has raised hopes that such materials could be tailored for new
applications, for example, in sensors and nanotechnology.
Consequently, there has been tremendous interest in novel
porous solids, both inorganic and organic.2 A frequently used
concept in seeking systematic trends in this area of materials
chemistry is that of templating, the tendency of a cation to direct
the reaction to form a particular product.3 In this way, small
organic molecules, particularly those containing protonated
amino groups, have played an outstanding role in templating
novel networks4 such as oxides, phosphates, and phosphonates
with a large variety of transitions metal ions.5-11

Although designing phases similar to aluminosilicate zeolitic
structures has been the subject of main interest in the study of
these materials, the discovery of new compounds with novel
structural features has also assumed an important role.2,12,13

Among the open-framework materials, metal phosphates occupy
a major position. A number of works dealing with organically
templated iron phosphates has evidenced a rich structural
chemistry in this system.14-20 Open-framework cobalt(II) phos-
phates have been also synthesized and studied.9,21Recently, two
antiferromagnets, layered Mn(II)-phosphate and-phosphite
templated by ethylenediamine, have been prepared and their
properties reported.22,23 Furthermore, several arsenate com-
pounds with paramagnetic metal ions and templated by di-
ammonium cations have also been reported.24-26 However these
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materials have not been studied in depth, as have the related
phosphate compounds.

In this work we report on the hydrothermal synthesis, crystal
structure, and spectroscopic and magnetic properties of a new
iron(III) arsenate templated by ethylenediammonium cations,
(C2H10N2) [Fe(HAsO4)2(H2AsO4)](H2O). This compound is the
first reported iron(III)-arsenate templated by ethylenediamine.

Experimental Section

Synthesis and Characterization.(C2H10N2)[Fe(HAsO4)2(H2AsO4)]-
(H2O) was prepared from reaction mixtures of As2O5 (0.375 mmol),
ethylenediamine (0.269 mmol), and FeCl3‚6H2O (0.009 mmol), in a
mixture of ca. 30 mL of water and 1-butanol (volume ratio 1:4). The
initial pH of the reaction mixture was ca. 3. The synthesis was carried
out in a poly(tetrafluoroethylene)-lined stainless steel container under
autogenous pressure, filled to ca. 75% volume capacity, and all reactants
were stirred briefly before heating. The reaction mixture was heated at
170°C for 5 days, followed by slow cooling to room temperature. The
pH of the reaction increased up to ca. 5. The resulting product was
filtered off, washed with ether, and dried in air. Well-formed prismatic
single crystals with light green color appeared in the preparation. The
metal ion and arsenic contents were confirmed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis performed
with a ARL Fisons 3410 spectrometer. C, H, and N elemental analysis
was carried out with a Perkin-Elmer Model 240 automatic analyzer.
Found: Fe, 9.9; As, 40.1; C, 4.1; H, 2.6; N, 4.7. (C2H10N2)[Fe(HAsO4)2-
(H2AsO4)](H2O) requires: Fe, 10.0; As, 40.4; C, 4.3; H, 2.9; N, 5.0.
The density, 2.7(1) g cm-3, was measured by flotation in a mixture of
CH2I2/CCl4.

Thermal Decomposition.Thermogravimetric measurements were
carried out heating the sample at 5°C min-1 under air atmosphere in
the 30-800 °C range by using a SDC 2960 Simultaneous DSC-TGA
TA instrument. The decomposition curve reveals a continuous weight
loss (ca. 14.3%) between 150 and 270°C. This fact can be attributed
to the simultaneous loss of the ethylenediammonium cation and the
water molecule present in the compound (calc 14.4%). After this
process, the decomposition of the hydrogen- and dihydrogenarsenate
anions occurs between 270 and 560°C. Above 560°C, additional
weight loss is not observed in the thermogravimetric curve. The X-ray
pattern diffraction of the residue obtained from the thermogravimetric
analysis shows the presence of peaks which can be indexed with the
unit cell parameters of Fe(AsO4),27 a ) 7.56(1) Å,b ) 8.08(1) Å,c )
5.01 Å, andâ ) 104.5(1)°. Furthermore, different peaks with low
intensity (ca. 5%) appear at 2θ ) 25.55°, 30.13°, and 32.06°. These
peaks were assigned to the Fe2O3 phase in its maghemite-C synthetic
form.27

The thermal behavior of (C2H10N2)[Fe(HAsO4)2(H2AsO4)](H2O) has
also been followed by using time-resolved X-ray thermodiffractometry.
The patterns were performed in air atmosphere with a PHILIPS X’PERT
automatic diffractometer (Cu KR radiation) equipped with a variable-
temperature stage (Anton Paar HTK16) and a Pt sample holder. The
data were recorded in 2θ steps of 0.02° in the range 5° e 2θ e 50°,
counting for 1 s per step and increasing the temperature at 5°C min-1

from room temperature up to 650°C. The results are given in Figure
1. The compound is stable up to ca. 75°C. The intensity of the
monitored (100), (020), and (110) peaks remains practically unchanged.
However, a splitting of these peaks occurs in the 100-200 °C range,
suggesting the existence of a structural change before the thermal
decomposition of the compound. At approximately 225°C the peaks
of the X-ray powder diffractogram practically disappear, indicating the
decomposition of the compound. Between ca. 500 and 650°C, peaks
belonging to the Fe(AsO4) arsenate were observed. Furthermore, a minor
proportion of the maghemite-C synthetic Fe2O3 phase is also detected
(see inset in Figure 1), in good agreement with the thermogravimetric
data.

Single-Crystal X-ray Diffraction. A suitable single crystal of
(C2H10N2)[Fe(HAsO4)2(H2AsO4)](H2O) with dimensions 0.4× 0.1 ×

0.05 mm was carefully selected under a polarizing microscope and
mounted on a glass fiber. Diffraction data were collected at room
temperature on an STOE IPDS (Imaging Plate Diffraction System)
automated diffractometer using graphite-monochromated Mo KR.
Crystallographic data are reported in Table 1.

A total of 7088 reflections were measured in the range 3.45° e θ e
26.03°. A total of 2407 reflections were independent (Rint ) 0.03) and
2081 observed applying the criterion I> 2σ(I ). Correction for Lorentz
and polarization effects were done28 and also for absorption taking into
account the crystal shape by using the XRED program.29 The structure
was solved by the Patterson method (SHELXS 86 program30) and then
refined by the full-matrix least-squares method based onF2, using the
SHELXL 97 computer program.31 The scattering factors were taken
from ref 32. All non-hydrogen atoms were assigned anisotropic thermal
parameters. Hydrogen atoms were geometrically placed, except for the
water molecules, which were not located. The finalR factors were R1
) 0.027 [wR2 ) 0.050]. Maximum and minimum peaks in final
difference synthesis were 0.560,-0.881 e Å-3. The final atomic
coordinates and thermal parameters have been deposited at the
Cambridge Crystallographic Data Centre (CCDC 150503). All drawings
were made using ATOMS and ORTEP programs.33,34 Selected bond
distances and angles are given in Table 2.
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Figure 1. Thermodiffractograms of (C2H10N2)[Fe(HAsO4)2(H2As-
O4)](H2O). The * given in the inset corresponds to the Fe2O3 phase.

Table 1. Crystallographic Data for
(C2H10N2)[Fe(HAsO4)2(H2AsO4)](H2O)

formula C2H16N2O13As3Fe
a, Å 8.705(3)
b, Å 16.106(4)
c, Å 4.763(1)
â, deg 90.63(3)
V, Å3 666.7(3)
Z 2
fw (g mol-1) 556.8
space group P21 (no. 4)
T, °C 20
radiation,λ(Mo KR), Å 0.71073
Fobsd,Fcalcd,g cm-3 2.7(1), 2.770
µ(Mo KR), mm-1 8.581
R [I > 2σ(I)]a R1 ) 0.027, wR2) 0.050
R [all data] R1) 0.037, wR2) 0.051

a R1 ) [∑(|Fo| - |Fc|)]/∑|Fo|; wR2 ) [∑[w(|Fo|2 - |Fc|2)2]/
∑[w(|Fo|2)2]1/2; w ) 1/[σ2|Fo|2 + (xp)2]; wherep ) [|Fo|2 + 2|Fc|2]/3;
x ) 0.0223.
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Physical Measurements.The IR spectrum (KBr pellet) was obtained
with a Nicolet FT-IR 740 spectrophotometer in the 400-4000 cm-1

range. The diffuse reflectance spectrum was registered at room
temperature on a Cary 2415 spectrometer in the 5000-50000 cm-1

range. A Bruker ESP 300 spectrometer was used to record the ESR
polycrystalline spectra at room temperature and 5.0 K. The temperature
was stabilized by an Oxford Instrument (ITC 4) regulator. The magnetic
field was measured with a Bruker BNM 200 gaussmeter, and the
frequency inside the cavity was determined using a Hewlett-Packard
5352B microwave frequency counter. Magnetic measurements of
powdered sample were performed in the temperature range 4.2-300
K, using a Quantum Design MPMS-7 SQUID magnetometer. The mag-
netic field was approximately 0.1 T, a value lying within the range of
linear dependence of magnetization vs magnetic field even at 4.2 K.

Results and Discussion

Crystal Structure. The structure consists of [Fe(HAsO4)2-
(H2AsO4)]2- anionic chains running along the [001] direction.
The ethylenediammonium cations are displayed in the cavities
of the structure delimited by three different chains and com-
pensating its negative charge (Figure 2a). The water molecules
are located in the cavities formed by three arsenate anions
belonging to different chains (see Figure 2a). The FeO6

octahedra are isolated and bridged by two HAsO4 and one
H2AsO4 tetrahedra. A remarkable structural feature of this
compound is the absence of covalent intrachain-Fe-O-Fe-
interactions.

Figure 2b shows the isolated [Fe(HAsO4)2(H2AsO4)]n
2n-

chains. The FeO6 octahedra are quite regular with Fe-O
distances ranging from 1.993(4) to 2.027(4) Å. As can be seen
in Figure 2b the O(1) and O(3)i oxygen atoms in the octahedra
are provided by the HOAs(1)O3 tetrahedron with bond distances
Fe-O(1) of 2.027(4) and Fe-O(3)i of 2.026(4) Å. The
HOAs(2)O3 tetrahedron is bonded to iron(III) cations via O(6)
and O(7)ii oxygen atoms with bond distances of 1.998(4) and
1.993(4) Å, respectively. Finally, the O(9) and O(11)i oxygens
belonging to the (HO)2As(3)O2 tetrahedron establish bond
distances of 2.007(5) and 2.013(5) Å with the iron(III) cation.
The cis-O-Fe-O angles range from 86.5(2)° to 94.8(2)°,
whereas thetrans-O-Fe-O angles are practically of 180°. The
distortion of the FeO6 polyhedron, from an octahedron (∆ ) 0)
to a trigonal prism (∆ ) 1), calculated by quantification of the
Muetterties and Guggenberger description,35 is ∆ ) 0.01, which
indicates a topology near to octahedron. The Fe(III)-Fe(III)
intrachain bond distance is 4.763(1) Å.

(34) Johnson, C. K.ORTEP, Report ORNL-5138; Oak Ridge National
Laboratory: Oak Ridge, TN, 1976.

(35) Muetterties, E. L.; Guggenberger, L. J.J. Am. Chem. Soc.1974, 96,
1748.

Table 2. Selected Bond Distances (Å) and Angles (deg) for
(C2H10N2)[Fe(HAsO4)2(H2AsO4)](H2O) (esd’s in Parentheses)a

Bond Distances (Å)

FeO6 octahedron
Fe-O(1) 2.027(4)
Fe-O(3)i 2.026(4)
Fe-O(6) 1.998(4)
Fe-O(7)ii 1.993(4)
Fe-O(9) 2.007(5)
Fe-O(11)i 2.013(5)

As(1)O4 tetrahedron As(2)O4 tetrahedron As(3)O4 tetrahedron

As(1)-O(1) 1.668(4) As(2)-O(5) 1.731(4) As(3)-O(9) 1.660(4)
As(1)-O(2) 1.680(4) As(2)-O(6) 1.667(4) As(3)-O(10) 1.725(4)
As(1)-O(3) 1.667(4) As(2)-O(7) 1.675(4) As(3)-O(11) 1.663(4)
As(1)-O(4) 1.736(4) As(2)-O(8) 1.680(4) As(3)-O(12) 1.707(5)

(H3N(CH2)2NH3)2+

N(1)-C(1) 1.475(9) N(2)-C(2) 1.491(9) C(1)-C(2) 1.52(1)

Bond Angles (deg)

FeO6 octahedron
O(6)-Fe-O(1) 91.9(2)
O(6)-Fe-O(3)i 88.6(1)
O(6)-Fe-O(7)ii 90.7(2)
O(6)-Fe-O(11)i 91.6(2)
O(9)-Fe-O(1) 87.8(2)
O(9)-Fe-O(3)i 89.3(2)
O(9)-Fe-O(7)ii 91.4(2)
O(9)-Fe-O(11)i 88.5(2)
O(1)-Fe-O(3)i 89.4(2)
O(1)-Fe-O(7)ii 89.2(2)
O(3)i-Fe-O(11)i 86.5(2)
O(7)ii-Fe-O(11)i 94.8(2)
O(1)-Fe-O(11)i 174.6(2)
O(3)i-Fe-O(7)ii 178.5(2)
O(6)-Fe-O(9) 177.9(2)

As(1)O4 tetrahedron As(2)O4 tetrahedron

O(1)-As(1)-O(2) 107.8(2) O(5)-As(2)-O(6) 101.0(2)
O(1)-As(1)-O(3) 121.0(2) O(5)-As(2)-O(7) 110.2(2)
O(1)-As(1)-O(4) 108.2(2) O(5)-As(2)-O(8) 107.1(2)
O(2)-As(1)-O(3) 110.5(2) O(6)-As(2)-O(7) 117.2(2)
O(2)-As(1)-O(4) 107.1(2) O(6)-As(2)-O(8) 112.1(2)
O(3)-As(1)-O(4) 101.2(2) O(7)-As(2)-O(8) 108.5(2)

As(3)O4 tetrahedron
O(9)-As(1)-O(10) 107.7(2)
O(9)-As(1)-O(11) 120.8(2)
O(9)-As(1)-O(12) 106.6(2)
O(10)-As(1)-O(11) 108.0(2)
O(10)-As(1)-O(12) 105.4(2)
O(11)-As(1)-O(12) 107.3(2)

(H3N(CH2)2NH3)2+

N(1)-C(1)-C(2) 110.2(5) C(1)-C(2)-N(2) 110.6(6)

a Symmetry codes: i) x, y, z-1, ii ) x, y, z+1.

b

Figure 2. (a) Polyhedral view of (C2H10N2)[Fe(HAsO4)2(H2AsO4)]-
(H2O), showing the chain structure. (b) ORTEP drawing (50% thermal
ellipsoids) of the [Fe(HAsO4)2(H2AsO4)]n

2n- unit, with detailed labeling
of the atoms.
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The HAsO4 and H2AsO4 tetrahedra are quite regular, with
mean bond distances As-O of 1.69(3) Å. The As(1)-O(4),
As(2)-O(5), and As(3)-O(10),O(12) bond distances in the
hydrogenarsenate groups are slightly longer (mean value, 1.72(1)
Å) than those observed for the other As-O distances (mean
value, 1.670(8) Å). The O-As-O angles are in the range from
101.2(2)° to 121.0(2)°. In the ethylenediammonium cations the
C-C and C-N bond distances are in the range usually found
for this molecule,36 and the angles are practically similar to that
expected for a sp3 hybridation. The water molecule is linked
by two strong hydrogen bonds to the hydrogenarsenate groups.
The bond lengths and angles are as follows: Ow‚‚‚H(4)i-O(4)-
[As(1)], 1.897(4) Å, 168.9(4)° ; Ow‚‚‚H(5)ii-O(5)-[As(2)],
1.955(5) Å, 159.6(3)° [i ) x, y, z+1; ii ) -x+2, y+1/2, -z-
1]. Furthermore, the ethylenediammonium cation establishes
several hydrogen bonds with the hydrogen- and dihydrogen-
arsenate groups whose values range from 1.881(5) to 3.184(4)
Å. Hydrogen bonds have not been detected between the water
molecules and the ethylenediammonium cations.

IR and UV-Vis Spectroscopy. The IR spectrum of
(C2H10N2)[Fe(HAsO4)2(H2AsO4)](H2O) shows the bands cor-
responding to the vibrations of the water, ethylenediammonium
cations, and hydrogen- and dihydrogenarseniate anions. The
strong band centered at 3415 cm-1 corresponds to the stretching
mode of the water molecule. The bending mode of this molecule
can be observed at about 1615 cm-1. The stretching mode of
the (NH3)+ group, in the ethylenediammonium cation, appears
at 3130 cm-1. The band near 1540 cm-1 can be assigned to the
(NH3)+ bending vibration. This band is indicative of the
presence of the ethylenediamine molecule in its protonated
form,36,37 in good agreement with the structural results. The
stretching vibrations of the-CH2- groups in the ethylenedi-
ammonium appear in the 2930-2600 cm-1 range, while the
bending modes of these groups can be observed in the 1455-
1385 cm-1 range. Four different groups of bands can be
attributed to the vibrational modes of the (HAsO4)2- and
(H2AsO4)- anions present in the compound.38 The ν3 asym-
metrical stretching mode [νas(As-O)] appears at frequencies
870, 825, 760, and 735 cm-1. The ν1 symmetrical stretch
[νs(As-O)] is detected at a frequency of 625 cm-1. The
asymmetrical deformation vibrations [δas(O-As-O)] can be
observed at 560 and 475 cm-1. Finally, the bands observed at
ca. 2360 and 1230 cm-1 can be assigned to stretching and
bending modes of the HO-As hydrogen- and dihydrogen-
arsenate anions present in the structure of this compound.

The diffuse reflectance spectrum of this compound exhibits
several very weak spin-forbidden d-d bands, at approximately
15 505, 19 800, 22 990, and 26 665 cm-1, as corresponds to a
d5 high-spin cation in an ideal octahedral symmetry.39

ESR and Magnetic Properties. The ESR spectrum of
(C2H10N2)[Fe(HAsO4)2(H2AsO4)](H2O) performed at the X-
band on a powdered sample at 5.0 K exhibits an isotropic signal
in good agreement with the presence of high-spin Fe(III) cations
in octahedral symmetry. Theg-value is 2.00, and the line width
is approximately 430 G. These results are similar to those
observed at room temperature, where theg-value and the line
width take values of 2.03 and 450 G, respectively.

Variable-temperature magnetic susceptibility measurements
of (C2H10N2)[Fe(HAsO4)2(H2AsO4)](H2O) have been carried out
on a powdered sample from room temperature to 4.2 K. Plots
of the øm and ømT vs T curves are shown in Figure 3. The
thermal evolution oføm follows the Curie-Weiss law at
temperatures higher than 30 K, withCm ) 4.34 cm3 K/mol and
θ ) -13.1 K. The molar magnetic susceptibility increases from
room tempearature with decreasing temperature and reaches a
maximum at ca. 8 K, indicating that a long magnetic order is
established at this temperature. This result together with the
continuous decrease in theømT vs T curve, from 4.089 cm3

K/mol at room temperature up to 0.736 cm3 K/mol at 4.2 K, is
indicative of antiferromagnetic exchange couplings in the
compound.

Considering the structural features of this compound, in which
chains of [Fe(HAsO4)2(H2AsO4)]2- formula run along the [001]
direction, the magnetic data have been fitted to the equation
given by Fischer and Dingle40,41for chains of spinS) 5/2, (eq
1):

wheren ) (T/T0) - coth(T0/T) andT0 ) [2JS(S + 1)]/k, k is
Boltzmann’s constant,N is Avogadro’s number, andâ is the
Bohr magneton. The best fit (solid lines in Figure 3) is obtained
for a value of theJ-exchange parameter ofJ ) -0.835 K, where
g ) 2.0 obtained from the ESR spectrum. The agreement factor,
defined asF ) ∑i(øi,obs - øi,cal)2/(øi,obs)2, is 1.03× 10-4.

The introduction in eq 1 of aJ′-exchange parameter between
neighboring chains does not modify in a significant way the
obtained results. Consequently, it is possible to conclude that,
in this compound, the main magnetic interactions are propagated
along the chains through three different superexchange path-
ways, Fe-O(3)-As(1)-O(1)-Fe, Fe-O(6)-As(2)-O(7)-Fe,
and Fe-O(11)-As(3)-O(9)-Fe (see Figure 2b). These path-
ways present similar Fe-O-As and O-As-O angles with a
mean value of 126° and 120°, respectively. In this way, the
calculated magnetic exchange parameter,J ) -0.835 K,
represents the mean value corresponding to the exchange
pathways that connect the Fe(III) cations in the structure of this
compound.

Concluding Remarks

The first iron(III) arsenate templated by ethylenediamine with
formula (C2H10N2)[Fe(HAsO4)2(H2AsO4)](H2O) has been pre-
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Figure 3. Thermal evolution of theøm andømT curves of (C2H10N2)-
[Fe(HAsO4)2(H2AsO4)](H2O). The solid lines show the fit of theøm

andømT experimental data to the model for chains ofS ) 5/2.

ø ) [Ng2â2S(S+ 1)/3kT][(1 - n)/(1 + n)] (1)
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pared under hydrothermal conditions. The crystal structure
consists of inorganic chains of composition [Fe(HAsO4)2-
(H2AsO4)]2- in which no covalent intrachain Fe-O-Fe bond
is established. Both the ethylenediammonium cations and the
water molecules are located between the chains in different
cavities of the structure. The thermogravimetric study indicates
the loss of ethylenediammonium and water in the 150-270°C
range. The inorganic residue evolution gives as final product a
mixture of Fe(AsO4) and Fe2O3. The IR spectrum shows the
bands belonging to the ethylenediammonium cation and
(HAsO4)2- and (H2AsO4)- anions. The diffuse reflectance and
ESR measurements are in good agreement with the existence
of a d5 high-spin Fe(III) cation in octahedral symmetry. The
best fit of the magnetic data was carried out by using a model
for chains of spinS ) 5/2. TheJ/K value was-0.835 K.
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