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Synthesis, structure and magnetic properties of
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A new iron phosphite, [FeIII(1,10-phen)(HPO3)(H2PO3)],
I, has been synthesized hydrothermally from a mixture
containing iron powder, phosphorous acid, 1,10-phenanthroline and water at 125°°C for 7 days. The structure consists of an edge-shared four-membered rings
formed by the connectivity between FeO4N2 octahedra
and pseudo pyramidal HPO3 units, connected through
their edges forming a one-dimensional structure. The
1,10-phenanthroline molecules and H2PO3 pseudo-tetrahedral units bound with the Fe centre project into the
inter-chain spaces. Magnetic investigations reveal that
the iron is present in +3 oxidation state, and at lowtemperature the sample orders antiferromagnetically
with TN = ∼ 16 K. Crystal data: I, monoclinic, space
group = P2(1)/m (no. 11), a = 10.180(3), b = 6.424(1), c =
11.6668(5) Å, β = 115.59(1)°°, V = 668.2(4) Å3, Z = 4,
ρcalc = 1.880 g/cm3, µ(Mo Kαα) = 3.456 mm–1, R1 = 0.0313 and
wR2 = 0.0725 data [I > 2σ
σ (I)].
Keywords: Antiferromagnetic interactions, iron-phosphite, π…π interaction, single crystal structure, synthesis.
THE many potential applications in the areas of catalysis,
selective sorption, etc. continue to be the driving force
for research in open-framework solids. Intense research
during the last two decades has clearly indicated that the
metal phosphates are an important class of open-framework
materials1–5. Recently, the phosphite group, (HPO3), has
been investigated as a possible replacement for the more
traditional phosphate in framework structures, resulting
in a new family of solids. Thus, open-framework phosphites of V6, Cr7, Mn8, Fe9, Co10, Zn11–14, Al15, Ga16, Be17
and Mo18 have been synthesized and their structures determined. Many of these compounds have been prepared
employing a structure-directing organic amine. Use of simple
ligand amines such as 1,10-phenanthroline, 2,2′-bipyridine,
and 4,4′-bipyridine has been shown to give new and novel
structures in metal phosphates3–5. We have been interested
in the use of such ligand amines in phosphite networks.
During the course of this study, we have now isolated a
new iron phosphite with 1,10-phenanthroline, [FeIII(1,10phen)(HPO3)(H2PO3)], I, possessing a one-dimensional
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structure. Here, we present the synthesis, structure and
magnetic properties of I.

Experimental
The iron phosphite, [FeIII(1,10-Phen)(HPO3)(H2PO3)], I,
was synthesized under hydrothermal conditions using iron
metal powder as the source of iron. In a typical synthesis,
0.108 g of Fe-powder was dispersed in 7 ml of deionized
water. To this, 0.477 g of H3PO3 and 0.303 g of 1,10phenanthroline (1,10-phen) were added and the mixture
was homogenized for 30 min at room temperature. The
final mixture with the composition 1.0 Fe : 3.0 H3PO3 :
0.86 (1,10-phen) : 200 H2O, was transferred into a 23 ml
acid-digestion bomb and heated at 125°C for 7 days. After
the reaction, the autoclaves were removed from the oven
and left to cool to room temperature at ambient conditions.
The resulting product, containing large quantities of yellowcoloured rod-like single crystals was filtered, washed
with deionized water and dried at ambient conditions. The
yield of the product was ~70% based on Fe. The initial and
final pH of the reaction mixture was ~2.
The initial characterizations were carried out using elemental analysis, powder X-ray diffraction (XRD), thermogravimetric analysis (TGA) and infrared spectroscopic (IR)
measurements. An EDAX analysis on many single crystals
indicated a Fe : P ratio of 1 : 2. Elemental analysis: obsd.
(calc.) C 35.47 (36.4%), H 2.90 (2.5%), N 6.32 (7.0%).
The results agree well with the formula [FeIII(1,10-phen)
(HPO3)(H2PO3)] obtained from the single-crystal data.
The powder XRD patterns were recorded on crushed single
crystals in the 2θ range 5–50° using CuKα radiation
(Philips, X’pert, Pro). The pattern was entirely consistent
with the structure determined using the single-crystal XRD
(Figure 1).
TGA of the title compound, in an atmosphere of flowing
air (flow rate = 50 ml/min) was carried out in the temperature
range 30–850°C (heating rate = 5°C/min). Studies show a
broad weight loss in the range 400–850°C. The total observed weight loss was found to be 40.1%. This weight
loss under the flow of air, generally corresponds to the loss
of organic amine. The final decomposed products, identi1899
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fied by powder XRD, were FeIIIPV3O9 (JCPDS 38-0109)
and Fe2IIIO3 (JCPDS 39-1346). The calculated weight loss
based on the removal of 1,10-phen would be 45%. The
discrepancy in the observed and calculated weight losses
can be explained by considering the oxidation of PIII to
PV during the decomposition. The calculated weight gain
due to the oxidation of PIII to PV was 4.04%. Thus, during
TGA studies, there is competition between weight loss
due to decomposition of the bonded amine and weight gain
due to oxidation of PIII ions resulting in a net lower weight
loss. Taking this into account, the net weight loss would
be 44.14 (40.1 + 4.04)%, which matches well with the
calculated weight loss (45.00%).
IR spectroscopic studies were carried out in the range
400–4000 cm–1 using KBr pellet method (Perkin Elmer,
SPECTRUM 1000). The IR spectrum of I shows characteristics peaks, IR bands: ν(NH) = 2988 cm–1, ν(CH) =
3058 cm–1, ν(PH) = 2403 cm–1, δ(NH) = 1583 cm–1, δ(CH) =
1425 cm–1, δ(HP) = 936 cm–1, δs (PO3) = 645 cm–1, δas
(PO3) = 573 cm–1.
Temperature variation of the magnetic susceptibility
studies has been carried out on powdered single crystals in
the range 2–300 K with a SQUID magnetometer (Quantum Design Inc, USA).

Single crystal structure determination
A suitable yellow-coloured single crystal was carefully
selected under a polarizing microscope and glued to a thin
glass fibre. The single crystal diffraction data were collected on a Bruker AXS Smart Apex CCD diffractometer
at 293(2) K. The X-ray generator was operated at 50 kV
and 35 mA using MoKα (λ = 0.71073 Å) radiation. Data
were collected with ω scan width of 0.3°. A total of 606
frames were collected in three different settings of ϕ (0,
90, 180°) keeping the sample-to-detector distance fixed at
6.03 cm and the detector position (2θ) fixed at –25°. Pertinent
experimental details of the structure determination of I
are presented in Table 1.
The data were reduced using SAINTPLUS19, and an
empirical absorption correction was applied using the
SADABS program20. The crystal structure was solved
and refined21 using SHELXL97 present in the WinGx suit
of programs (Version 1.63.04a)22. We have not been able
to locate all the hydrogen positions from the difference
Fourier map. We have made use of detailed bond valence
sum calculations23 to arrive at the hydrogen positions for
the hydroxyl groups. The idealized hydrogen positions
were then placed geometrically and refined using the riding model. The last cycles of refinement included atomic positions, anisotropic thermal parameters for all the nonhydrogen atoms and isotropic thermal parameters for all
the hydrogen atoms. Full-matrix-least-squares structure
refinement against |F2| was carried out using the SHELXL
package of programs21. Selected bond distances and angles for I are listed in Table 2.
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Figure 1. Powder X-ray diffraction pattern (Cu Kα) for [FeIII
(C12N2H8)(HPO3)(H2PO3)], I, (a) experimental and (b) simulated.
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Crystal data and structure refinement parameters for
[FeIII(1,10-phen)(HPO3)(H2PO3)], I

Empirical formula
Formula weight
Crystal system
Space group
a (Å)
b (Å)
c (Å)
β (deg)
Volume (Å3)
Z
T (K)
ρcalc (g cm–3)
µ (mm–1)
θ range (deg)
λ (Mo Kα) (Å)
Reflections collected
Unique reflections
Number of parameters
Goodness of fit (S)
R indexes [I > 2σ(I)]
R (all data)
Largest diff. peak and hole eÅ–3

C12H11N2O6P2Fe1
397.019
Monoclinic
P21/m (no. 11)
10.180 (3)
6.424 (1)
11.668(5)
115.59 (1)
688.2 (4)
4
293(2)
1.880
3.456
1.94 to 23.28°
0.71073
1194
829
160
1.079
R1 = 0.0313, wR2 = 0.0725
R1 = 0.0347, wR2 = 0.0750
0.396 and –0.304

R1 = Ó||F0| – |Fc||/Ó|Fo|; wR2 = {Ó[w(Fo2–Fc2)]/Ó[w(Fo2)2]}1/2; w = 1/
[ρ2(Fo)2 + (aP)2 + bP]; P = [max (Fo, O) + 2(Fc)2]/3, where a = 0.0168
and b = 1.7907.
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Table 2.
Bond

Selected bond distances and angles in [FeIII(1,10-phen)(HPO3)(H2PO3)], I
Distance (Å)

Bond

Distance (Å)

Fe(1)–O(1)
Fe(1)–O(2)
Fe(1)–O(3)#1
Fe(1)–O(3)
Fe(1)–N(1)
Fe(1)–N(2)

1.901(4)
1.941(4)
1.987(3)
1.987(3)
2.189(5)
2.203(5)

P(1)–O(1)
P(1)–O(3)#2
P(1)–O(3)#3
P(2)–O(2)
P(2)–O(4)#1
P(2)–O(4)

1.506(4)
1.514(3)
1.514(3)
1.490(4)
1.496(5)
1.496(5)

Moiety

Angle (°)

Moiety

Angle (°)

O(1)–Fe(1)–O(2)
O(1)–Fe(1)–O(3)#1
O(2)–Fe(1)–O(3)#1
O(1)–Fe(1)–O(3)
O(2)–Fe(1)–O(3)
O(3)#1–Fe(1)–O(3)
O(1)–Fe(1)–N(1)
O(2)–Fe(1)–N(1)
O(3)#1–Fe(1)–N(1)
O(3)–Fe(1)–N(1)
O(1)–Fe(1)–N(2)
O(2)–Fe(1)–N(2)

102.83(18)
94.19(8)
93.41(9)
94.19(9)
93.41(9)
167.77(14)
93.62(18)
163.55(18)
85.29(8)
85.29(8)
168.94(19)
88.23(19)

O(3)#1–Fe(1)–N(2)
O(3)–Fe(1)–N(2)
N(1)–Fe(1)–N(2)
O(1)–P(1)–O(3)#2
O(1)–P(1)–O(3)#2
O(3)#2–P(1)–O(3)
O(2)–P(2)–O(4)#1
O(2)–P(2)–O(4)
O(4)#1–P(2)–O(4)
P(1)–O(1)–Fe(1)
P(2)–O(2)–Fe(1)
P(1)#3–O(3)–Fe(1)

85.04(8)
85.04(8)
75.32(18)
113.59(14)
113.59(14)
109.5(2)
109.1(2)
109.1(2)
113.2(4)
164.8(3)
142.4(3)
138.80(15)

Symmetry transformations used to generate equivalent atoms: #1, x, –y + 1/2, z; #2 –x, y + 12, –z + 1; #3
–x, –y, z + 1.

Results and discussion
The asymmetric unit of I contains 21 non-hydrogen atoms,
of which one iron and two phosphorous atoms are crystallographically independent. The iron atom is octahedrally
coordinated by two nitrogen atoms of the 1,10-phenanthroline
ligand and four oxygen atoms of the phosphite groups.
The Fe–O bond lengths are in the range 1.901(4)–1.987(3) Å
[av. 1.954 Å] and Fe–N bonds have an average distance of
2.196 Å. The O/N–Fe–O/N bond angles are in the range
85.04°(8)–168.94°(19). The iron atom is connected to two
distinct phosphorous atoms through Fe–O–P bonds. Among
the two P atoms, P(1) is connected to iron through three
P–O–Fe bonds, and P(2) is connected by one P–O–Fe
bond and possesses two terminal P–O bonds. The P–O
bond distances are in the range 1.504(4)–1.514(3) Å for
P(1) atom [av. 1.511 Å] and 1.490(4)–1.496(5) Å for P(2)
atom [av. 1.494 Å] respectively. Bond valence sum calculations show a value of 2.986 for Fe, indicating that Fe is
in +3 state. The bond valence sum values for the oxygens,
O(1)–O(3), are in the range 1.86–2.02 and that of O(4) is
1.38. It is likely that O(4) is protonated, giving rise to the
molecular formula of [FeIII(1,10-phen)(HPO3)(H2PO3)].
The FeO4N2 octahedral and HP(1)O3 pseudo-tetrahedral units are connected through their vertices, giving rise
to a four-membered ring. The four-membered rings are
connected through their edges forming a one-dimensional
structure. The H2P(2)O3 units and the 1,10-phenanthroline ligands are connected with the chain by bonding with
the iron centre (Figure 2). The hanging 1,10-phenanthroline ligands from two different chains, projecting into the
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interchain spaces, are separated by 3.52 Å. This indicates
that there exist considerable π…π interactions between
the 1,10-phen molecules. The 1,10-phenanthroline ligands
appear to be stacked exactly one over the other, the angle
(θ) suspended between the neighbouring ones is zero
(Figure 3). The stacking is anti-parallel in nature. For a
better understanding of the role of the π…π interactions
in these structures, we carried out preliminary calculations
using the AM1-parameterized Hamiltonian available in the
Gaussian program suit24,25. From these calculations, the
dipole moment of the independent 1,10-phenathroline
molecule was found to be 2.73 debye and the dipole moment value for the stacked arrangement was found to be
zero. This possibily resulted from the anti-parallel arrangement of the 1,10-phenanathroline molecules leading to the
cancellation of dipole moment. We have also calculated
the strength of the π…π interactions based on single-point
energy calculations, without the symmetry constraints, on
the basis of the crystal structure geometry. The calculated
π…π interaction energy was found to be 10.2 kcal/mol.
This energy is of the order of intermediate hydrogen-bond
strengths (approx 10–15 kcal/mol) observed generally in
N–H…O and O–H…O hydrogen-bonded systems26.
The thermal variation of χm is shown in Figure 4 and
the inset shows the χ–1 versus temperature plot. The molar
magnetic susceptibility increases with decreasing temperature and reaches a sharp maximum around 16 K. If T
is reduced further, the susceptibility decreases sharply. At
high temperature (T > 100 K), the thermal evolution of χm
follows a Curie–Weiss law, χ = C/(T–θ) with Cm =
0.0870 cm3k/mol and θp = –35 K. At room temperature,
1901
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the observed effective magnetic moment (µeff) saturates
to a value of 5.57 µB, which is close to the calculated paramagnetic spin-only value of Fe in +3 state (5.92 µB). The
negative Weiss constant together with the continuous decrease in the χmT vs T curve, imply that the dominant interactions between the neighbouring Fe3+ species are
antiferromagnetic in nature. The antiferromagnetic ordering temperature (TN), estimated from the inverse susceptibility versus temperature plot is 16 K.
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Figure 4. Temperature variation of magnetic susceptibility of I. (Inset) Temperature variation of inverse susceptibility.

Figure 2. Polyhedral view of structure of I, in the bc plane showing
arrangement of one-dimensional chains. Hanging phosphite units are
shown as ball-stick view.

3.52Å
0.0°

Figure 3. Arrangement of 1,10-phenanthroline molecules in I. Note
that the phenanthroline molecules are stacked in anti-parallel arrangement.
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The structure of I, appears to have a close relationship
to the iron phosphite-phosphate [FeIII(2,2′-bipyridine)
(HPO3)(H2PO4)]27, and the iron phosphate [FeIII(1,10phen)(HPO4)(H2PO4).0.5H2O]3, structures. In the iron
phosphite-phosphate structure, the FeO4N2 and HPO3 units
are linked to give rise to the edge-shared one-dimensional
chains. The H2PO4 and the 2,2′-bipyridine groups hang
from the iron centre. In I, we have an identical situation
with FeO4N2 and HP(1)O3 units linked to form the onedimensional chain, with 1,10-phen and H2P(2)O3 molecules
hanging from the Fe centre. In [FeIII(1,10-phen)(HPO4)
(H2PO4).0.5H2O], the FeO4N2 and HPO4 units form the
edge-shared one-dimensional chains with 1,10-phen molecules and PO2(OH)2 units hanging from the iron centre.
Similar structural features have also been encountered in
the one-dimensional cadmium phosphate [Cd(2,2′-bpyridine)(H2PO4)2]28.
Crystallographic data for this compound has been deposited
with Cambridge Crystallographic Data Centre (CCDC
No. 275931). The data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html (or from CCDC,
12, Union Road, Cambridge CB2 1EZ, UK; e-mail:
deposit@ccdc.cab.ac.uk.
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