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Abstract

Fe(H,PO,4)(H,P,07) - CsHsN, a new iron(I1) phosphate with an open-framework has been synthesized hydrothermally using pyridine
as organic template. The crystal structure was solved ab initio using conventional powder X-ray diffraction data. The unit cell is
orthorhombic, a = 9.5075(2), b = 10.1079(1), ¢ = 13.3195(2)1&, space group P2,2,2,, Z = 4. The structure consists of FeOg4 octahedra
joined by H,PO,4 and H,P,O; groups forming linear chains interconnected by hydrogen bonding to give rise to a supramolecular

framework enclosing tunnels in which the pyridine molecules reside.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The inorganic materials with open-framework are of
great interest in material science because of their potential
applications in many fields such as catalysis, ion exchange,
adsorption or separation [1,2]. Within these compounds
transition metal phosphates composes an important class.
In the mineral kingdom, iron phosphates are among the
most important materials besides silicates and aluminates.
The most striking example of an open-framework iron—
phosphate is provided by the mineral cacoxenite which
contains cylindrical tunnels occupied by water molecules,
with a free diameter of 14.2 A. In the last years, a number
of iron phosphates and fluorophosphates haven been
reported [3-20]. Many of them were synthesized by using
hydrothermal methods and organic templates. In addition
to their use as structure-directing agents in the solvother-
mal synthesis of three-dimensional zeolite and zeotype
frameworks, organic amines have now been employed in
the preparation of several low dimensional metal phos-
phates. Thus, iron phosphates with two-dimensional
[10-16], and one-dimensional (1-D) architectures [8,9,
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17-20] have been synthesized and characterized. The
stabilization of layered and chain-like arrangements
usually requires specific conditions [21]. The compounds
can contain cations located between the sheets or chains,
separating negative moieties and introducing a favorable
term in the energy of the system. Protonation reduces the
overall charge on the layers or chains and allows the
formation of stabilizing hydrogen bonds across the van der
Waals gap. In addition, layered and chain compounds also
have fascinating chemical reactivity, leading themselves to
intercalation—deintercalation processes, pillaring reactions,
and acid-base chemistry involving a condensation of parts
of the framework to obtain related, but new, structures.

Two parameters relative to the nature of the amine are
important: the size and shape of the amine and its
correlated ability to be protonated [22]. Generally aliphatic
diamines are used as templates giving rise to frameworks
negatively charged with the amine protonated. The
presence of strong electrostatic interactions with the
framework determines the final structure and makes
difficult extraction of the template after the synthesis.
Pyridine has been very little used as template. It has two
characteristics that differentiate from other small tem-
plates: it has only a nitrogen atom with a low basicity and it
has a planar geometry.
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This paper describes the synthesis and structure of a new
iron(I1I) phosphate where pyridine is used as template and
where the obtained 1-D framework is stabilised by
hydrogen bonds.

2. Experimental
2.1. Synthesis

Fe(H,PO4)(H,P,07) - CsHsN was performed under hy-
drothermal conditions in a stainless steel Teflon-lined
vessel, under autogenous pressure, in the presence of
pyridine by mixing 85% H3;PO4 and 1 M FeCl;- 6H,0 in a
molar ratio 1:10:10:66 (FeCl;:H3PO4:CsHsN:H,0) with a
total volume of 40cm® and heating for 6 days at 180 °C.
Fe(H,PO4)(H,P,0,) - SH,O was prepared by successive
treatment of Fe(H,PO4)(H,P,O;)-CsHsN with 0.1M
HCI solution while stirring (V/m ratio 100:1, cm?/g) for
three times, 4 h each, up to total removal of the amine. In
both cases, the obtained solids were filtered, washed with
distilled water, and dried at room temperature.

2.2. Analytical procedures

The phosphorus and iron contents of the solids was
determined with a SpectraSpectrometer DCP-AEC after
dissolving a weighted amount of sample in HFq.
Microanalytical data (C, N and H) were obtained with a
Perkin—Elmer model 2400B. Elemental analysis (wt%) for
Fe(H,PO,4)(H,P,07) - CsHsN: Fe 13.1(3), P 22.4(4), N
3.5(1), C 14.8(2), H 2.0(3) (calcd. Fe 13.68, P 22.80, N
3.43, C 14.71, H 2.21). Elemental analysis (wt%) for
Fe(H,PO4)(H,P>05) - SH,0: Fe 12.9(4), P 21.8(5), N 0.2(1),
C 0.6(1), H 2.9(3) (cale. Fe 13.33, P 22.18, H 3.37).
Thermogravimetric analysis was obtained under air atmo-
sphere with a Mettler TA4000-TG50 thermoanalyzer at a
heating rate of 10°Cmin~'. Infra-red spectra were
recorded with a Perkin—Elmer 1000 FT-IR spectrophot-
ometer. Electron micrographs were recorded with a JEOL
JSM 6100 electron microscope operating a 20kV.

2.3. X-ray crystallographic analysis

A powder pattern of Fe(H,PO4)(H,P,0,)- CsHsN was
collected on a Seifert XRD3000 high resolution powder
X-ray diffractometer belonging to the SCT’s facilities of
the University of Oviedo operating in Bragg—Brentano 6—0
geometry at S0kV and 40 mA using graphite monochro-
mated CuKo radiation. The sample was gently ground in
an agate mortar and mixed with Cab-osil® in order to
minimize the preferred orientation effects. Data was
collected at room temperature over the angular 20 range
9-110° with a step size of 0.01° and a count time of 10s/
step. The pattern was indexed in the orthorhombic system
using the program TREOR [23] (Myy =22, F»y =38
(0.010, 52)). Intensities were extracted with the LeBail
method and the program FULLPROF [24]. The structure
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Fig. 1. Powder X-ray diffraction pattern of Fe(H,PO4)(H,P,07) - CsHsN.
Observed (points), calculated (continuous line) and difference (below)
profiles are plotted on the same scale. Bragg peaks are indicated by tick
marks. Background has been subtracted for more clarity.

was solved by direct methods and Fourier recycling with
the program EXPO [25] in the space group Pnma.
Refinement of the structure was carried out by the Rietveld
method and the GSAS package [26] in Pnma but the
refinement did not progress adequately. Furthermore the
pyridine molecule was located perpendicular to a symmetry
plane not compatible with its point group symmetry. Then
the refinement was carried out in two maximal subgroups:
Pn2;a and P2;2,2;. The refinement progressed well in the
last one with good final agreement R-factors and minimal
profile differences. The structure was refined with soft
constraints for Fe—O and P-O bond distances as well as for
pyridine molecule geometry. A preferred orientation
correction was introduced through the spherical harmonic
(ODF) model [27] using six coefficients resulting in a
texture index of 1.51. The first peak, being severely affected
by preferred orientation was excluded from the Rietveld
refinement. The final Rietveld plot is shown in Fig. 1. The
crystallographic parameters are presented in Table 1. Final
atomic coordinates, selected bond distances, and inter-
molecular contacts are reported in Tables 2 and 3.

3. Results and discussion

Fe(H,PO4)(H,P>0,) - CsHsN is constituted by polycrys-
talline aggregates of fibrous morphology (Fig. 2a). The
presence of diphosphate groups was confirmed by IR data
(Fig. 3a). Although the characteristic signal of the
Vas(P—O-P) vibration (ca. 950cm™") are less resolved due
to the coexistence of PO4 and P,O, groups, the band at
745cm ' can be assigned unambiguously to the vy(P-O—P)
vibration [28,29]. The structure of the title compound is
formed by inorganic chains interconnected by hydrogen
bonds forming channels in the direction [100]. Inside these
channels are located the pyridine molecules (Fig. 4). The
chains are thus held together by a network of hydrogen



Table 1

Crystal data and structure refinement for Fe(H,PO4)(H,P,07) - CsHsN

Empirical formula
Formula weight
Crystal system

Unit cell dimensions

FeP3011C5NH9
407.89
Orthorhombic
a=9.50752) A
b=10.1079(1) A
¢ =13.31952) A

Volume 1280.02(4) A®
VA 4

Density (calculated) 2.117Mg/m?
260 range 12-110°
Step 0.01°
Observed reflections 1903
Parameters 103

Ryp 6.9

Rexp 4.0

7 3.0

R(F) 8.5

Table 2

Fractional atomic coordinates and isotropic displacement parameters (Az)
for FC(H2PO4)(H2P207) . C5H5N

Atom x y z B

Fe 0.6090(3) 0.2493(8) 0.4819(2) 0.87(4)
Pl 0.8797(4) 0.1103(3) 0.3785(3) 0.80(4)
P2 0.1255(4) 0.8901(3) 0.1220(3) 0.80(4)
P3 0.3458(5) 0.254(1) 0.3230(3) 0.80(4)
Ol 0.7345(6) 0.1019(8) 0.4238(7) 1.37(6)
02 0.0003(7) 0.1133(9) 0.4527(5) 1.37(6)
03 0.0170(7) 0.8955(8) 0.0388(5) 1.37(6)
04 0.2697(6) 0.8915(8) 0.0747(6) 1.37(6)
05 0.4938(9) 0.225(1) 0.3586(7) 1.37(6)
06 0.7274(9) 0.228(1) 0.6070(6) 1.37(6)
o7 0.393(1) 0.2498(4) 0.6745(4) 1.37(6)
o8 0.890(2) 0.0081(6) 0.2944(5) 1.37(6)
09 0.095(1) 0.9966(6) 0.2004(5) 1.37(6)
010 0.325(1) 0.1515(6) 0.2364(8) 1.37(6)
Oll1 0.663(1) 0.8954(7) 0.2294(7) 1.37(6)
NI 0.7626(1) 0.1213(2) 0.07988(8) 1.4(2)
C2 0.6710(1) 0.1873(4) 0.14563(9) 1.4(2)
C3 0.3296(1) 0.8157(4) 0.35734(8) 1.4(2)
C4 0.2392(1) 0.8930(2) 0.42121(8) 1.4(2)
Cs 0.1598(1) 0.8341(4) 0.4883(1) 1.4(2)
C6 0.8405(2) 0.1914(4) 0.0129(1) 1.4(2)

bonds involving only interchain interactions (Fig. 5). In the
inorganic chains, FeOg octahedra is joined through a
dihydrogenphosphate and a dihydrogendiphosphate bridge
where this last group is joined to each Fe atom by two O
atoms. The four phosphate—diphosphate terminal oxygens
are involved in strong interchain hydrogen bonds with an
average O---O contact distance of 2.55 A, all of them with
other terminal oxygen atoms. The chains are thus held
together by a network of hydrogen bonds involving only
interchain interactions. An OH group, belonging to the
dihydrogenphosphate group, as well as acceptor of an
interchain hydrogen bond also forms probably a hydrogen
bond acting as donor with the nitrogen atom of the
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Table 3
Selected bond distances, intermolecular contacts (A) and bond-valence
sums (3_s) for Fe(H,PO4)(H,P,07) - CsHsN

P1-Ol 1.509(7) P2-03 1.515(7)  P3-05 1.51(1)
P1-O2 1.514(7) P2-O4 1.509(7)  P3-06 1.47(1)
P1-07 1.586(6) P2-O7 1.587(6)  P3-010 1.56(1)
P1-08 1.528(7)  P2-09 1.528(7) P3-0Ol1 1.59(1)

Ss(P1-0)  5.019 Ss(P2-0)  5.012 Ss(P3-0)  5.017

Fe-Ol 205909) 0809  2.322) NI---Ol  3.068(8)
Fe-02 1.94(1)  08--011  2.592) NI---08  3.306(8)
Fe-03 204(1)  09--010  2.73(2)  NI---Oll  3.174(9)
Fe-0O4 1.991(9)
Fe-05 1.99(1)
Fe-06 2.023(9)

S s(Fe-0)  3.090

Fig. 2. SEM images of: (a) Fe(H,PO4)(H,P,0,)-CsHsN and (b)
Fe(H,PO,4)(H,P,0) - SH,0.

pyridine (O11---N1, 3.17A). The geometry of this contact
(e.g. angle C2-N1---O11 is 76°, far from 120°) and the
absence of other contacts with ideal angle value suggest
that the pyridine molecule is not protonated and acts as an
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acceptor instead of a donor of a hydrogen bond. In any
case, the pyridine with his unique basic center is not
capable to link two chains and the structure indicates that

a
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Fig. 3. FTIR spectra of: (a) Fe(H,PO4)(H,P,0,)-CsHsN and (b)
Fe(H,PO,)(H,P,05) - 5H,0.

it is merely occupying the void space formed by the supra-
molecular aggregation of four metal phosphate chains.
Bond valence sum calculations [30], listed in Table 3, are in
good agreement with the formal oxidation states of all
atoms.

FC(H2PO4)(H2P207)'C5H5N is stable up to 250 °C.
From this temperature a total weight of 29.0% is lost
(calcd. 28.20%) corresponding to one pyridine molecule
and two water molecules. The TG-curve (Fig. 6a) shows
the release of the amine in two consecutive steps, first
approximately between 250 and 440 °C a 75% of the total
amine content left the material, the rest is desorbed
between 440 and 560 °C. Simultaneously to the amine
desorbing is possible that condensation of hydroxyl groups
occurs at a limited extent. This reaction is activated when
the channels become empty and the structure is destabi-
lized. In a first stage the zones close to the crystallite
surface condense firstly. The formation of the condensed
phase (metaphosphate, much dense) in the external zones
of the crystal make difficult the diffusion of water
molecules being trapped inside the material, now poly-
phasic, and this will be reflected in a complicated and not
easily reproducible TG-curve (above 560 °C) due to the fact
that the decomposition process is controlled now by
complex diffusion mechanisms. The final product obtained
at 900 °C was characterized by powder X-ray diffraction
(Fig. 7) and identified as Fe(PO3);3 [31].

The 1-D organically templated iron phosphates are
relatively scarce [8,9,17-20]. In most of them, the structures
consist of [FeX(HPO,),]*, (X=OH, F) chains of the

Fig. 4. View along the « axis showing the arrangement of the 1-D phosphate chains and the pyridine molecules. Metal (iron), phosphorus, oxygen, carbon
and nitrogen are represented in blue, yellow, red, light blue and purple, respectively. Dashed lines indicate hydrogen bond contacts.
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Fig. 5. A fragment of two adjacent inorganic chains (color code as Fig. 4).

3 Y
< 35 -
@ a
o L1 ] | I R B | 1
5 ]
e 5 e
= \ /// \\\_/-/
_\ //’
\ /
15 — 1\ f
i /
- 1
by
5 b
1
| i i
\f
35 t— b
1 i ] ] | | | | [
100 300 500 700 900

Temperature (‘C)

Fig. 6. TG (-) and DTG (---) curves of: (a) Fe(H,PO4)(H,P,05) - CsHsN
and (b) Fe(H,PO,4)(H,P,0) - SH,0.

tancoite type, with the diprotonated amines inserted in
between. In another one case, the infinite chain is
constructed from phosphate groups and tetranuclear
iron—oxygen clusters. In all, the 1-D chains are constituted
both by Fe—O-P-O-Fe¢ and Fe—O-Fe¢ (or Fe-F—Fe¢) paths
and are negatively charged with the charge balanced by a
protonated amine. For the compound described here only
Fe-O-P-O-Fe paths are present and the 1-D chains are
neutral, with the structure being held by hydrogen bonds
between neighbor chains and the pyridine molecules merely
filling the channels formed in the structure.

Up to the best of our knowledge this is the first time this
type of monodimensional chain is described in iron
phosphate. A similar chain has been previously described
in both gallium and vanadium phosphates synthesized in
the presence of ethylenediamine, [NH;CH,CH,NHj;]
[M(H,PO4)(P,O7)] (M=V, Ga) [32]. The difference be-
tween the two chains are in the coordination of phospha-
te—diphosphate groups around metal atom. In our
compound, phosphate groups are in frans position with
the diphosphate groups occupying the equatorial plane
while in V- and Ga-compounds the phosphate groups are
in cis position (Fig. 8). Furthermore the structure is
completed with doubly protonated diamine cations. In
this case, the chains are held together by a network of
hydrogen bonds involving both interchain and chain-
diamine interactions and no channels are formed into the
framework. A third type of metal-phosphate chain found
previously in a Zn-compound can be also related with
the former compounds. The structure of Zn(H,POy),
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Fig. 7. Powder X-ray diffraction pattern of Fe(H,PO,4)(H,P,O,) - CsHsN treated at 900 °C.

(HPO,) - H,N,CcH, has the same space group as the title
compound and cell parameters are comparable although
several important differences are remarkable [33]: Zn is
four coordinated, no P-O-P bonds are present and the
chains are interconnected through the doubly protonated
dabconium cations by hydrogen bonding. The diphosphate
group in both Fe and Ga (and V) compounds is
“hydrolyzed” in Zn compound and the separation of the
two phosphate groups implies the lost of two bonds with
the metal which is well suited to the tetracoordinated
Zn(II). Apart from the organic molecules, Zn structure are
the logical counterparts of former compounds when
changing from six to four metal coordination.

The determined structure predicts that pyridine mole-
cules are loosely held in the channels in the absence of
electrostatic or hydrogen bond interactions with the
framework. In fact, when the sample was treated with
0.1 M HCI, elemental analysis (see Section 2.2) and both
infrared (Fig. 3b) and thermogravimetric data (Fig. 6b)
showed that the resulting solid was pyridine free and
replaced by approximately five water molecules. Fe(H,
PO4)(H,P>07) - 5SH>O dehydrates in a wide range from
room temperature to nearly 300 °C. The amplitude of the
DTG band indicates probably that the process occurs in
several overlapping stages. When the channels become
empty the process of condensation begins, being completed
about 650 °C. The total weight lost up to 900 °C is 29.6%
(caled. 30.09%). Unfortunately, the hydrated compound
has a disordered structure that prevents their solution from
X-ray diffraction data. Nevertheless the SEM micrographs
(Fig. 2b) show that the fibrous morphology was kept,
indicating that 1-D phosphate chains are preserved as it
can be expected of such soft treatment. The destruction of
long range order between chains can be explained by a

disordered substitution of interchain hydrogen bonds by
water-chain hydrogen bonds.

One relevant feature in the title compound structure is
the presence of H,P,O; groups acting as double bridges
between two metal atoms. The P-O bonds of the
P1-O7-P2 bridge are substantially longer (P1-O7,
1.586(6) A and P2-O7, 1.587(6)A) than terminal P-O
bonds. The P-O-P angle experimentally determined is
126.1(4)° in accordance with the relationship between P-O
bridging bond lengths and P-O-P bridging angles in P,O,
units observed previously in a number of diphosphate
structures: P-O bridging bond lengths in the range
1.63-1.54 A typically have P-O-P angles in the range
123-180° [34]. This type of union is rather unusual in metal
phosphates frameworks synthesized under hydrothermal
conditions with an organic template. Condensation of
phosphate groups are generally observed in synthesis at
temperatures above 500 °C and the compounds obtained
are habitually formed exclusively by condensed phosphate
anions. A remarkably feature of the title compound is the
simultaneous presence of both mono- and diphosphate
groups in an open structure of what only a few examples
are known [35-37]. This offers new possibilities of metal
phosphates with mixed octahedral-tetrahedral open-frame-
works possessing not only monophosphate but also
diphosphate or other condensed groups as building blocks.
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Fig. 8. Local coordination around metal atoms (color code as Fig. 4): (a)
FB(H2PO4)(H2P207) . C5H5N and (b) [NH3CH2CH2NH3]G&(H2PO4)(H2
P207)‘
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