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Abstract

Two fluorinated metal phosphates, M,F»(2,2’-bpy)(HPO,),(H,O) (M =Fe, Ga), have been synthesized under hydrothermal
conditions and characterized by single-crystal X-ray diffraction, thermogravimetric analysis, and magnetic susceptibility. The two
compounds are isostructural and crystallize in the triclinic space group pl, a = 7.6595(8) A, b =10.101(1) A, ¢ = 11.260(1) A,
x=107.555(2)°, f=105.174(2)°, y =98.975(2)°, V' =775.1(2) A> and Z =2 for the Fe compound, and a =7.5816(6) A,
b =9.9943(7) A c= 11.1742(8) A, o= 107.333(1)°, p = 105.014(1)°, y = 99.261(1)° and V = 754.2(2) A3 for the Ga compound.
They are the first fluorinated metal phosphates which incorporate 2,2'-bipyridine ligands. The structure consists of edge-sharing
octahedral dimers with the composition Fe,F4(H,0),04 and discrete FeN,O4 octahedra, which are linked into two-dimensional
sheets through corner-sharing phosphate tetrahedra. The 2,2’-bpy ligands bind in a bidentate fashion to the metal atoms and project
into interlamellar region. The layers are extended into a three-dimensional supramolecular array via n—7 stacking interactions of

111

the 2,2'-bpy ligands. Magnetic susceptibility of the iron compound confirms the presence of Fe'.

© 2003 Elsevier Science (USA). All rights reserved.

1. Introduction

Recently, many research activities have focused on the
synthesis of new open-framework metal phosphates,
owing to their diverse structural chemistry and potential
applications [1-3]. In the context of building open-
frameworks, it is also possible to use organic molecules
in the skeleton. As compared with inorganic phosphates,
the organic molecules have larger sizes of polyhedral
centers and a wide variety of means of connection. The
organic components can greatly affect the connecting
patterns of inorganic polyhedra, thus providing a
method for the synthesis of new materials. An interest-
ing variant of the metal phosphates is obtained by
incorporating oxalate unit in the structures. A good
number of oxalatophosphates of transition metals and
Group 13 elements have been reported during the past
few years [4-17]. Most of these compounds consist of
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anionic 3-D frameworks templated with organic amines
in protonated forms, while a few contain neutral
frameworks without organic amine templates. Three
types of oxalate coordination are observed in these
structures, namely, bisbidentate, monobidentate, and
bismono- and bisbidentate. Another class of organic—
inorganic hybrid compounds is based on 4,4’-bipyridine
and phosphate, in which the metal cations are coordi-
nated by both types of ligands [18-24]. In these
structures the 4,4'-bpy unit can act as a monoprotonated
pendant ligand or as a neutral bridging ligand. About a
half of the reported structures in this system consist of
metal phosphate layers pillared by 4,4'-bpy ligands. This
structure type exhibits the characteristic pattern of
alternating organic-inorganic domains often observed
in metal organophosphonate phases [25]. Recently we
were interested in using 2,2’-bipyridine or 1,10-phenan-
throline to synthesize new organic—inorganic hybrid
compounds, and have now isolated several new phases
in the 2,2'-bpy-phosphate system. In this work we report
the synthesis and characterization of a fluorinated iron
phosphate Fe,F»(2,2’-bpy)(HPO,4),(H,O) (1) and the
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gallium analogue Ga,F>(2,2'-bpy)(HPO,4),(H,O) (2).
They are the first fluorinated metal phosphates which
incorporate 2,2'-bipyridine ligands.

2. Experimental section
2.1. Synthesis and initial characterization

The hydrothermal reactions were carried out in
Teflon-lined stainless steel Parr acid digestion bombs.
All chemicals were purchased from Aldrich. A reaction
mixture of FeCly-6H,O (2mmol), 2,2-bipyridine
(1 mmol), H;PO4 (2 mmol), hydrofluoric acid (2 mmol)
and H,O (10mL) was heated at 180°C for 3 days
followed by slow cooling to room temperature at
10°C/h. The solid product was filtered off, washed with
water, rinsed with ethanol and dried in a desiccator at
room temperature to give yellow—green columnar
crystals of 1 in 77% yield based on Fe. A suitable
crystal was selected for structure determination by
single-crystal X-ray diffraction. The product was mono-
phasic because its powder X-ray diffraction pattern was
in good agreement with the calculated pattern based on
the atomic coordinates derived from single-crystal X-ray
diffraction (Fig. 1). However, the intensities of 00/
reflections were considerably greater than the values
simulated from single-crystal data because of preferred
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Fig. 1. (a) X-ray powder pattern of 1. (b) Simulated powder pattern
from the atomic coordinates derived from single-crystal X-ray
diffraction.

orientation of crystals within the powder specimen. EDX
and EPMA analyses of several crystals showed the
presence of Fe, P, and F clements. Elemental analysis
confirmed its stoichiometry. Anal. Found: C, 23.32%; H,
2.37%; N, 5.32%. Calc.: C, 23.28%; H, 2.34%; N,
5.43%. The gallium compound, 2, was obtained in a
yield of 78% by reacting Ga(NO;);-4H,O (2mmol),
2,2'-bipyridine (2mmol), H3;PO, (3 mmol), hydrofluoric
acid (2mmol) and H>O (10 mL) under the same reaction
conditions. The bulk product was monophasic as
indicated by powder X-ray diffraction.

2.2. TGA and magnetic susceptibility measurements

Thermogravimetric analysis of 1 was performed on
a Perkin-Elmer TGA 7 thermal analyzer; the sample
was heated in flowing oxygen from 40°C to 600°C at
10°C/min and then the rate was changed to 5°C/min
from 600°C to 900°C. Variable-temperature magnetic
susceptibility y(7') data were obtained on 40.0 mg of
polycrystalline sample of 1 from 2 to 300K in a
magnetic field of 5000 G after zero-field cooling using
a SQUID magnetometer. Correction for diamagnetism
was made according to Kahn [26].

2.3. Single-crystal X-ray diffraction

A suitable single crystal of each compound was
selected for indexing and intensity data collection on a
Siemens Smart-CCD diffractometer equipped with a
normal focus, 3kW sealed tube X-ray source at room
temperature. Empirical absorption corrections based on
symmetry equivalents were applied. The structures were
solved by direct methods and subsequent difference
Fourier syntheses. Bond-valence calculations indicate
that O(4) and O(8) are hydroxo oxygen atoms, and O(9)
is a water oxygen atom [27]. There are two HPO,4 groups
and one water molecule in an asymmetric unit. The
hydrogen atoms bonded to oxygen atoms were located
in difference maps. The hydrogen atoms, which are
bonded to carbon atoms, were positioned geometrically
and refined using a riding model with fixed isotropic
thermal parameters. To balance charge the atoms which
connect neighboring metal atoms or coordinate to the
metal atoms as terminal ligands are fluorine atoms. The
terminal M—F bond is significantly shorter than M-
OH,. There are two F atoms per asymmetric unit. The
final cycles of least-squares refinement included atomic
coordinates and anisotropic thermal parameters for all
non-hydrogen atoms. The reliability factors converged
to R1 = 0.0485, wR2 = 0.0913, and S = 0.973 for 1 and
R1 =0.0253, wR2 =0.0705, and S =1.104 for 2. All
calculations were performed using the SHEXTL Version
5.1 software package [28]. The crystallographic data is
given in Table 1, atomic coordinates in Table 2, and
selected bond distances in Table 3.
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Table 1
Crystallographic data for Fe,F»(2, 2'-bpy)(HPO,),(H,O) (1) and
Ga,F»(2,2"-bpy)(HPO4)»(H,0) (2)

Table 2
Atomic coordinates and thermal parameters for Fe,F,(2,2'-bpy)
(HPO4)>(H20) (1) and Ga,F»(2,2"-bpy)(HPO4)>(H-0) (2)*

1 2 Atom X y z Ugq (Az)b
Crystal size (mm) 0.15x0.1 x0.07 0.15 % 0.06 x 0.03 Compound 1
Crystal system Triclinic Triclinic Fe(1) 0.19246(8) 0.56538(6) 0.48827(6) 0.0130(2)
Space group p1 (No. 2) 1 (No. 2) Fe(2)  —0.34968(8)  0.90558(6) 0.35380(6)  0.0113(2)
A (A) 7.6595(8) 7.5816(6) P(1) 0.0486(2) 0.8073(1) 0.3831(1) 0.0113(2)
B(A) 10.101(1) 9.9943(7) P(2) —0.4506(2) 0.8359(1) 0.5947(1) 0.0116(2)
¢ (A) 11.260(1) 11.1742(8) F(1) 0.0253(3) 0.6066(2) 0.5957(2) 0.0188(6)
o (deg) 107.555(2) 107.333(1) FQ) 0.3136(3) 0.4693(2) 0.3736(2) 0.0196(6)
B (deg) 105.174(2) 105.014(1) o(1) 0.0865(4) 0.6623(3) 0.3753(3) 0.0159(7)
7 (deg) 98.975(2) 99.261(1) 0(2) ~0.1605(4) 0.7916(3) 0.3596(3) 0.0154(7)
V(A 775.1(2) 754.2(2) 0(3) 0.1720(4) 0.9253(3) 0.5107(3) 0.0168(7)
z 2 2 0(4) 0.0881(4) 0.8424(3) 0.2642(3) 0.0196(7)
fu 515.86 543.60 0o(5) —0.6065(4) 0.7303(3) 0.6039(3) 0.0157(7)
T (K) 296 296 0(6) —0.4617(4) 0.8100(3) 0.4528(3) 0.0163(7)
J (MoKa) (A) 0.71073 0.71073 o(7) —0.4419(4) 0.9918(3) 0.6692(3) 0.0140(6)
Peaie (™) 2.210 2.394 0(8) ~0.2609(4) 0.8126(3) 0.6703(3) 0.0189(7)
1(MoKo) (cm ™) 21.6 38.7 0(9) 0.3169(4) 0.4677(3) 0.6157(3) 0.0197(7)
Tnin. max 0.907/0.974 0.768, 0.962 N(1) —0.5314(5) 0.7321(4) 0.1738(4) 0.0157(8)
20pmax (deg) 56.6 56.6 NQ) —0.2890(5) 0.9590(4) 0.1956(4) 0.0158(8)
Unique data (I>20(1)) 2465 2929 c(1) —0.6558(6) 0.6205(5) 0.1703(5) 0.021(1)
No. of variables 244 244 Q) —0.7655(7) 0.5109(5) 0.0546(5) 0.030(1)
R® 0.0485 0.0253 C3) —0.7487(8) 0.5181(6) ~0.0627(6) 0.036(1)
WR," 0.0913 0.0705 C@) —0.6250(7) 0.6327(5) ~0.0615(5) 0.030(1)
(AP) s min 1.14, —0.39 0.60, —0.56 C(5) ~0.5154(6) 0.7377(5) 0.0584(4) 0.018(1)
- C(6) —0.3778(6) 0.8662(5) 0.0716(4) 0.017(1)
CRy = U Fo| = Fell/ X0 1Fol- " c(7) —03446(7)  0.8929(6)  —0.0345(5  0.029(1)
PWRy = Y [W(F2 — F2]/ S [w(F2)?) w = 1/[0*(F,) + (aP)’ + C(®) ~0.2205(7) 1.0190(6) ~0.0136(5) 0.033(1)
bP], P = [Max(F,,0) + 2(F.)*]/3, where a = 0.0356 and b =0 for 1 o) ~0.1330(7) 1.1134(6) 0.1121(5) 0.029(1)
and a = 0.0369 and b = 0.18 for 2. C(10)  —0.1676(6) 1.0809(5) 0.2165(5) 0.019(1)
. . Compound 2
3. Results and discussion Ga(l) 0.19266(4)  0.56596(3) 0.49080(3)  0.01258(9)
Ga(2)  —0.35071(4)  0.90286(3) 0.35070(3)  0.01105(9)
3.1. TGA and magnetic susceptibility P(1) 0.0489(1) 0.80734(7) 0.38601(7)  0.0112(2)
P(2) —0.4531(1) 0.83722(8) 0.59427(7)  0.0121(2)
The TGA curve shows a broad weight loss in several E 8; ggﬁgg; 8'2%28 8;3;38 g.gi;}tg;
overlapping steps, which begins gradually at ca. 100°C o) 0.0848(3) 0.6592(2) 0.3767(2) 0.0149(4)
and is complete at ca. 800°C (Flg. 2). The final 0(2) —0.1628(3) 0.7898(2) 0.3631(2) 0.0148(4)
decomposition product is FePO, (JCPDS: 29-715), as 0o®3) 0.1738(3) 0.9271(2) 0.5127(2) 0.0164(4)
indicated from powder X-ray diffraction. The total 0 0.0867(3) 0.8417(2) 0.2647(2) 0.0196(4)
weight loss between 40°C and 900°C is 42.6% which is 8(2) _8'2222? 8.;?}(5)(? 8'2(5’?(5)(? 8'8}22(1)
close to the calculated value of 41.5% according to the 057; 70'44348 0'99518 0.671322; 0.013654;
following equation. o) ~0.2607(3)  0.8140(2) 0.67002)  0.0200(4)
0(9) 0.3133(3) 0.4695(2) 0.6154(2) 0.0183(4)
Fe,F,(2,2"-bpy)(HPO,),(H,0) N(1) —0.5300(3) 0.7312(2) 0.1771(2) 0.0153(5)
NQ) —0.2840(3) 0.9602(3) 0.2004(2) 0.0156(5)
—2FePO4 + CjoHgN, + 2HF + H,O0. c(l) ~0.6565(4)  0.6178(3) 0.1742(3)  0.0200(6)
) ) ) Q) —0.7672(5) 0.5077(4) 0.0572(3) 0.0299(8)
As shown in Flg. 3, the XMT value decreases with C(3) —0.7527(5) 0.5150(4) —0.0614(3) 0.0363(9)
decreasing temperature, indicating that the main mag- C(4) —0.6250(5) 0.6321(4) —0.0591(3) 0.0295(8)
netic interactions between Fe atoms are antiferromag- () —0.5138(4) 0.7375(3) 0.0619(3) 0.0187(6)
netic. The effective magnetic moment at 300K is ggg; *ggzggg gggggg 88;3;8 ggézég
2.83(xm T/2)1/2 =5.75 ug/Fe as compared w1th the va.lue c®) —0.2149(5) 1.0245(4) —0.0099(3) 0.0321(8)
of 5.92 ug/Fe expected for spin-only and non-interacting C(9) —0.1261(5) 1.1197(4) 0.1182(3) 0.0284(7)
Fe?* ions. The inverse magnetic susceptibility follows C(10) —0.1618(4) 1.0836(3) 0.2213(3) 0.0208(6)

the Curie—-Weiss law in the paramagnetic state (for
T>25K), and the Weiss temperature fp is strongly
negative (—47.7K), which is consistent with antiferro-
magnetic interactions.

#The atomic coordinates of hydrogen atoms are given in supple-
mentary materials.

o Ueq is defined as one third of the trace of the orthogonalized Uj;
tensor.
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Table 3 .
Bond lengths (A) for FeyFs(2, 2'-bpy)(HPO4)>(H,O) (1) and
Ga,F»(2,2"-bpy)(HPO,4)»(H-0) (2)*

Compound 1

Fe(1)-F(1) 1.987(2) Fe(1)-F(1)$1 1.993(2)°
Fe(1)-F(2) 1.904(2) Fe(1)-0O(1) 1.922(3)
Fe(1)-O(5)%2 1.919(3) Fe(1)-0(9) 2.091(3)
Fe(2)-0(2) 1.987(3) Fe(2)-0O(3)#3 1.927(3)
Fe(2)-0(6) 1.950(3) Fe(2)-O(7)%4 2.038(3)
Fe(2)-N(1) 2.176(4) Fe(2)-N(2) 2.148(3)
P(1)-O(1) 1.518(3) P(1)-0O(2) 1.528(3)
P(1)-0(3) 1.511(3) P(1)-0(4) 1.573(3)
P(2)-0O(5) 1.519(3) P(2)-0O(6) 1.516(3)
P(2)-0O(7) 1.525(3) P(2)-0(8) 1.573(3)
N(1)-C(1) 1.341(5) N(1)-C(5) 1.353(5)
N(2)-C(6) 1.343(5) N(2)-C(10) 1.337(5)
C(1)-C(2) 1.376(6) C(2-C(3) 1.383(7)
C(3-C4) 1.370(7) C(4)-C(5) 1.385(6)
C(5)-C(6) 1.481(6) C(6)-C(7) 1.377(6)
C(7)-C(8) 1.381(7) C(8)-C(9) 1.360(7)
C(9)-C(10) 1.390(6) O(4)-H(40) 0.958
O(8)-H(80) 0.895 0O(9)-H(9A) 0.767
O(9)-H(9B) 0.899

Compound 2

Ga(1)-F(1) 1.953(2) Ga(1)-F(1)#1 1.959(2)°
Ga(1)-F(2) 1.871(2) Ga(1)-0(1) 1.891(2)
Ga(1)-0(5)#2 1.889(2) Ga(1)-0(9) 2.031(2)
Ga(2)-0(2) 1.958(2) Ga(2)-0(3)#3 1.918(2)
Ga(2)-0(6) 1.920(2) Ga(2)-0O(7)%4 2.000(2)
Ga(2)-N(1) 2.111(2) Ga(2)-N(2) 2.079(2)
P(1)-0O(1) 1.526(2) P(1)-0(2) 1.530(2)
P(1)-0(3) 1.505(2) P(1)-0(4) 1.576(2)
P(2)-0(5) 1.514(2) P(2)-0(6) 1.521(2)
P(2)-0O(7) 1.535(2) P(2)-0(8) 1.576(2)
N(1)-C(1) 1.343(4) N(1)-C(5) 1.348(4)
N(2)-C(6) 1.348(4) N(2)-C(10) 1.335(4)
C(1)-C(2) 1.379(4) C(2-C(3) 1.380(5)
C(3)-C4) 1.383(5) C(4)-C(5) 1.387(4)
C(5)-C(6) 1.480(4) C(6)-C(7) 1.385(4)
C(7)-C(8) 1.387(5) C(8)-C(9) 1.375(5)
C(9)-C(10) 1.381(4) O(4)-H(40) 0.826
O(8)-H(80) 0.867 0O(9)-H(9A) 0.908
O(9)-H(9B) 0.884

®The C-H bond lengths are 0.93 A.
bSymmetry codes: #1, —x, —y+1, —z+1; $2, x+1, y, z; #3, —Xx,
—y+2, —z+1; #4, —x—1, —y+2, —z+ 1.
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Fig. 2. The TG curve for 1 in flowing oxygen.
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Fig. 3. zmT (solid circles) and z;; (open circles) plotted as a function
of temperature for a powder sample of 1.

Fig. 4. The coordination environments of Fe atoms in the structure
of 1 showing atom labeling scheme. Thermal ellipsoids are shown at
50% probability. Small open circles represent hydrogen atoms.

3.2. Crystal structure

The asymmetric unit consists of 27 unique non-
hydrogen atoms. All atoms are at general positions. In
the following only the structure of 1 will be discussed
because the two compounds are isostructural. The local
coordination environments of framework atoms in 1 are
shown in Fig. 4. Both Fe(1) and Fe(2) are trivalent and
are six-coordinate, however, they do not display the
same coordination environment. Fe(1) is coordinated by
two bridging F, one terminal F, one terminal water
molecule and two HPO, ligands, while Fe(2) is
coordinated by one bidendate 2,2’-bpy and four HPO,
ligands. The three F atoms in Fe(1)OsF; are in
meridional configuration. An interesting structural
feature of 1 is the presence of an edge-sharing dimer
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formed of two Fe(1)F3;03 octahedra. Each dimer resides
on an inversion center with two bridging F, two terminal
F, two terminal water oxygen, and four phosphate
oxygen atoms. A similar edge-sharing octahedral dimer
with comparable Fe—F bond lengths has been observed
in the fluorinated iron arsenate (C4H;[,2N,); s[FesFs
(HAsOy4)>(AsOy4)] [29]. The two distinct phosphorus
atoms in 1 are tetrahedrally coordinated and are linked
to one edge-shared dioctahedra and two discrete
Fe(2)O4N, octahedra through three oxygens to form
two-dimensional neutral layers of fluorinated iron
phosphate in the ab plane (Fig.5a). The fourth
coordination site in either phosphate corresponds to a

Fig. 5. (a) Section of an inorganic layer in 1 viewed along the c-axis.
Edge-shared dioctahedra are shown in dark grey, FeO4N, octahedra in
light grey, and phosphate tetrahedral in white. Solid and open circles
represent N and water O atoms, respectively. C and H atoms are not
shown. (b) Structure of 1 viewed along the b-axis. Solid circles are C
and N atoms. Open circles are water O atoms. H atoms are not shown.

terminal P-OH group. Consecutive layers are stacked
one exactly above another so that infinite tunnels with
four- and ten-membered rings are formed along the c-
axis. As shown in Fig. 5b, each iron phosphate layer is
decorated with 2,2'-bpy ligands projecting above and
below into the interlamellar region. Neighboring 2,2'-
bpy ligands from two adjacent layers have a structure of
offset parallel stacking and are separated by 3.57A,
indicating significant attractive intermolecular aromatic
interaction. Thus, iron phosphate layers are extended
into a three-dimensional supramolecular array via 7 — ©
stacking interactions of the 2,2’-bpy ligands.

Recently, Lu et al. reported a vanadium phosphate
containing 2,2'-bpy ligand, V40,(HPO4),(2,2'-bpy),
[30]. It also adopts a layer structure with the bidentate
2,2'-bpy ligands projecting into the interlamellar region.
To our knowledge, this vanadium compound and
M>F5(2,2'-bpy)(HPO,4),(H,0) (M =Fe, Ga) are the only
known examples in the 2,2'-bpy-phosphate system.
Another two classes of hybrid compounds are based
on oxalate-phosphate and 4,4'-bpy-phosphate. Metal
phosphates containing organic components coordinated
directly to metal atoms are scarce, as compared with the
large number of metal phosphates in literature in which
the organic components mostly occur as charge com-
pensating and space-filling constituents. Given a variety
of organic ligands that can be used in the synthesis, the
scope for novel organic-inorganic hybrid metal phos-
phates appears to be very large. In a future publication
we shall describe a layered metal phosphate incorporat-
ing a new organic ligand.
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