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We describe the structure of a new zirconium N-ethylpyridinium
phosphonate, Zr(O3PCH2CH2NC5H5)(F-)3, that has been deter-
mined by single-crystal X-ray analysis (monoclinic, P21/c (No. 14),
a ) 12.3634(12) Å, b ) 9.3090(17) Å, c ) 9.8077(13) Å, â )
112.819(8)°, V ) 1040.4(3) Å3, Z ) 4). This structure is unlike
any other reported zirconium phosphonate. Octahedral coordination
about zirconium is completed by three oxygen atoms of three
different phosphonate groups and three fluoride ligands. The
structure is composed of corrugated infinite layers of these Zr
octahedra that corner share their three oxygen atoms with the
phosphonate tetrahedra. The appended cationic pyridinium groups
lie between the inorganic sheets and are charge-balanced by the
[Zr(O3P−)3F3]- octahedra. This structure represents a new example
of the structure-directing influence of cationic organic ligands on
the zirconium phosphonate framework.

Zirconium phosphates and phosphonates have become
materials of intense interest primarily because of their
desirable properties of high thermal stability and structural
versatility that make them potentially useful in such areas
as optoelectronics, catalysis, and separations.1 Zirconium
phosphate is known to exist in two common forms:R
zirconium phosphate (R-ZrP, Zr(HPO4)2‚H2O)2 and γ zir-
conium phosphate (γ-ZrP, Zr(PO4)(H2PO4)‚2H2O).3 These
two phases both consist of infinite two-dimensional inorganic
layers but differ in the manner in which the phosphate groups
are bonded to the zirconium ions within the layers. A variety
of phosphonates have been prepared possessing theR
structure where the interlamellar OH group is simply replaced
by an organic moiety.4 In addition, porous and pillared

materials have been prepared fromγ-ZrP by topotactic
exchange of H2PO4 groups with organic phosphonates.5 In
most cases, because single crystals of the zirconium phos-
phonates are difficult to obtain, structure determination is
based upon evaluation of the powder pattern.6-11 In only a
few cases, new structures differing from theR andγ types
have been observed.8,10,12Here, we report the single-crystal
X-ray structure determination of a new zirconiumN-
ethylpyridinium phosphonate, (Zr(O3PCH2CH2NC5H5)(F-)3,
Zr(PYR), that exhibits features unlike those of any previously
reported zirconium phosphonates.

The starting phosphonate,N-ethylphosphonatopyridinium
chloride (PYR)13 was treated with Zr(IV) and HF to obtain
transparent, single crystals.14 The structure of Zr(PYR)15 is
unlike that of the usualR or γ zirconium phosphonates.
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Octahedral coordination about zirconium is completed by
three oxygen atoms of three different phosphonate groups
and three fluoride ligands. Thus, this material has the un-
usual composition of Zr/P/F of 1:1:3. The structure is
composed of corrugated infinite layers of these Zr octahedra
that corner share their three oxygen atoms with the phos-
phonate tetrahedra. The top view of this infinite octahedral/
tetrahedral layer as viewed down thea-axis is shown in
Figure 1. The detail of the octahedral coordination about the
zirconium is shown in Figure 2. The organic pyridinium
groups can be seen on either side of the inorganic octahedral/
tetrahedral layer as they are linked to the inorganic layer
through the C-P bond of theN-ethylphosphonatopyridinium
group as shown in Figure 3. As can be seen in this view of
the structure, the individual layers are not bonded to each
other although the pyridinium rings of adjacent layers
overlap.

The interesting [Zr(O3P-)3F3]- octahedra that are part of
the inorganic layer are formally negatively charged and serve
as the counterions to the organic cationic pyridinium groups.
In this regard, the structure of Zr(PYR) is reminiscent to
that of a zirconium viologen diphosphonate (Zr2(O3PCH2-
CH2-bipyridinium-CH2CH2PO3)F6‚2H2O).10 The zirconium
viologen diphosphonate also contains the unusual Zr/P/F ratio

of 1:1:3 and a cationic organic group as well as the interesting
[Zr(O3P-)3F3]- octahedra. However, the Zr(PYR) differs
significantly from the zirconium viologen diphosphonate
compound in the manner in which the [Zr(O3P-)3F3]-

octahedra are arranged. The zirconium viologen diphospho-
nate compound has a linear chain structure where the
zirconium octahedra form symmetry-related isolated double
chains that are linked together by the viologen diphosphonate
groups. On the other hand, Zr(PYR) has a true layered

(14) N-Ethylphosphonatopyridinium chloride (0.8 mmol), zirconyl(IV)-
chloride octahydrate (Acros, 0.8 mmol), hydrofluoric acid (Baker, 21
mmol), and distilled water (14 mL) were placed in a 100 mL round-
bottom boiling flask. The solution was mixed and was allowed to age
under ambient conditions for several months, resulting in the formation
of single crystals. FTIR KBr (cm-1) 3431, 3138, 3096, 1635, 1488,
1170, 1070, 818, 783, 679, 558, 501.31P MAS NMR (ppm) 5.18.

(15) Crystallographic data for (Zr(O3PCH2CH2NC5H5)(F-)3: M ) 334.34,
monoclinic,P21/c (No. 14),a ) 12.3634(12) Å,b ) 9.3090(17) Å,c
) 9.8077(13) Å,â ) 112.819(8)°, V ) 1040.4(3) Å3, Z ) 4, T ) 23
°C, λ ) 0.71069 Å, Dcalcd ) 2.134 g cm-3, m ) 0.1245 cm-1,
refinement onF2, R[F2 > 2σ (F2)] ) 0.021,Rw(F2) ) 0.051.

Figure 1. Top view of infinite octahedral/tetrahedral layer of Zr(PYR) as
viewed down thea-axis. Figure 2. Detailed top view of of infinite octahedral/tetrahedral layer of

Zr(PYR) showing zirconium coordination and atom numbering scheme. The
organic portion is not shown.

Figure 3. Structure of Zr(PYR) as viewed down theb-axis showing the
organic ligands in relation to the inorganic layers.
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structure where the [Zr (O3P-)3F3]- octahedra form an
infinite two-dimensional inorganic sheet (Figure 1).

There have been only a few zirconium phosphonates
prepared that form structures different from theR or γ
structure.8,10,12These new structures seem to occur when the
organic pendant group is either too large to fit into the 24
Å2 space available in theR structure or when the pendant
group is charged and electrostatic interactions become
important. This observation demonstrates the structure-
directing influence of some organic ligands on the zirconium
phosphonate framework. Interestingly, it has been observed
that when an additional phosphonate or phosphate is added
to the reaction mixture with these particular structure-
directing phosphonates, interesting new porous phases can
result.6,7,16Some of these new phases are crystalline and have
well-defined pore sizes and shapes making them reminiscent
of zeolites for their potential use in catalysis and separations.6

A useful feature of this new zirconium phosphonate
concerns the presence of the fluoride ligand that is bonded
to zirconium. Because the fluoride ligand is more labile than
the phosphonate ligand, zirconium phosphonates with fluo-
ride ligands are reactive toward substitution reactions.8,12,17

The potential therefore exists to utilize these types of
compounds as precursors to other more stable structures that
may not be obtainable by the conventional synthetic methods.

In conclusion, the structure reported here reveals a new
type of zirconium phosphonate where zirconium octahedra
containing fluoride ligands and phosphonate tetrahedra form
infinite two-dimensional sheets. The new structure is a further
demonstration of the structure-directing properties of organic
ligands on the zirconium phosphonate framework. Further
work on the exploitation of these new structural features to
design materials for use in separations and catalysis is
continuing.
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