
DALTON
COM

M
UNICATION

J. Chem. Soc., Dalton Trans., 1999, 2905–2907 2905

Synthesis and characterization of a three-dimensional open-
framework lead(II) carboxyethylphosphonate,
Pb3(O2CCH2CH2PO3)2

S. Ayyappan,a G. Diaz de Delgado,a A. K. Cheetham,a G. Férey b and C. N. R. Rao c

a Materials Research Laboratory, University of California, Santa Barbara, CA 93106, USA
b Université de Versailles Saint Quentin-En-Yvelines, IREM Batiment Lavoisier,

45 Avenue des Etats Unis, 78035 Versailles Cedex, France
c Jawaharlal Nehru Centre for Advanced Scientific Research, Jakkur P.O., Bangalore-560064,

India

Received 29th June 1999, Accepted 8th July 1999

The hydrothermal synthesis and single crystal XRD
characterization of a three-dimensional open-framework
lead(II) carboxyethylphosphonate, Pb3(O2CCH2CH2PO3)2,
is described; the structure contains PbO3, PbO4 and PbO5

polyhedra, each with stereochemically active lone pairs of
electrons, and exhibits several types of channels.

The unique features of organic and inorganic compounds
complement each other in hybrid materials leading to new
solid state structures and materials with composite or even new
properties. Metal oxide meso-structures, which are formed with
the aid of organic surfactants, provide striking examples of
such materials.1 The metal phosphonate family is illustrative of
hybrid materials, which contain a PO3/metal–inorganic core
that is separated by a tunable organic moiety bound to phos-
phorus.2 Di-, tri- and tetra-valent metal phosphonates have
been investigated widely in recent years due to their potential
use as sorbents, ion-exchangers and catalysts. The layered
structures formed by many of these materials are particu-
larly interesting.3–6 Alkyl phosphonic acids have been used as
ligands to synthesize novel tin() phosphonates,7,8 and the syn-
thesis and characterization of several three-dimensional metal
carboxyethylphosphonates have been reported in the recent
literature.3,9–14 There are, however, very few reports on lead
containing phosphonates, though the lead derivatives of
hydroxyethylidene diphosphonic and phenyl phosphonic acids
are known.15,16 In this communication, we describe the syn-
thesis and characterization of a lead carboxyethylphosphonate
where the ligand is bifunctional and the open-framework struc-
ture has an interesting channel architecture.

The compound Pb3(O2CCH2CH2PO3)2 was synthesized
hydrothermally by reacting 2-carboxyethylphosphonic acid
with lead nitrate solution.17 The single crystal structure 18 was
solved by direct methods using SHELXS-86 and difference
Fourier syntheses.19 The asymmetric unit contains 21 non-
hydrogen atoms and is shown in Fig. 1a. The structure of
Pb3(O2CCH2CH2PO3)2 consists of three crystallographically
independent lead atoms having quite different coordination
geometries: Ψ-tetrahedral PbO3, Ψ-trigonal bipyramidal PbO4,
and Ψ-octahedral PbO5 (the lone pairs occupying the fourth,
fifth and sixth coordination sites, respectively). In Fig. 1b, we
show the three-, four- and five-coordinated lead atoms, respect-
ively, along with the Pb–O bond lengths. There are two units of
2-carboxyethylphosphonic acid in the asymmetric unit, the first
(–COOH) unit is monodentate in nature and the second is
bidentate. The oxygens of the carboxylate groups act both as
the chelating as well as the bridging unit, as can be seen from
Fig. 2a.

The complex connectivities give rise to an interesting three-
dimensional open framework, the structure of which can be
described as follows. A complex double-layered arrangement
exhibiting several different ring features is obtained by connect-

ing chains of the three-, four- and five-coordinated lead atoms
through 2-carboxyethylphosphonate groups [Fig. 2(a)]. The
three-dimensional network [Fig. 2(b)] is then achieved via the
fifth coordination of Pb2, which connects the layers (the fifth
Pb–O distance being 2.719 Å). The edge- and corner-sharing
arrangement of polyhedra results in several distinct narrow
channels. One is found along [001] within the double-layers
[Fig. 2(b)] and two others (along [100] and [001]) are formed as
a result of the connection between the double-layer channels.
Interestingly, there is no structure-directing agent present in the
compound, in contrast to many open-framework structures.

Turning to the details of the structure, the three-coordinated
lead (Pb1) atom has two oxygens (O2 and O6) from –PO3

groups (O6 is three-coordinated) and one oxygen (O8) from
a carboxylic acid group. The four-coordinated lead (Pb3) is
surrounded by oxygens from four –PO3 groups, which results in

Fig. 1 (a) Asymmetric unit of Pb3(O2CCH2CH2PO3)2. (b) Lead atoms
having three-, four- and five-coordination geometries.
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Fig. 2 (a) The layered arrangement (viewed along [010]) showing the mono- and bi-dentate nature of the carboxyethylphosphonic acid. The
different lead atoms are labeled. (b) The three-dimensional structure of Pb3(O2CCH2CH2PO3)2 showing the channels along [001].

two three-coordinated oxygens, O3 and O6. Five-coordinated
lead (Pb2) is surrounded by oxygens from three –PO3 groups
and two carboxylic acid groups. All three oxygens from –PO3

groups (O3 and two O5) are three-coordinated. The valence
electron counts around the lead atoms can be rationalized if

we assume that each three-coordinated oxygen contributes two
electrons rather than one. The Pb–O bond lengths vary from
2.267 to 2.738 Å, which are comparable to the values reported
in other Pb() compounds.13,14 Each phosphorus atom is tetra-
hedrally coordinated to three oxygens and a carbon atom.
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There are two crystallographically independent P atoms and
they have different local environments. In the first type, two
oxygens are two-coordinated and the third oxygen is three-
coordinated; it is classified as a [112] type phosphorus.20 In the
second type, one oxygen is two-coordinated and the remaining
two oxygens are three-coordinated ([122] type phosphorus). It is
interesting to compare the phosphorus environments in the title
compound with some of the reported phosphonates, wherein
the details were obtained mainly from NMR techniques.20 The
presence of both the [112] and [122] type phosphorus in –PO3

groups is very unusual. The IR spectrum of the compound
shows the asymmetric and symmetric vibrations of the carb-
oxyl group at 1541 and 1419 cm�1, respectively; the vibrations
of the phosphonic group in the region 900–1100 cm�1 are in
good agreement with previously reported values.10
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