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ABSTRACT: Mg?" (1), C&" (2), SP* (3), or B&" (4) salts react with amino-tris(methylenephosphonic acid)AP) in a 1:1 ratio at

low pH by replacing two of the six phosphonic acid protons, while the amino N maintains its proton, thus forming a zwittghibtPgH).

All four structures are polymeric and substantially different from one another. In all structures, each phosphonate group is singly deprotonated,
whereas the N atom is protonatddconsists of Mg[HN(CH,PQOsH)3(H,0)5]} » units. Md? ions form zigzag chains bridged by two of the

three phosphonate groups. The third phosphonate group is noncoordinated and involved in hydrogendisralthgee-dimensional (3D)

polymer with the composition [Sr()AMP)].. The Sr-atoms are seven-coordinate, with five monohapto and one chelating AMP ligands. In

the 3D polymer, { Ba(H/AMP)(H,0)}, the two crystallographically independent®Baenters are 9- and 10-coordinated by phosphonate

and HO oxygen atoms. All bridging oxygen atoms belong to phosphonate moieties that act as chelates 8t @mel Barm 4-membered

rings. The crystal structure §Ba(H,AMP)(H,0)}, is characterized by the complete absence of hydrogen bonds.

Polyphosphonic acids have attracted significant attention in recent (—PQOs;H,), the third monodeprotonatee-PO;H™), and the amine
years due to their utility in supramolecular chemistry and crystal N protonated! The latter is deprotonated at pH 1312 At pH
engineering.Polyphosphonates are also used extensively in an array 1—-3, the ligand possesses a—~2overall charge (HAMP?Z7). In
of industrial applications such as chemical water treatrheitfield principle, its association with &t cations leads to neutral,
drilling,® minerals processing),corrosion contro?, and metal polymeric materials3 is 3D polymer consisting of [Sr(#AMP)].
complexation and sequestratidbiMetal phosphonates commonly  The Sr-atoms are seven-coordinate, with five monohapto and one
form pillared-layered inorganicorganic hybrid materials and  chelating AMP ligands and StO bond distances ranging from
microporous solid§ Their properties can be useful for intercalation, 2.4426(17) to 2.9060(17) A. Consequently, eagAMP2" ligand
catalysis, sorption, and ion exchange. Hydrogen bonds are pre-is coordinated to six symmetry related Sr centers (Figure 1, left),
dominant in these architectures resulting in one-, two, and three- with two oxygen atoms of each phosphate group acting as donors.
dimensional (1D, 2D, and 3D) supramolecular networks. Although The Sr atoms form layers separated by th&MP2~ ligand, while
metal monophosphonates commonly create 2D structures, aneach HAMPZ- bridges four Sr atoms in one layer and two in the
increase in the number of ligand phosphonate groups results in anext one; the best-fit planes of Sr layers are 8.069(2) A apart. Within
degree of unpredictability in the final solid-state structural archi- each layer, the Sr atoms form a distorted hexagonal honeycomb
tecture and a difficulty in isolating such materials in pure and lattice with short (4.445(1) A) and long (6.150(28) A) distances
crystalline form. It is not surprising that there are no structurally (Figure 1, right).
characterized metal phosphonate materials with more than four 4 has a 3D polymeric structure with the formylBa(H,AMP)-

phosphonate groups. (H20)}» (Figure 2). HAMP?~ maintains its “zwitterion” character
In this communication, we describe the preparation and structural in the crystal lattice of Ba(H/AMP)(H-0)},. The coordination
characterization of three new alkaline earth-M,AMP phospho- modes of both symmetry independentdP2~ octadentate ligands

nates (M= Mg, Sr, Ba; HAMP = amino-tris(methylenephospho-  are identical. Metric features of the Ba-coordinatedAMP2~ ligand
nate) dianion) synthesized under identical conditions but of different show insignificant variations from those in “free’sAMP .11

crystal structures. These polymeric inorganicganic hybrids have Ba(1) is nine-coordinated, bound by nine oxygen atoms, eight
the formulag Mg[(H4AMP)(H20)s]} n, { St[(HsAAMP)]} , and{ Ba- originating from the phosphonate moieties and one frop®H

[(HAMP)(HO)J} . The C&" analogue has been reported previ- whereas Ba(2) is 10-coordinated, linked by nine phosphonate and
ously and will not be discussed furthier?® Crystalline materials ~ one HO oxygen atoms, Figure 3.

containing metal-coordinated/AMPZ2- are obtained as products
from reactions of FAMP and MC}, salts (M= Mg, 1; Ca, 2; Sr,

3; Ba, 4) in a 1:1 molar ratio under ambient conditions and low
pH (1-2).1° A generalized reaction can be written as follows (proton
content on the AMP ligand is also shown):

The geometry at Bd does not approximate either of the
idealized polyhedra, the bicapped square antiprism, or the bicapped
dodecahedron; this observation is not surprising in view of the steric
requirements of the triphosphonate ligang\MIP2~ in the structure.
There are no lattice #0 molecules of crystallization. The closest
o Ba+-Ba contact is 4.3691(10) A. This BaBa close proximity has
M + HN(CH,PO;H,),(CH,POH) + xH,0 — its origin in the three Ba(Hu-O—Ba(2) bridges by oxygen atoms

. + from three different HJAMP2~ ligands. The BaO(H,O) bond
{MIHN(CHPOH)y (H0)}, + 2H dista’gces are Ba(3)0(51) 2.841(10) A, and Ba(2)0(52) 2.956-
_ _ . _ . _ ) (12) A. Note that the longer BaO(H,O) bond distance is associated
V=Vhf r‘(34),\./| Th'e\z/l%exntityso(fll),’ 2C 2:8),(93’ 2r:5d f r){a?t,))éen ?;bf%hﬁ:&xby with the 10-coordinate Ba center. All bridging oxygen atoms
single-crystal X-ray crystallography. At pH 1, free HAMP exists belong to phosphonate moieties that act as chelates for otfe Ba

oy A AP 1 and form four-membered rings. This bridging motif has been
as a "zwitterion” with two of the phosphonates fully protonated observed in the structure of Ba-glyphosate, in which Ba is eight-

* Corresponding author. E-mail: demadis@chemistry.uoc.qr coordinatet® The structure of4 can be compared with that of a
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Figure 1. Coordination environment of onesAMPZ~ ligand chelating six St ions in3 (left). Sr-++Sr distances are also shown. Distorted hexagons formed

by S+ centers (right).

Figure 2. 3D structure of thd Ba(HsAMP)(H20)} » polymer4 that can be
envisioned as a layer of Ba atoms lying in theplane interconnected via
HsAMP?2~ ligands in thea-direction. Only phosphonate groups of the
H4AMP?2~ ligand are shown for clarity.

direction. Ba--Ba distances between the Bacenters bridged by
three oxygen bridges are 4.637(1) and 4.369(1) A, while between
doubly or singly u-(O—P—0) bridged B&" centers they are
7.163(1) or 7.687(1) A apart (Figure 2).

Structural determination of compount revealed that it is
isostructural to the coordination polymef$/[HN(CHPO;H)s-
(H20)3]}n, (M = Cd Mn,15 Zn 16 Cut4) where M is located in
a slightly distorted octahedral environment of three phosphonate
and three water oxygen atoms imerconfiguration (largest devi-
ation from linearity being 169.75(8)for an O-Mg—0O angle).
H,AMP?~ forms an eight-membered chelate ring with Mgusing
its two phosphonate oxygen atoms. The third phosphonate arm is
surprisinglynot coordinated to Mg but is exclusively involved
in hydrogen bonding. MgO(P) bond distances range from
2.0213(15) to 2.1019(15) A. A detailed description{@n[HN-
(CH,POsH)3(H20)3]} n (isostructural tdl) can be found elsewheté.

Structural aspects of a plethora of metal phosphonate materials
have been reviewed extensivélyOn the other hand, structurally
characterized MAMP materials are limited, but a number of them
have appeared in the literature and include metal ions such &% Mn,
Ca?2Pb!® Nal® Cd* Al,20 and Zri® that adopt diverse structural
motifs.

Herein we report a series of conveniently synthesized alkaline
earth metal polymeric materials with,AMP2~. The four diverse
M2 —H,AMP (M2t = Mg?*, C&*, S+, and B&") phosphonates
exemplify the unpredictability in such 3D structural motifs, an

other is 10-coordinated). The phosphonate groups are fully depro-observation undoubtedly related (at least in part) to differences in
tonated due to the relatively high reaction pH of 5. The structure metal cation ionic radii. In contrast, there appears to be some

is microporous with removable J@ molecules filling the pores.
In contrast, the structure d@f is nonporous and compact.

The 3D structure off can be seen as a layer of Bacenters
lying in the bc plane interconnected viaJAMP2~ ligands in the a

regularity in the corresponding 3D structures of “simpler” phos-
phonates, such as M(HPGHs),, where all three M- = Ca&™,
S2t, and B&" materials are isostructural (the Kfganalogue is
not known)?! There, apparently other factors such as specific

Figure 3. Coordination environments of the two Bacenters in the structure of tH@8a[(HsAMP)(H20)]}» polymer4: nine-coordinated Ba(1) (left) and

10-coordinated Ba(2) (right).
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hydrogen bonding interactions and aromatic ringyr stacking may
overwhelm the cation size effect.

It is apparent that polyphosphonates are suitable ligands for the
construction of metatorganic hybrids because of their versatility,
multiple deprotonation processes, and ability to coordinate to
virtually any metal catio? The intricacies of interactions between

alkaline earth metal cations and phosphonates determine the crystal

morphologies of minerals containing such cations, for example,
calcite?® Barite?* hydroxyapatite® and gypsunté
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