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ABSTRACT
In the present work, several new organic-inorganic microcrystalline materials based
on the three main types of laminer zirconium phosphate (α-, γ- and λ-ZrP) have been
prepared. The α-type material is prepared through the decomposition of zirconium
fluoro-complex in the presence of N,N'-piperazinebis(methylenephosphonic acid).
While the γ-type material is prepared by topotactic exchange of L-(+)-phosphoserine
(PS*) with the pristine γ-ZrP. To this effect, a chiral layered derivative of γ-ZrP
containing PS* covalently attached to inorganic layers has been prepared. A
maximum level of topotactic replacement of 20% is achieved. Under both the acidic
environment of the interlayer region of γ-ZrP and the acidic synthesis conditions, the
hydrolysis of the ester bond of PS* is expected to take place to some extent. For this
reason, it was impossible to exceed the recent percentage, which in turn reflects the
relative moderate stability of the above mentioned bond under these conditions.
Regarding the λ-type material, it is a new layered pillared dicarboxylate derivative
based on λ-zirconium phosphate and adipate.
All of the above mentioned materials were characterized by thermal analyses, X-ray
diffractometry, Solid 13C and 31P NMR and FT-IR spectrophotometries.
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ملخص الرسالة باللغة العربية
اصطناع مواد مسامية عضوية-غير عضوية جديدة باستخدام فوسفات الزركونيوم و األحماض
الفوسفونوآمينية و الكربوكسيلية الثنائية
في ھذا العمل حُضرت ثالث مواد عضوية-غير عضوية مشتقة من األنواع الثالثة لفوسفات الزركونيوم )ألفا،
جاما و لمدا( .المادة ألفا حُضرت بتحلل فلوريد الزركونيوم في وجود فوسفونان الببرزين .بينما المادة جاما
حُضرت عن طريق اإلبدال التبوتاكتيكي لمجموعات الفوسفات الموجودة على سطح طبقات مادة جاما-فوسفات
الزركونيوم بمجموعات الفوسفوسيرين الفعالة ضوئيا ً .لقد كان الحد األعلى لھذا اإلبدال  %٢٠و ذلك بسبب
تعرض رابط ة االستر ) (P-Oلمادة الفوسفوسيرين لعملية التحلل ،و ذلك بسبب حمضية مادة جاما-فوسفات
الزركونيوم باإلضافة لحمضية ظروف التفاعل أثناء التحضير .ھذا التحلل يعكس الثبات المتوسط للمادة جاما-
فوسفات الزركونيوم -فوسفوسيرين تحت الظروف الحمضية.
أما بخصوص المادة لمدا ،فھي مادة طبقية تحتوي على أعمدة من حمض األديبك ،و قد حُضرت عن طريق
اإلبدال التبوتاكتيكي أليونات الكلور الموجودة على سطح طبقات مادة لمدا-فوسفات الزركونيوم بالمجموعات
الكربوكسيلية لحمض األديبك.
المواد المحضرة الثالث تم تشخيصھا بواسطة التحليل الحراري ،األشعة السينية ،الرنين المغناطيسي للمواد
الصلبة و األشعة تحت الحمراء.
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CHAPTER 1
INTRODUCTION

1.1 Solid-State Chemistry
The modern society is mainly characterized by the use of new technologies. There is
no new technology without the discovery of new materials. For instance, computers
and electronics would not be what they are today without the extraordinary boost
received in the 50’s due to the discovery of silicon-based semiconductors. This is a
good example of the strong relationship that the world of materials keeps with the
concept of solid state and its chemistry.

The design of porous solids, based on supramolecular structures, with properties that
change when their wide enough cavities are accessed by external molecular species, is
a challenge of great scientific and technological importance.

The name of engineering of crystals [1] and solids has been coined for an active area
of research that lays a bridge between the concepts of supramolecular chemistry [2]
and materials science [3]. The original idea [4] was the design of organic crystals in
which the molecules were adequately oriented to undergo topochemical reactions.
Yet, modern crystal engineering is synonymous to design principles [5] directed to the
synthesis of predefined crystal frameworks with coveted properties and features.
There are several methods to shape solid frameworks. Molecular self-assembly [6] is
at present one of the most attractive approaches to produce new materials. This
assembling is currently established using a number of well-known molecular
interactions, i.e. metal complexation [7] and hydrogen bonding [8]. The scope of their
applications involves quite interesting fields as optoelectronics, [9] conductivity and
superconductivity, [10] charge transfer [11] and magnetism, [12] nano- and
biomimetic materials, [13] etc.

The art or science of designing and synthesizing organic molecules has reached very
high levels of sophistication, based upon a relatively simple set of rules that guide
both the invention and synthesis of new compounds. This set of rules is construed as
the rational synthetic method of organic chemistry. As organic chemists confronted to
the task of building new solid structures with tailored chemical properties, we do
inevitably need to develop some rational approach and to establish the corresponding
set of rules allowing for a realistic level of predictive knowledge in the construction of
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solid scaffolds. These conditions reasonably accomplished by the use of layered salts
of tetravalent transition metals, namely zirconium phosphate.

1.2 Heterogeneous processes under confinement
One way or another, almost every field of modern chemistry seeks the magical word:
selectivity. Should a chemical process be selective, it means that the interacting
species should be appropriately oriented. Yet, the development of chemistry has been
greatly dominated by making reactions and chemical processes to happen in solution
phase, where molecules in a certain solvent are relatively free to move at any
direction, their movement and orientation being controlled by essentially nonselective processes as diffusion and solvation. It is thus fairly easy to anticipate that
the inherent rigidity conferred by a solid-state environment would in principle render
a higher or total degree of selectivity to a variety of chemical processes such us regioand enatioselective synthesis and molecular recognition. In fact, many of these
processes performed in solution require molecular pre-association in order to limit the
movement of molecules and to condition their relative orientation, inasmuch as it
would be in a rigid, solid environment. The technological advances experienced by
solid-state NMR and x-ray diffraction techniques and the development of less
expensive thermal and surface analysis equipment have made it possible to routinely
carry out the characterization of solid structures with a degree of certainty similar to
that achieved in solution. Processes occurring in the solid state or at the solid-liquid
interphase, i.e. under conditions of heavy confinement, are nowadays much easier to
study than in the recent past.

1.3 Porous and layered materials based on zirconium phosphate
The area of chemistry that studies the porous materials has received a great impulse in
the last 40 years. In addition to the "classic porous materials" (activated charcoal,
silica, alumina, zeolites), synthetic materials have been developed with analogous
structures to those observed in Nature. An important landmark in this field has been
the preparation of synthetic zeolites. The term zeolite derives from Greek and refers to
their capacity to release the water coordinated in its pores when they are warmed up.
The specific design of these pores has allowed its use as catalysts, adsorbents and ion
exchangers.
3

An important effort has been dedicated to the development of other porous materials
with analogous three-dimensional structures. To this effect, the chemistry of metallic
phosphates [14] with laminar structure has received a great impulse, because they are
very versatile materials. They comply with some of the most desirable characteristics
to work with solid materials, namely:
o Their reactions proceed at low temperature.
o They can be functionalized either with organic or inorganic molecules, either
by ionic or covalent bonds, which confers them very specific properties and a
broad field of application.
o Their functionalization is accomplished by means of topotactic reactions, that
do not affect the fundamental structure of the material, so that it is possible to
predict the arrangement of the final products.
o When the introduced organic moieties have two points of anchorage, it is
possible to join consecutive lamellae of these materials and three-dimensional
structures can be thus obtained.
Our research group has been working with the so-called alfa, gamma and lambda
phases of layered zirconium phosphate for a number of years [15-18]. In the following
sections we will describe the general structural properties and reactions of this layered
inorganic salt.
1.3.1 Layered Structure of Zirconium Phosphate (ZrP)
It is assumed that a solid exhibits a layered structure (Figure 1.1) only when the bonds
among atoms of the same plane are much stronger than the interactions among atoms
of adjacent planes. In the majority of typical layered solids (e.g., graphite, clays,
M(IV) phosphates and phosphonates, etc.) there are covalent bonds between atoms of
the same layer and weak forces (van der Waals, hydrogen bonding, etc.) between
adjacent layers. A single layer can be seen as a huge planar macromolecule and can be
called "lamella". The distance between the centers of two adjacent lamellae (Figure
1.1) is called the "interlamellar (or interlayer) distance" (d). When the thickness of the
lamella is subtracted from the interlayer distance the "free distance" between adjacent
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layer (df) is obtained. The space between two adjacent lamellae is usually called the
"interlayer region" [19].

Fig. 1.1 Schematic illustration of the meaning of typical terms used to characterize a layered solid.

Basically, layered structures formed by zirconium phosphate (ZrP) are produced by
octahedral-tetrahedra combinations. There are two typical layered planar structures
that can be formed by zirconium phosphate, named α- and γ-ZrP. In both α and γ
structures (Figure 1.2) zirconium coordinates octahedrically to six oxygens of six
surrounding phosphates. However, in the former all phosphates (HPO4) are equivalent
and they all use three oxygens to bond to zirconium, whereas in the γ-phase
phosphates are classified into two types: (1) PO4 uses its four oxygens to coordinate to
zirconium, (2) H2PO4 uses only two oxygens to do that. Thus the molecular formulas
for α- and γ-ZrP are Zr(HPO4)2·H2O and Zr(PO4)(H2PO4)·2H2O, respectively [20,21].

Fig. 1.2 Space-filling models (Zr, gray; P, yellow; O, red; H, has been omitted for sake of clarity) of
two consecutive layers of α-ZrP (left) and γ-ZrP (right). The experimental interlayer distances are
shown.

λ-ZrP (Figure 1.3) is a third type of ZrP. It is structurally related to γ-ZrP and can be
formed by bridging four different zirconium atoms with (PO4) in a similar manner to
5

that of γ-ZrP then balancing the residual positive charge and completing the
octahedral configuration of each zirconium atom with a monovalent anionic
monodentate ligand (flouride or chloride) and neutral monodentate ligand (dimethyl
sulfoxides). Thus the molecular formula for λ-ZrP is ZrPO4Cldmso. The building
blocks formation of this lamellar structure is shown in Figure 1.3 [20-23].

Fig. 1.3 Space-filling model of λ-ZrP. The experimental interlayer distances is shown.

1.3.1.1 Crystal structure of zirconium phosphate
The knowledge of the crystal structures of α- and γ-layered zirconium phosphate has
a long history. Initially, it was believed that the different phases formed by zirconium
and phosphate had the only difference in their water content. However, solid state 31P
MAS NMR spectra of γ-ZrP showed the presence of two unequivalent phosphate
groups (PO4 and H2PO4) [24]. While α-ZrP has only one type of phosphate (HPO4)
[24]. More recently, Clearfield was able to obtain the exact crystalline structure by xray powder diffraction [25].
This led to the conclusion that the α- and γ-phases must therefore be formulated as
α-Zr(HPO4)2·H2O and γ-Zr(PO4)O2P(OH)2.2H2O, respectively. This clearly point out
the following: phosphate groups of α-ZrP are equivalent, where each one links three
oxygen atoms to three different zirconium atoms, while the remaining oxygen atom
exists an acidic OH group. In case of γ-phase, one phosphate (PO4) links all its four
oxygen atoms to different zirconium atoms whereas the other phosphate [O2P(OH)2]
just uses two oxygens for metal bonding, the other two remaining as acidic OH
groups.

6

1.4 Reactions of Zirconium Phosphate
1.4.1 Intercalation reactions (ionic processes)
The reversible insertion of guest species into the interlayer region of a layered host is
called the intercalation reaction (Scheme 1.1). This reaction is caused by the acidic
character of the superficial phosphates.
-

Zr

O

Zr

O

+
Zr

O

Zr

O

OH

O +
P

ionic exchange
OH

P
O- BH

+

OH
B:

Zr

O

Zr

O

P

acid-base reaction
OH

Scheme 1.1 Representation of the intercalation reaction in γ-ZrP

The presence of the two acidic OH groups pointing to the interlayer region (Figure
1.1) accounts for the high acidity of γ-ZrP. The two molecules of water per acidic
phosphate present in the interlayer region, favour the diffusion of guest species.
Therefore γ-ZrP easily reacts with alkaline bases and amines and the corresponding
cations intercalate into the layered structure. In the important case of alkylamines, the
intercalation process has been extensively studied [26-28]. It may be formally
regarded as an ionic exchange in which one acidic proton of each superficial
phosphate is replaced by the corresponding ammonium group. The available area
around each superficial phosphate (0.36 nm2) only allows for the presence, per
reacting phosphate, of a single alkylamine since its cross section is ca. 0.20 nm2.
Figure 1.4 shows interlayer distances of γ-ZrP intercalated with alkylamines of
increasing chain length.
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Fig. 1.4 Intercalation of alkylamines of increasing chain length into γ-ZrP. An Example of the double
layer arrangement is presented for pentylamine.

Experimental data are only compatible with the formation of a double layer of
alkylamines in zig-zag conformation as shown in Figure 1.4. The relationship
between interlayer distance and chain length is linear and indicates that the
longitudinal axis of the alkyl group is inclined by 55º relative to the inorganic layers
[19].

The increase of basal spacing suffered by γ-ZrP upon alkylamine intercalation makes
it possible for the water molecules to penetrate the interlayer region to solvate the
ionic P-O- and -NH3+ groups and the free P-OH groups [29-31]. The so-formed
colloidal dispersion in water may be further manipulated to perform a controlled
hydrolysis of the phosphates [32], to carry out topotactic exchange reactions and insert
pillaring species as we will see later.

1.4.2 Esterification reactions
The superficial phosphates may act as nucleophiles attaching organic electrophiles as
shown in Scheme 1.2. This method has been used in the literature [33] to obtain esters
of ethylenglycol by the use of ethyleneoxide as electrophile (Scheme 1.3). In general,
this derivatives are relatively unstable due to the sensitivity of the P-O bonds to
hydrolysis reactions.
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Scheme 1.2 Esterification of superficial phosphates of γ-ZrP.
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Scheme 1.3 Reactions of γ-ZrP with ethylene oxide.

1.4.3 Topotactic exchange reactions
The most interesting reaction of the superficial phosphates of γ-ZrP is that in which
they are replaced by other phosphorous functions such as phosphonates (Figure1.5)
[20,21]. For this reaction to take place at a reasonable rate, the layers of γ-ZrP has to
be separated first in a process named exfoliation [34], either by intercalation of an
alkylamine (see above) of sufficient chain length or by solvation of the inorganic
layers in a 1:1 mixture of water-acetone at 80ºC. The exchange reaction takes place in
a topotactic manner, i.e. it occurs without affecting the integrity and rigidity of the
inorganic layers.

9

Fig. 1.5 From top left counterclockwise: Schematic structure of a portion of a layer of γ-ZrP;
dimensions of the grid formed by superficial phosphates on a layer; representation of the topotactic
exchange of γ-ZrP by a phosphonate or diphosphonate.

Mixed organic derivatives of γ-ZrP such as γ-ZrP /phosphonate, γ-ZrP /phosphite and
γ-ZrP/phosphinate compounds are possible. Thus γ-ZrP derivatives can be represented
by the formula ZrPO4.O2PRR´.nS, where R and R´ can be H, OH or an organic group
and S is the intercalated solvent.

The mechanism of this reaction was proposed by Alberti [35]. The reaction takes
place in multistep process (Scheme 1.4). Firstly, one Zr-O bond to a superficial H2PO4
is broken by a molecule of water. In the next step, water is replaced by one oxygen
atom of the phosphonate group, for instance, thus forming its first bond with the layer.
The reaction is completed when the second oxygen of the phosphonate group expels
the superficial phosphate.
HO

OH
Zr

O

Zr

O

OH
P
OH

H2O

P

P

Zr

O
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+ H
O
OH
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O

O
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O
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P
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P

OH

+ H3PO4

R
OH
Scheme 1.4 Proposed mechanism by Aberti for the topotactic exchange reaction.
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OH

1.4.4 Pillaring reactions
When the topotactic phosphate/phosphonate exchange reactions occur at the same
time on the facing surfaces of two adjacent layers by a molecule with two
phosphonate groups, pillared γ-ZrP is formed (Figure 1.5).

Regarding the pillared derivatives of α-ZrP, they are obtained by allowing zirconium
fluoro-complexes to decompose in presence of diphosphonic acids [20,21].

If the pillars have a suitable height and are sufficiently spaced, microporous materials
are thus obtained. Pillars could be either rigid or non-rigid, the latter being the most
versatile as the porosity of the materials can be controlled by simple chemical means
[36-41]. The hallmark features of these materials come from their ability to combine
the properties of both the organic pendant groups with those of the inorganic host
[42]. Such an approach can result in the design and development of hybrid organicinorganic materials with tailor-made properties. These materials can function as
molecular sieves of controlled pore size [42], shape-selective catalysts [43-45],
molecular sorbents [46,47], and stationary phases for chiral molecular recognition
[48,49].

The worth mentioning, the chloride and dimethyl sulfoxide ligands of λ-ZrP (Figure
1.3) can be topotactically exchanged by other monovalent anionic ligands (alkoxides,
carboxylates, etc) and neutral monodentate ligands (sulfoxides, amines, etc),
respectively [50]. If dialkoxides or dicarboxylates ligands are used inside of their
corresponding monovalent anionic ligands, λ-layered pillared organic-inorganic
derivatives are expected to be obtained. This λ-type layered pillared materials have
been prepared for the first time in this research study.

Synthesis of new layered pillared organic-inorganic 3D frameworks based on ZrP is
the topic in which our research group is mainly interested.
1.5 Chirality under confinement
The construction of chiral molecular capsules is an approach of Supramolecular
Chemistry to performing enantioselective reactions under confinement in solution
[51-53]. The controlled supramolecular interaction of chiral molecules of defined,
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complementary shape may create temporary microscopic, molecular vessels or
capsules. As reactions are carried out in the lab in macroscopic flasks, the momentary
confinement of prochiral reactants within these microscopic vessels might lead to the
production of non-racemic products in solution.

Layered zirconium phosphate (ZrP) might be considered as an excellent chemicalengineering tool to build the above mentioned chiral molecular capsules in solid state,
where chiral organic phosphonates can be covalently attached to inorganic layers
leading to hybrid organic-inorganic materials with chiral pores or capsules inside the
solid matrices.

There are few examples in the literature about the construction of chiral
supramolecular assemblies at the solid state, in which (α/γ-ZrP) is used as template
[38,40,46,48,54-57]. These materials have been used in chiral molecular recognition
reactions and asymmetric catalysis.

We have recently reported the engineering of a series of chiral pillared γ-ZP with
dissymmetric and non-dissymmetric polyethylenoxa diphosphonates and organic–
inorganic nanostructures, in which the coiling of organic columns was the source of
supramolecular chirality and chiral memory [38,40,48]. These materials have been
successfully used in separation of (±)-phenylethylamine racemic mixture. In favorable
cases a good enantiomeric excess in solution has been observed. In this regard, the
construction of organic-inorganic layered materials based on γ-ZP characterized by
supramolecular chirality is a very young, promising technique.
1.6 Applications of layered zirconium phosphates
Layered zirconium phosphates and phosphonates can be considered as acidic solids with
regular spaced acid groups [19]. Therefore, these materials can find applications as ion
exchanger, protonic conductors, and catalysts for heterogeneous acid-catalyzed reactions [19].
Furthermore, they can be used in the field of metal uptake, water treatment [58,59], drug
delivery [60] and hydrogen storage [61,62].
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CHAPTER 2
OBJECTIVES
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Our knowledge about the use of zirconium phosphate (ZrP) and therefore our
mastering of its excellent chemical properties have allowed us to establish a synthetic
strategy, aimed towards the preparation of new microcrystalline materials. This
strategy based on the following simple general principles:

o The partial topotactic exchange of superficial phosphates γ-ZrP with
phosphonates bearing the appropriate organic moiety is a powerful tool to
prepare hybrid organic-inorganic materials with an unlimited variety of
functionalities.

o Layered pillared materials based on α-ZrP can be easily prepared by allowing
zirconium fluoro-complexes to decompose in presence of diphosphonic acids.

o Porous cross-linked frameworks based on λ-ZrP can be prepared by means of
chloride/(alkoxides or carboxylate) topotactic exchange.

o The ionic and topotactic exchange reactions of ZrP lead to even drastic
changes in the morphology of the preformed structure, a rare feature in the
chemistry of crystalline materials whose molecular arrangement is usually
very difficult to change once it is formed.

With this conceptual organization at hand we planned the present work to be the
consequence of three main synthetic goals:

o Synthesis of new layered α-zirconium biphosphonate framework
covalently pillared with N,N'-piperazinebis(methylene) moiety.

o Synthesis of a new chiral porous hybrid organic-inorganic material based
on γ-zirconium phosphates and L-(+)-phosphoserine.

o Synthesis of porous cross-linked frameworks based on λ-ZrP and adipic
acid.
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To accomplish this task, non-common characterization methods

were used. The

following list summarizes the most important ones and the information they give:

o Elemental analysis (amount of phosphonates and carboxylates incorporated
into the solid matrices)
o Solid-state 31P-NMR (types of phosphorus groups)
o X-ray powder diffraction (interlaminar distance)
o TGA (water and organic radical contents and thermal stability)
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CHAPTER 3
RESULTS AND DISCUSSION
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3.1 Synthesis α-Zirconium Piperazinebis(methylenephosphonate)
A new hybrid organic-inorganic material denoted by ZrPMP·1.7H2O (PMP = N,N'piperazinebis(methylenephosphonic acid, Figure 3.1), is prepared through the decomposition
of zirconium fluoro-complex in the presence of PMP.

O
+

HO
-

O

NH
P

O

+
HN

OH
P

O-

PMP

Fig. 3.1 N,N'-piperazinebis(methylenephosphonic acid)

3.1.1 Method of synthesis
The method used to prepare ZrPMP·1.7H2O is closely related to that used for the preparation
of α-zirconium bis(momohydrogen phosphate) (α-ZrP) [63], i.e. by direct precipitation
method by which zirconium fluoro-complex is allowed to decompose in presence of
phosphonic acids. As an important point, this protocol which was described and highlighted
for the first time by Alberti et al. in 1978 [64], has been used to prepare a large number of αtype zirconium phosphonates materials. Concerning materials, they have been used in so
many applications (such as, protonic conductivity, shape-selective catalysis and molecular
recognition) which reflect the significance of increasingly interest of these materials [65].

In practice, ZrPMP·1.7H2O is prepared using the above mentioned method (Scheme 3.1). It
was necessary to treat PMP with NaOH to dissolve it in water (see ‘‘Experimental’’)
because of its dipolar character (zwitter ion). The strongly basic hydroxide ion is
expected to pull hydrogen ion away from the weakly basic amino groups to yield the
soluble form of PMP.
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ZrOCl2.8H2O

HF

+

solution A

+
OH

O
P

+
H N

+
NH

HO

O-

+

solution B

NaOH

P
-

O

O

PMP

N,N'-piperazinebis(methylenephosphonic acid)
C6H16N2O6P2

Zr(PMP).1.7H2O

Scheme 3.1 Method of preparation of ZrPMP·1.7H2O

3.1.2 Characterization and interpretation
ZrPMP·1.7H2O is characterized by thermal analyses, X-ray diffractometry, Solid
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P NMR

and FT-IR spectrophotometries.

3.1.2.1 Thermal analysis
Regarding the performed analyses, elemental analysis of ZrPMP·1.7H2O (found: 23.30% Zr,
15.55% P, 18.42% C, 4.20% H and 7.02% N; calculated: 23.27% Zr, 15.80% P, 18.39% C,
3.96%

H

and

7.15%

N)

is

in

accordance

with

a

molecular

formula

of

Zr[(O3PCH2)2N2C4H8)].1.7H2O deduced also from thermogravimetric analysis (Figure 3.2).
As an important point to be mentioned, the Zr/P mole ratio (1:2) and the total absence of
fluorine in the chemical formula of our new material (Zr[(O3PCH2)2N2C4H8)].1.7H2O)
emphasize the complete decomposition of the zirconium fluoro-complex during the course of
the reaction.
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In the context of thermogravimetric analysis, Figure 3.2 shows the TGA and DTA curves of
Zr(PMP).1.7H2O. They reveal two weight loss intervals. The first one (25-1500C)
corresponds to dehydration (8.43%). The second weight loss interval (150-5000C) caused by
decomposition and volatilization of the organic fragments (27.06%). The latter percentage is
in consistent with the calculated amount of the PMP in the formula of Zr(PMP).1.7H2O
mentioned above (28.62%).
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Fig. 3.2 TGA (black) and DTA (red) curves of Zr(PMP)·1.7H2O obtained at a heating rate 100C/min
and N2 flow 50 ml/min.

3.1.2.2 X-ray powder diffraction
Concerning the x-ray power pattern of Zr(PMP)·1.7H2O (Figure 3.3), it is typical of polyphase material where there are several small reflections, but most important, the first
intense reflection that occurs at two theta value of 9.4°, which corresponds to d spacing of
0.94 nm.
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Fig. 3.3 X-ray pattern of Zr(PMP)·1.7H2O.

3.1.2.3 Molecular modeling
Figure 3.4 shows the structure of the most stable conformer of PMP (chair conformation)
as calculated by MM+ molecular mechanics method. The expected molecular dimensions
are also indicated. In an effort to calculate an expected structure for Zr(PMP)·1.7H2O, let
us consider it as organic derivative of α-ZrP. Additionally, the thickness of one α-ZrP
layer, calculated as the shortest distance between the centers of oxygens of the P-OH
groups present on the opposite sides of one layer, is 0.63 nm [21]. Therefore, the
measured interlayer distance for Zr(PMP)·1.7H2O (0.94 nm) leaves ca. 0.31 nm for PMP
molecules inside the solid matrix. Figure 3.4 shows a possible arrangement of PMP
molecules inside the interlayer region of Zr(PMP)·1.7H2O complying with the observed
interlayer distance (0.94 nm).

Fig. 3.4 Predicted most stable conformation of PMP (HyperChem, MM+) (left). Computer generated
model of Zr(PMP)·1.7H2O derivative (right) (red, oxygen; white, zirconium; cyan, carbon; yellow,
phosphorus; blue, nitrogen). The experimentally measured interlayer distance is indicated.
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Also, Figure 3.4 shows that the interlayer layer gallery of ZrPMP.1.7H2O is very crowded
with N,N'-piperazinebis(methylene) moieties. Therefore, this materials is not expected to
exhibit appreciable microporosity.

3.1.2.4 Infrared spectroscopy
Figure 3.5 shows the FT-IR spectra of free PMP and Zr(PMP)·1.7H2O. Free PMP shows the
following key stretching peaks: 1100 and 1128 cm-1 (C-N), 1268 cm-1 (P=O), 2570 cm-1
(O=PO-H), 2850-3000 cm-1 (C-H) and 3427 cm-1 (N-H).
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Fig. 3.5 FT-IR spectrum of free PMP and ZrPMP·1.7H2O.
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With respect to ZrPMP·1.7H2O, the FT-IR spectrum (Figure 3.5) is almost composite of
those of ZrP and free PMP. The peak at 550 cm-1 is assigned to δ (PO4). While the band
at 1634 cm-1 is ascribed to the bending vibrations of water molecules. The broad band in
the region 3500-3000 cm-1 belongs to symmetric and asymmetric stretching vibrations of
water molecules.
3.1.2.5 Solid-state 31P NMR spectroscopy
Regarding the solid-state
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P NMR spectrum of ZrPMP·1.7H2O (Figure 3.6), the presence

of only one resonance at -2.50 ppm indicates that the two phosphonate phosphorus atoms
of PMP are chemically equivalent and both of them are connected to three metal atoms.
This assignment is made on the basis of similar resonances in compounds that are
structurally well established [66-68]. Therefore,

it is appropriate to say that

ZrPMP·1.7H2O has a layered structure similar to that of α-zirconium phosphate (Figure
1.2); whereas this fact is consistent with both the calculated chemical formula and
structure of ZrPMP·1.7H2O mentioned above.

Fig. 3.6 Solid-state MAS 31P NMR spectrum of ZrPMP·1.7H2O. The signals marked with an asterisk
are side bands of the main signal.

3.1.3 Related work
Taddei et al [69-70] highlighted that two different materials were synthesized based on Zr
and N,N'-piperazinebis(methylenephosphonate) system: Zr2H4[(O3PCH2)2N2C4H8]3.9H2O
1 and ZrF2(O3PCH2)2(NH)2C4H8 2. It was found that 1 made of channels running along
the c axis, while 2 has a layered structure. These inherent structural differences between 1 and
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2 were mainly attributed the pH value of the starting precipitation solution, that can influence
the protonation level of N atoms of the piperazine moiety.
The mentioned justification strengthen the conclusion of this research study, where the
starting pH values for 1, 2 and our new material (Zr[(O3PCH2)2N2C4H8)].1.7H2O) were 7,
2, 3, respectively (Table 3.1). Therefore, these materials have different structural features
and belong to different phase-types of zirconium aminophosphonates.
It is worth mentioning, the reaction conditions used to prepare our new material
(Zr[(O3PCH2)2N2C4H8)].1.7H2O) are more similar to those used in case of compound 2
(table 3.1) as well as both of them have pillared-layered structures [69-70].
For the purposes of clarity regarding the main difference, there is an essentiality to
express the variations between the two compounds in terms of structure. In this study,
zirconium is coordinated to six oxygen atoms of six surrounding amiophosphonates as in
the usual α-layered structure (fluorine is absent). While in the related work, zirconium is
coordinated to four oxygen and two fluorine atoms, and therefore, the two materials have
different chemical compositions and phase-types.
Table 3.1 shows the comparison between the conditions under which compounds 1, 2 and
Zr[(O3PCH2)2N2C4H8)].1.7H2O are prepared.
Table 3.1 Synthesis conditions used for the preparation of 1, 2 and ZrPMP·1.7H2O.
1
2
ZrPMP·1.7H2O
Zr/PMP molar ratio
1:1.5
1:1
1:1
Zr/HF molar ratio
Zr/NH4F (1:6)
1:6
1:6
Zr-Complexing agent
NH4F
HF
HF
PMP-solubilizing agent
NH3
NH3
NaOH
pHc
7
2
3
T/0C
80
80
80
Reaction time/day
6
6
14
Washing
0.1 M NH3
0.1 M NH3
H 2O
Drying
700C
700C
1050C
b
b
Conditioning
Dry
Dry
Hydrateda
a: solid is analyzed as conditioned sample in a desiccator containing a saturated solution of BaCl2.
b: solids were analysed as dried samples.
c: pH of the starting precipitation solution.

To summarize the significant points, FT-IR, chemical formula of ZrPMP·1.7H2O
calculated from thermal analyses, the absence of fluorine in this formula, Zr/P mole ratio
(1:2), the presence of only one peak at -2.50 ppm in its
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P NMR spectra, x-ray

diffraction pattern and molecular modeling provide strong evidence that zirconium is
octahedrally coordinated to six oxygen atoms. Therefore, Zr[(O3PCH2)2N2C4H8)].1.7H2O is
organic-inorganic material structurally related to α-ZrP.
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3.2 Topotactic exchange of L-(+)-phosphoserine with γ-Zirconium Phosphates
A new chiral layered derivative of γ-zirconium phosphate (γ-ZrP) containing L-(+)phosphoserine (PS*) (Figure 3.7) covalently attached to inorganic layers has been prepared by
means of topotactic exchange reaction.
+

H3N

H

O
O

OH

P
-

O
OH

O

Fig. 3.7 Structure of L-(+)-phosphoserine.

A maximum level of topotactic replacement of 20% is achieved. Under both the acidic
environment of the interlayer region of γ-ZrP and the acidic synthesis conditions, the
hydrolysis of the ester bond of PS* is expected to take place to some extent. For this reason, it
was impossible to exceed the recent percentage, which in turn reflects the relative moderate
stability of the above mentioned bond under these conditions.
3.2.1 Method of synthesis
Regarding the Topotactic exchange of L-(+)-phosphoserine with γ-ZP, it is expected to
increase the level of exchange through conducting a series of reactions in which amount of L(+)-phosphoserine (PS*) is gradually increased. For example, theoretically, in order to reach
to a level of exchange equals 25%, a mole ratio γ-ZP:PS* equals 4:1 is required. Practically,
a very large excess of PS* was necessary to be used (γ-ZP:PS* mole ratio = 1:1) in order to
reach to 20% level of exchange. The produced material is denoted as γ-ZP-PS*. The star sign
(*) indicates the chiral property of this material.

The worth mentioning, there is no further increase in the level of exchange using lager
excessive amounts of PS*. It seems that the ester bond of PS* is hydrolyzed to some extent
under the acidic reaction conditions (see ‘‘Experimental’’ section). As a second cause, acidic
environment of the interlayer gallery of γ-ZP is expected to facilitate this hydrolysis. The
validation of the above mentioned justification was checked by 31P NMR technique, where a
sample of the separated supernatant solution was directly analyzed at the end of reaction time
(12 h). It was observed that L-(+)-phosphoserine is almost absent in the sample and
hydrolyzed to phosphates.
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In order to check the stability of the above mention bond inside the solid matrix after
separation, a sample of γ-ZrP-PS* was stored in a desiccator over a saturated solution of
BaCl2 (90% relative humidity) for three months, and then, the sample re-analyzed once again.
Interestingly, it was found that all of the analyses including the experimentally measured level
of exchange (20%) are almost the same as those obtained before for freshly prepared sample,
which means a very high stability for the ester bond of PS* inside the solid matrix. This could
be attributed to the less acidic character of the partially exchanged inorganic layers of the
sample in comparison with those of the precursor γ-ZrP.

3.2.2 Characterization and interpretation
γ-ZrP-PS* is characterized by thermal analyses, X-ray diffractometry, FT-IR and solid 13CNMR spectrophotometries.

3.2.2.1 Thermal analysis
In the context of analysis, elemental analysis of γ-ZP-PS* (found: 2.24% C, 1.74% H and
0.90% N; calculated: 2.22% C, 1.76% H and 0.86% N) is compatible with the molecular
formula Zr(PO4)(H2PO4)0.8(C3H7NO6P)0.2.1.34H2O deduced also from thermogravimetric
analysis (Figure 3.8).
With respect to TGA and DTA curves (Figure 3.8) (25-7000C) of γ-ZP-PS*, they show three
weight loss intervals. The first one (25-1500C) corresponds to the loss of water molecules
(7.32%). The DTA curve reveals that γ-ZP-PS* material has two types of water molecules:
intercalated molecules and surface-bound molecules. These molecules are lost between 25600C and 100-1500C, respectively. The second and third weight loss intervals (150-3000C and
300-4500C, respectively) caused by volatilization of the organic fragments (total weight loss =
11.31%). The later percentage is in excellent agreement with the calculated amount of the
PS* in the formula of γ-ZP-PS* indicated above (11.34%).
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Fig. 3.8 TGA (left) DTA (right) curves of γ-ZP-PS* obtained at a heating rate 100C/min and N2 flow
50 ml/min.
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3.2.2.2 X-ray powder diffraction
Regarding the x-ray powder pattern of γ-ZP-PS* (Figure 3.9), the solid shows a pattern (d =
1.55 nm) different from that of the pristine γ-ZP (d = 1.22 nm). Moreover, the x-ray pattern is
typical of a bi or poly-phase material, where there are a shoulder and two small reflections,
but most importantly, the first intense reflection that occurs at two theta value of 5.8°, which
corresponds to d spacing of 1.55 nm.
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Fig. 3.9 X-ray pattern of γ-ZrP-PS*.

3.2.2.3 Molecular modeling
Figure 3.10 shows the structure of the most stable conformer of PS* as calculated by MM+
molecular mechanics method. The expected molecular dimensions are also indicated. The
thickness of one γ-ZrP layer is 0.9 nm. Therefore, the measured distance for γ-ZP-PS* (1.55
nm) leaves ca. 0.65 nm for the exchanged PS* molecules which is very closed to the
estimated length of PS* molecule (0.73 nm). Figure 3.10 shows a plausible arrangement of
PS* molecules within γ-ZrP complying with the measured interlayer distance in γ-ZP-PS*.

Also, Figure 3.10 shows that chiral cavities with large size are produced inside the solid
matrix of γ-ZrP-PS* as a result of the presence of unexchanged dihydrogen phosphate groups
(80% of those of the pristine γ-ZrP), which exist between the interdigitated pendant chiral
molecules in the interlayer region. These chiral structural features of γ-ZrP-PS* could be of
interest for applications in resolution of racemic mixtures of huge basic molecules, where the
chiral cavities of γ-ZrP-PS* is expected to display selective uptake for one of the two
enanantiomers in the mixture based on their configurations.
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Fig. 3.10 Predicted most stable conformation of PS* (HyperChem, MM+) (left). Computer generated
model of γ-ZrP-PS* derivative (right) (red, oxygen; white, zirconium; cyan, carbon; yellow,
phosphorus; blue, nitrogen). The experimentally measured interlayer distance is indicated.

3.2.2.4 Infrared spectroscopy
Figure 3.11 shows the FT-IR spectra of γ-ZrP, free PS*, and γ-ZrP-PS*. γ-ZrP shows the
following characteristic peaks [71]: a peak at 550 cm-1 is assigned to δ (PO4), while the peak
at 900 cm-1 characterizes strong H-bonds between the OH groups of the inorganic surface and
the water molecules. The peak at 1100 cm-1 is attributed to the (PO4) stretching vibrations,
while the band at 1620 cm-1 is ascribed to the bending vibrations of water molecules. The
broad band in the region 3500-3000 cm-1 corresponds to symmetric and asymmetric stretching
vibrations of water molecules and OH groups.

With respect to FT-IR spectrum of free PS* and γ-ZrP-PS* (Figure 3.11), both spectra show
typical bands of the porotonated amino group and of the ionized carboxyl group. PS* revealed
stretching key peaks at 1267 cm-1 (P=O), 2702 cm-1 (O=PO-H), two peaks at 3113 and 3180
cm-1 (NH3+), a peak at 1620 cm-1 caused by NH3+ bending vibration and a peak at 1556 cm-1
(COO- asymmetric stretching). Moreover, PS* displays a shoulder at 1774 cm-1 corresponds
to undissociated carboxylic group (COOH). The presence of this shoulder indicates that not
all of the PS* molecules exist as zwitter ion.
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Fig. 3.11 FT-IR spectra of γ-ZrP, free PS* and γ-ZrP-PS*.
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In case of γ-ZrP-PS*, the band at 1632 cm-1 is attributed to the bending vibration of water
molecules and NH3+ groups. The bands at 1774 cm-1 (COOH)

and 1556 cm-1 (COO-

asymmetric stretching) in FT-IR spectrum of PS* are shifted to be at lower frequencies (1747
cm-1 and 1400 cm-1, respectively) in that of γ-ZrP-PS*.
3.2.2.5 Solid-state 13C NMR spectroscopy
Regarding the solid-state MAS 13C-NMR spectra of γ-ZrP-PS25* (Figure 3.12), it shows the
three characteristic signals of PS* covalently attached to the inorganic layers. The chemical
shifts of these signals (55, 68 and 170 ppm) are assigned to the carbons C2, C3 and C1
described in Figure 3.12, respectively.

Fig. 3.12 Solid-state MAS 13C-NMR spectra of γ-ZrP-PS25*.

3.2.3 Comparison between α- and γ-ZrP-PS* derivatives
Several layered α-phase derivatives of a general formula (Zr[PS*]2–x(HPO4)x) were prepared
by Costantino et al. in 1998 by the direct precipitation method, where Zr fluoro complexes
was allowed to decompose in the presence of PS* [54]. While this research study aims to
obtain the layered γ-phase derivative (γ-ZrP-PS*) through topotactic exchange reaction
between the superficial phosphate of the inorganic layer of the pristine γ-ZrP and the chiral
aminophosphonic acid (PS*)

Once the α-phase materials have been prepared their superficial monohydrogen phosphate
groups can not be exchanged by another phosphorus groups (O3P-R; R= H, alkyl or aryl
group), such as hypophosphit (R = H), by means of topotactic exchange reaction [20,21].
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While γ-type materials can be easily subjected to a second exchange process of
phosphate/hypophosphite in which the phosphate of the inorganic surface, still remaining
from the first phosphate exchange, are replaced by hypophosphite via topotatic exchange
reaction [39,72,73]. This double exchange might be used as a strategy to adjusted the global
properties of the final material, such as, chirality [37], polarity, porosity, and sorption
properties [72,73]. Our research successfully used this strategy to enhance the porosity of the
terphenyl derivatives of γ-ZrP and cover the limitations of others [73].

To sum up, a new chiral layered organic-inorganic material has been prepared, where L-(+)phosphoserine (PS*) is successfully exchanged with γ-ZrP by means of topotactic exchange
reaction at a maximum exchange level of 20%. Therefore, γ-ZrP is functionalized with chiral
amino acid group. PS* molecules show very high stability inside the solid matrix, where no
hydrolysis for their ester bonds is observed after three months of storage at a relative humidity
of 90%. The remaining unexchanged dihydrogen phosphate groups of γ-ZrP-PS* (80% of
those of the pristine γ-ZrP) leave large chiral space for huge basic guest molecules to be
intercalated into the interlayer gallery. The above mentioned chiral structural features of γZrP-PS* could be of interest for applications in the fields of chiral molecular recognition and
asymmetric synthesis.

3.3 Synthesis of λ-Zirconium Phosphate Adipate Dimethyl Sulfoxide
3.3.1 Method of synthesis
There are very few examples in the literature about the construction of supramolecular
assemblies at the solid state, in which λ-ZrP is used as template [74]. In this regard, the
construction of organic-inorganic layered materials based on λ-ZP with tailor-made
functionalities is a very young, promising technique.

It is well known that λ-ZrP is structurally related to γ-ZrP and both of them can undergo
topotactic and pillaring reactions [20-23].

The topotactic exchange of chloride ligand of λ-ZrP [λ-ZrPO4Cl(CH3)2SO] by monoalkoxides
and momocarboxylates ligands was described for the first time by Vivani et al. in 2004 [50].

From the practical perspective, pillared λ-ZrP could be formed when the topotactic
carboxylate/Cl exchange reactions occur at the same time on the facing surfaces of two
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adjacent layers by the suitable bifunctional linker molecules such as dicarboxylates and
dialkoxides.

This research keeps special focus on the topotactic exchange of chloride ligand of λ-ZrP by
adipate divalent anion (Figure 3.13).
O
-

O
OO

Fig. 3.13 Structure of adipate divalent anion.

The method used to prepare λ-zirconium phosphate adipate dimethyl sulfoxide is related to
that used by Vivani et al. for the preparation of the monocarboxylate derivatives of λ-ZrP
[50].

3.3.2 Characterization and interpretation
λ-Zirconium phosphate adipate dimethyl sulfoxide [λ-ZrPO4(OOC-(CH2)4-COO)(CH3)2SO] is
characterized by thermal analyses, X-ray diffractometry and FT-IR spectrophotometry.

3.3.2.1 Thermal analysis
The reaction between λ-ZrP and adipic acid/adipate (AA) led to a material designated as λZrP-AA with C, H, S % content of 23.48, 3.40, 7.85 (calculated: 23.52, 3.45, 7.85),
respectively. This elemental analysis is compatible with the formula [λ-ZrPO4(OOC-(CH2)4COO)(CH3)2SO].
As an important point to be mentioned, the absence of chloride in the chemical formula of λZrP-AA emphasizes the complete replacement of the chloride anions of λ-ZrP by those of
adipate.

The chemical formula of λ-ZrP-AA is confirmed by thermogravimetric analysis (TGA; Figure
3.14). The TGA curve shows two well-defined weight loss intervals. The first one (200375°C) corresponds to the loss of dmso. The second weight loss interval (375-600°C) caused
by decomposition of the adipate moiety. The total weight loss at 1000°C (51.24%) is in good
agreement with the calculated one (52.50%). The later percentage is calculated according the
following proposed thermal decomposition process [50].
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λ-ZrPO4(OOC-(CH2)4-COO)(CH3)2SO → λ-ZrPO4(OOC-(CH2)4-COO)
+ gaseous products → 1/2 ZrO2 + 1/2 ZrP2O7 + gaseous products
100

%Weight loss

90
80
70
60
50
100 200 300 400 500 600 700 800 900 1000

Temperature (C)
Fig. 3.14 TGA curve of λ-ZrP-AA obtained at a heating rate 50C/min.

3.3.2.2 X-ray powder diffraction
The XRD pattern of λ-ZrP-AA (Figure 3.15) allows the calculation of an interlayer distance
of about 1.47 nm, much larger than that of the pristine λ-ZrP (1.02 nm; Figure 3.15).
Moreover, the x-ray pattern is typical of a bi or poly-phase material, where there are some
small reflections, but most importantly, the first intense reflection that occurs at two theta
value of 6.0°, which corresponds to d spacing of 1.47 nm.

Relative intensity
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Fig. 3.15 X-ray powder diffraction patterns of λ-ZrP and λ-ZrP-AA.
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3.3.2.3 Molecular modeling
Figure 3.16 shows the structure of the most stable conformer of AA as calculated by MM+
molecular mechanics method. Also, Figure 3.16 shows a plausible arrangement of AA
molecules within λ-ZrP complying with the measured interlayer distance of λ-ZrP-AA. It can
be seen that the adipate chains are in a completely extended conformation (zigzag shape) and
they arrange themselves inside the interlayer gallery of λ-ZrP as monomolecular layer.

Fig. 3.16 Calculated structures: Predicted most stable conformation of AA (HyperChem, MM+) (left).
Possible arrangement of AA molecules in λ-ZrP complying with the observed interlayer distance of λZrP-AA (right).

3.3.2.4 Infrared spectroscopy
Regarding FT-IR spectrum of the pristine λ-ZrP (Figure 3.17), it shows its typical
characteristic peaks [50]: The low-frequency regions are ascribed to the phosphate vibration
bands. The bands around 3000 cm-1 are assigned to C-H symmetric and asymmetric stretching
vibrations of dmso methyl groups and those at 1420 and 1320 cm-1 are attributed to
symmetric and asymmetric bending vibrations of the same groups.

In case of λ-ZrP-AA, the FT-IR spectrum is mostly composite of those of λ-ZrP and free AA
(Figure 3.17). The band at 1692 cm-1 (COOH) in FT-IR spectrum of adipic acid (AA) is red
shifted to be at lower frequencies (1657 cm-1) in that of λ-ZrP-AA.

In conclusion, elemental and thermogravimetric analyses, X-ray diffractometry, FT-IR
spectroscopy and molecular modeling indicate that the adipate bivalent anion is successfully
exchanged with λ-ZrP by means of topotactic adipate/Cl ligand exchange reaction. Therefore,
a new λ-type layered pillared material has been prepared.
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Fig. 3.17 FT-IR spectra of the free adipic acid (AA), λ-ZrP and λ-ZrP-AA.
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CHAPTER 4
EXPERINTAL
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4.1 General
All chemicals and reagents including 37% hydrochloric acid, 48% hydrofluoric acid,
85% phosphoric acid, phosphorous acid, oxalic acid, adipic acid, 37% formaldehyde,
ammonium dihydrogen phosphate, sodium hydroxide, dimethylsulfoxide (DMSO),
ethanol, acetone, piperazine hexahydrate, L-(+)-phosphoserine and zirconyl
oxychloride used were of analytical grade. All of them were purchased from Aldrich
Co., and used as supplied. γ-Zirconium phosphates was prepared by HF method
(interlayer distance 1.22 nm) [75]. λ-Zirconium phosphates was prepared using a
literature described procedure (interlayer distance 1.02 nm) [76]. PMP was
synthesized using a literature modified procedure [77].

4.2 Characterization
Solution 1H NMR spectra were recorded on Bruker AV-300 spectrometers in the
Servicio Interdepartamental deIinvestigación (SIdI) in the Autonoma University of
Madrid. Chemical shifts were given in ppm relative to TMS using the corresponding
solvent signal as internal reference. Solid-state
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P and

13

C NMR spectra were

recorded under cross-polarization and magic-angle techniques (CP-MAS) on a Bruker
AV-400 WB spectrometer in the SIdI. X-ray powder diffraction (XRD) patterns were
recorded at room temperature on Siemens D-5000 diffractometers in the SIdI with Cu
Kα radiation (λ = 0.154 nm) and Ni filter at 40 kV, 30 mA, a scanning rate of 50 min1

, and a 2θ angle ranging from 30 to 700. Infrared spectra were recorded on a FTIR-

8201PC spectrometer using KBr disk in the range 4000 to 400 cm-1 in Al-Azhar
University-Gaza. Elemental analyses were performed on a Perkin Elmer II 2400 CHN
analyzer in the SIdI. Zr and P content of the material was determined using a
literature described procedure [78]. Thermogravimetric analyses was performed on a
Mettler-Toledo TGA/STDA 851e apparatus in Al-Azhar University-Gaza and
recorded at 10°C/min. Structure modeling was carried out on PC computers using the
Hyperchem release 7 and the molecular mechanics method MM+.

4.3 Synthesis of N,N'-piperazinebis(methylenephosphonic acid) (PMP)
Piperazine hexahydrate (33.82 g, 174 mmol), crystalline phosphorous acid (57.12 g,
0.697 mmol) previously dissolved in 70 ml of distilled water and 52.5 mL of
concentrated HCl (10 M) were heated to reflux (125°C) in a two-necked flask fitted
with condenser and syringe. In the course of ca. 1.5 h
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37% w/w aqueous

formaldehyde solution (103.8 ml, 1393 mmol) was added dropwise. The reaction
mixture was kept at the same reflux temperature for 24 additional hours. Upon
cooling to room temperature the product was crystallized as a white solid. Then it was
filtered, washed portionwise with cold distilled water (3×200 ml), and dried for 24 h
at 120°C. The yield was 42.1 g (88.3%). 1H NMR (D2O at pH = 9) δ (ppm): 2.80 (m,
8H, N-CH2CH2-N); 3.25 (d, 2JHP = 10.1 Hz, 4H, N-CH2P); Solid-state MAS 13C NMR
(CP-MAS) δ (ppm): 49.4 (N-CH2CH2-N); 53.4 (N-CH2P); elemental analysis (%),
calcd. for C6H16N2O6P2: C, 26.29; H, 5.88; N, 10.22; found: C, 26.26; H, 5.92; N,
10.20; MS (EI) m/z: 274.0 [M]+.

4.4 Synthesis of γ-Zirconium phosphate dihydrogen phosphate (γγ-ZrP)
A solution of ZrOCl2·8H2O (21.7 g, 67.2 mmol) in HF 50 % w/w (16.0 g, 400 mmol)
and 40 ml of distilled water was placed in a polypropylene bottle with a good stopper.
In a separate flask, NH4H2PO4 (410 g, 3560 mmol) was stirred with 500 ml of warm
water (60-70ºC). The supernatant of the latter solution was added to the former one.
Warm water was again added to the remaining ammonium hydrogen phosphate and
the supernatant added once more to the former solution. This process was repeated
until a total volume of 1875 ml was reached. The final solution was heated in the
stoppered polypropylene bottle at 90-100ºC for three days. Upon standing, most of the
clear water was poured off and the suspension containing the ammonium form of γZrP was centrifugated. The solid was stirred with distilled water (3 x 250 mL, 3 x 30
min), decanted and stirred with 1 M HCl (2 L). Upon standing, most of the clear water
was again poured off and after centrifugation the solid obtained was stirred with 0.01
M HCl (3 x 350 mL, 3 x 30 min). The solid was finally centrifuged and dried in the
oven for 48 h at 105ºC to eliminate the remaining HCl. Finally, the solid was
conditioned three days in a desiccator containing a saturated solution of BaCl2 to
obtain γ-ZrPO4(H2PO4).2H2O (9.88 g)

4.5 Synthesis of λ-Zirconium phosphate chloride dimethyl sulfoxide (λ-ZrP)
Two solutions, named A and B, were separately prepared. Solution A was obtained by
mixing, at 80°C, ZrOCl2.8H2O (0.5 g, 1.55 mmol) previously dissolved in 37% w/w
HCl (13 ml, 0.155 mol, Zr/Cl molar ratio = 1/100) and oxalic acid (3.5 g, 67 mmol,
Zr/H2C2O4 molar ratio = 1/43) previously dissolved in DMSO (25 ml). Solution B
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was prepared by mixing 85% w/w H3PO4 (0.1 ml, 1.48 mmol, Zr/P molar ratio =
1/0.95) and DMSO (31 ml). Solutions A and B were then mixed at room temperature,
and a clear solution was obtained. The final solution was heated at 70°C in a
polypropylene bottle with a good stopper for 6 days. The product was filtered off,
washed twice with anhydrous ethanol (2×200 ml), dried (48 h, 100°C), and stored
under P4O10.
Anal. Found (calcd): % C, 8.20 (8.01); % H, 2.10 (2.02); %S, 10.65 (10.67) .

4.6 Synthesis of α-ZrPMP·1.7H2O
Two clear solutions, named A and B, are separately prepared. Solution A was
obtained by mixing, at room temperature, ZrOCl2.8H2O (0.403 g, 1.25 mmol)
previously dissolved in 48% w/w HF (0.27 ml, 7.45 mmol, Zr/HF molar ratio = 1:6)
and 1000 ml distilled water. Solution B was prepared by mixing, at room temperature,
PMP (0.383 g, 1.25 mmol, Zr/PMP molar ratio = 1:1) and 1000 ml 2.5 × 10-3 M
NaOH aqueous solution (PMP/ NaOH molar ratio = 1:2). Solution B was then added
dropwise to solution A at room temperature to obtain a clear solution. The final
solution was heated at 80°C in a polypropylene bottle with a good stopper for 2
weeks. The solid product was centrifuged, washed with distilled water (3×50 ml) and
dried in the oven for 48 h at 105ºC. Finally, the solid was conditioned three days in a
desiccator containing a saturated solution of BaCl2 to obtain 0.34 g of the product.
Anal. Calcd (found) for α-Zr[(O3PCH2)2N2C4H8)].1.7H2O: %Zr, 23.27 (23.30); %P,
15.80 (15.55); %C, 18.39 (18.42); %H, 3.96 (4.20); %N, 7.15 (7.02).

4.7 Topotactic exchange of L-(+)-phosphoserine with γ-ZP
γ-ZrP (0.5 g, 1.57 mmol) is suspended in 50 ml water/acetone (1:1) and then, the
suspension is heated in the oven at 80ºC for 20 min to attain complete exfoliation. L(+)-phosphoserine (PS*) (0.291 g, 1.57 mmol) is mixed with 100 ml water/acetone
(1:1). 0.4 M HCl is added dropwise to the mixture until PS* is completely dissolved
(pH = 2.42). HCl converts the PS* from the insoluble dipolar form (Figure 3) to the
soluble cationic form. The solution is heated at 80ºC for 10 min, added portionwise to
the suspension of γ-ZrP and the mixture is refluxed for 12 h at 80ºC. The resulting
white solid is centrifuged and washed with distilled water (3 × 70 ml) whereas it is
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dried at room temperature. Moreover, it is conditioned at least three days in a
desiccator containing a saturated solution of BaCl2 in order to obtain 0.49 g of γ-ZrPPS*.

Anal. Calcd (found) for γ-Zr(PO4)(H2PO4)0.8(C3H7NO6P)0.2: %C, 2.22 (2.24); %H,
1.76 (1.74); %N, 0.86 (0.90).

4.8 Topotactic exchange of adipic acid with λ-ZrP
A 0.25 g of ZrPO4Cl(DMSO) was suspended in 17 mL of a 0.025 M adipic acid and
0.025 M sodium adipate solution using a 1:1 v/v dmso/water mixture as solvent. The
mixture was heated at 75°C for 3 days. The resulting white solid was separated by
centrifugation and washed with a 1:1 v/v DMSO/water mixture (2×25 mL). Finally it
was dried at 80°C for 24 h to obtain 0.27 g of the product which was stored over P2O5
.
Anal. Calcd (found) for λ-ZrPO4(C6H8O4)(CH3)2SO: %C, 23.52 (23.48); %H, 3.45
(3.40); %S, 7.85 (7.91).
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CONCLUSIONS
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1. It is clearly seen that the present research study demonstrates that N,N'piperazinebis(methylenephosphonic acid) (PMP) can be covalently linked to the
inorganic framework of zirconium phosphate (ZrP). Accordingly, a new hybrid
organic-inorganic material (ZrPMP·1.7H2O) is obtained. The data obtained provide
strong evidence that the crystalline structure of this material is similar to that of αZrP.

2. A new chiral layered organic-inorganic material has been prepared, where L-(+)phosphoserine (PS*) is successfully exchanged with γ-ZrP by means of topotactic
exchange reaction at a maximum

exchange level of 20%. Therefore, γ-ZrP is

functionalized with chiral amino acid group. PS* molecules show very high stability
inside the solid matrix, where no hydrolysis for their ester bonds is observed after
three months of storage at a relative humidity of 90%.

3. A new λ-type layered pillared dicarboxylate derivative based on λ-ZrP and adipic
acid has been prepared for the first time in this research work.

4. Also, this study provides a valuable help to researchers through its contribution to
the body of theoretical and empirical knowledge about porous organic-inorganic
materials.
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