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ABSTRACT
In the present work, several new organic-inorganic microcrystalline materials based
on lambda-zirconium phosphate (λ-ZrP) and two types of carboxylic acids (aliphatic
polyaminocarboxylic acids and dicarboxylic acids) have been prepared.
With respect to the aliphatic λ-type materials,

they are new dicarboxylic acid

functionalized pillared materials with a general formula of λ-ZrPO4(OH)1x(OOC(CH2)nCOO)x/2(dmso)

(n = 6, 8, and 10). Moreover, they have been prepared

by means of topotactic anion exchange between λ-ZrP and a series of long-chain
aliphatic dicarboxylic acids (octanedioic acid, decanedioic acid and dodecanedioic
acid).
The polyaminocarboxylate-functionalized λ-ZrP is a new layered organic-inorganic
material based on λ-ZrP and ethylenediaminetetraacetic acid (H4Y).
It is noteworthy that the pristine λ-ZrP and its new polyaminocarboxylic acid
functionalized derivative (λ-ZrPH2Y) exhibits high potential for the application in the
area of hard water treatment, where their Ca2+ uptake capacities are found to be 32.0
and 40.4 mg Ca2+/g λ-solid, respectively.

All of the above mentioned materials were characterized by elemental and thermal
analyses, X-ray diffractometry and FT-IR spectrophotometries.

VI

مواد مسامية عضوية-غير عضوية جديدة ُمحضرة من لمدا -فوسفات الزركونيوم و األحماض الكربوكسيلية.
التحضير و الخواص و التطبيقات
في ھذا العمل تم تحضير عدة أنواع من مواد عضوية  -غير عضوية التي أستخدم فيھا لمدا -فوسفات الزركوني'وم
و نوع''ان م''ن األحم''اض الكربوكس''يلية كم''واد أولي''ة :األحم''اض الب''ولي أمينوكربوكس''لية و األحم''اض األليفاتي''ة
الثنائية طويلة السلسلة .جميع ھذه المشتقات عبارة عن مواد طبقية ،مس'امية و تحت'وي عل'ى أعم'دة م'ن األحم'اض
المستخدمة في التحضير ،و قد تم الحصول عليھا عن طريق اإلبدال التبوتاكتيكي أليون'ات الكل'ور الموج'ودة عل'ى
سطح طبقات مادة لمدا-فوسفات الزركونيوم بالمجموعات الكربوكسيلية لألحماض.
فيما يخص مشتقات لمدا مع األحماض األليفاتية الثنائية ،ھي مشتقات جديدة و صيغتھا العامة ھي:
) ،λ-ZrPO4(OH)1-x(OOC(CH2)nCOO)x/2(dmsoحي''ث أن  8 ،6 = nو  .10ھ''ذه المش''تقات حض''رت
عن طريق اإلبدال التبوتاكتيكي بين مادة لمدا-فوسفات الزركونيوم و سلسلة من األحماض األلفاتي'ة الثنائي'ة طويل'ة
السلسلة و ھي octanedioic acid ،decanedioic acid:و . dodecanedioic acid
م'''''''ادة لم'''''''دا -فوس'''''''فات الزركوني'''''''وم النقي'''''''ة و مش'''''''تقتھا م'''''''ع األحم'''''''اض الب'''''''ولي أمينوكربوكس'''''''لية
) (ethylenediaminetetraacetic acidأظھرت قدرة فائقة على معالجة الم'اء العس'ر ،حي'ث اس'تطاعت ازال'ة
ما مقداره  32.0و  40.4مليجرام كالسيوم /جرام من مادة لمدا الصلبة ،على التوالي.
جميع المواد السابقة تم تشخيصھا بواسطة التحليل الحراري ،األشعة السينية و األشعة تحت الحمراء.
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CHAPTER 1
INTRODUCTION

INTRODUCTION

1.1 Solid-State Chemistry
Recent technological breakthroughs and the desire for new functions generate an
enormous demand for novel materials. Materials research today increasingly relies on
molecular building blocks that are assembled into organized structures with desired
properties and functions. However, the tremendous successes in the preparation of
materials with unique electronic, optical, magnetic and catalytic properties are a clear
testament to the strength and significance of solid state chemistry to materials science.

Yet, the building of solid matrices with prefixed structure is even today quite difficult
task to achieve. More than fifty years ago Feynman [1] already asked: What would
the properties of materials be if we could really arrange the atoms (molecules) the
way we want them? More recently, provocative comments as Maddox’s can be read
in the chemical literature [2]: One of the continuing scandals in the physical sciences
is that it remains in general impossible to predict the structure of even the simplest
crystalline solids from knowledge of their chemical composition. Unfortunately, in
the majority of cases this predictive knowledge is still a chimera in the building of
solid structures.

The structure of the solid frameworks can be shaped using different strategies.
Molecular self-assembly [3] 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 [4] and hydrogen bonding
[5]. The scope of their applications involves quite interesting fields as optoelectronics,
[6] conductivity and superconductivity[7], charge transfer [8] and magnetism [9],
nano- and biomimetic materials [10], etc. Nonetheless, the self-assembly method
suffers from the same aforementioned lack of predictive knowledge. Besides,
possibilities are very scarce of altering a solid-state structure once the crystal is
formed by this method or any other else.

In contrast to all these predictive deficiencies, the designing and synthesizing solid
materials has reached very high levels of sophistication, based upon a relatively
simple set of rules that guide both the invention and synthesis of new solid
frameworks [1,2]. This set of rules is construed as the rational synthetic method [1,2].
As material chemists confronted to the task of building new solid structures with
2
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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 solid scaffolds. These conditions
reasonably accomplished by the use of metallic phosphates [11] with laminar
structure because they are very versatile materials. Among these metallic phosphates,
layered zirconium phosphate (ZrP) can be easily converted into porous 3D materials
by the concourse of well-designed organic moieties.

1.2 Structure of Layered Zirconium Phosphates (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
layer (df) is obtained. The space between two adjacent lamellae is usually called the
"interlayer region" [12].

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

Layered zirconium phosphates (ZrP) are obtained in three main different structures: αZr(HPO4)2. H2O, γ-ZrPO4(H2PO4).2H2O and λ-ZrPO4Cl(dmso) (Figure 1.2) [12-17].

3
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Fig. 1.2 Tubes models (Zr, gray; P, yellow; O, red; H, white) of two consecutive layers of α-ZrP
(top left), γ-ZrP (top right) and λ- ZrP (bottom). The experimental interlayer distances are
shown.

The above mentioned layered structures formed by zirconium phosphate (ZrP) are
produced by octahedral-tetrahedra combinations. 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 γZrP are Zr(HPO4)2·H2O and Zr(PO4)(H2PO4)·2H2O, respectively [12-15].
It should be mentioned that the knowledge of the crystal structures of α- and γlayered 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

31

P MAS NMR spectra of γ-ZrP showed the

presence of two unequivalent phosphate groups (PO4 and H2PO4) [18]. While α-ZrP
has only one type of phosphate (HPO4) [18]. More recently, Clearfield et al. were
able to obtain the exact crystalline structure by x-ray powder diffraction [19].
4
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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.
A third type of ZrP (Figure 1.2) (hereafter referred as λ-ZrP) structurally related to γZrP was obtained by replacement of O2P(OH)2- ligands of γ-ZrP with a couple of
monodentate anionic-monodentate neutral ligands [16]. The F-phase of λ-ZrP
[ZrPO4F(dmso)] was prepared for the first time by Clearfield et al. in 1994 by
hydrothermal decomposition of zirconium fluoro-complex in presence of H3PO4 and
dimethyl sulfoxide (dmso) [17]. More recently, the Cl-phase [ZrPO4Cl(dmso)] was
prepared by Alberti et al. by two different methods: (1) post-synthetic modification
method using the native γ-ZrP as precursor [16], (2) one-pot synthesis method using
oxalic acid as zirconium complexing agent [20]. The structural components of λ-ZrP
[ZrPO4Cl(dmso)] are shown in Figure 1.2.

The F-phase of λ-ZrP proved to have a reduced reactivity compared to the Cl-phase
and therefore all of the attempts to replace the fluoride ligand of the F-phase with
another inorganic or organic ones were unsuccessful. This poor reactivity behavior is
ascribed to the high affinity of the inorganic layers to the fluoride anion [20]. On the
contrary, several inorganic [20] and organic [21-24] derivatives have been prepared
using the more reactive Cl-phase as precursor.

Historically, Cl/carboxylate anion exchange in λ-ZrP was introduced by Gatteschi et
al. more than 13 years ago. By exploiting this exchange reaction, the first organic
derivative of λ-ZrP was reported [23]. This organic-inorganic derivative was prepared
by anion exchange of the chloride ligand of the inorganic layers of λ-ZrP with
carboxylate

group

of

2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-
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imidazol-1-oxyl-3-oxide. Two years later, Vivani et al. introduced another organic
radicals (carboxylates and alkoxides) insides the interlayer gallery of λ-ZrP [24].

It is noteworthy that organic derivatives of α-ZrP and γ-ZrP and their applications are
well documented [12-15, 25-30]. However, to date, little attention has been paid to the
synthesis of porous organic-inorganic materials based on λ-ZrP [21-24]. In a recent
research in our laboratory, λ-ZrP was functionalized with adipic acid [21]. Also, in
this

research

work

λ-ZrP

has

been

successfully

functionalized

with

ethylenediaminetetraacetic acid (EDTA) [22]. Concerning the λ-ZrP/EDTA material,
it was found that it exhibits significant potential for use in the field of hard water
treatment.

1.3 Porous and layered materials based on zirconium phosphate
One of the most important challenges of modern organic, inorganic and analytical
chemistry is the synthesis of microporous solids that selectively and reversibly
enclose certain analytes. 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 specific design of these pores has
allowed its use as catalysts, adsorbents and ion exchangers [12].
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 [11] 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 [12].
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 [12].

6
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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 [12].
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 [12].
Our research group has been working with the so-called alfa, gamma and lambda
phases of layered zirconium phosphate for a number of years [21,22,25-30]. More
recently, our attention has been mainly devoted to the third type of zirconium
phosphate, namely λ-ZrP [21,22]. In this research work, we keep special focus on the
synthesis and characterization of a number of new organic-inorganic porous materials
based on λ-ZrP.
In the following sections we will describe the general structural properties and
reactions of this layered inorganic salt.
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

OH

O

O- +
P

ionic exchange
OH

P
Zr

O
OH
B:

Zr

O

Zr

O

+
O BH

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
7
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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 [31-33]. 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 1.3 shows interlayer distances of γ-ZrP intercalated with alkylamines of
increasing chain length.

Fig. 1.3 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 1.3. 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
[12].

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 [34-36]. The so-formed
colloidal dispersion in water may be further manipulated to perform a controlled
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hydrolysis of the phosphates [37], 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 [38] to obtain esters
of ethylenglycol by the use of ethyleneoxide as electrophile (Scheme 1.3). In general,
these derivatives are relatively unstable due to the sensitivity of the P-O bonds to
hydrolysis reactions.

Zr

OH

O
P

Zr

Zr

R-X

OR

O

+ X-H+

P
Zr

O

O

OH

OH

Scheme 1.2 Esterification of superficial phosphates of γ-ZrP.

Zr

O

OH
P

Zr

O

Zr

O

OH
O

+2

O
P

OH
Zr

O

O

OH
Zr

O
P

Zr

Zr

O

OH

O

O

Zr

OH

O

Zr

OH

O

P

OH

O

O

O
+2

P
Zr

Zr

OH

m

O

O
+ (n+m)

OH

O
P

OH
Zr

O

O
n

OH

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 (Figure1.4)
[14,15]. For this reaction to take place at a reasonable rate, the layers of γ-ZrP has to
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be separated first in a process named exfoliation [39], either by intercalation of an
alkylamine (Figure1.3) 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.

Fig. 1.4 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 [40]. 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.
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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 1.4).
Regarding the pillared derivatives of α-ZrP, they are obtained by allowing zirconium
fluoro-complexes to decompose in presence of diphosphonic acids [14,15].

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
[25,28,41-45] . 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 [46]. Such an approach can result in the design and development of hybrid
organic-inorganic materials with tailor-made properties. These materials can function
as molecular sieves of controlled pore size [46], shape-selective catalysts [47-49],
molecular sorbents [50-51], and stationary phases for chiral molecular recognition
[52-53].
The worth mentioning, the chloride and dimethyl sulfoxide ligands of λ-ZrP (Figure
1.2) can be topotactically exchanged by other monovalent anionic ligands (alkoxides,
carboxylates, etc) and neutral monodentate ligands (sulfoxides, amines, etc),
respectively [54]. 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
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been prepared for the first time in this research work, where λ-ZrP was successfully
pillared with ethylenediaminetetraacetic acid (EDTA) [20].

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 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 as 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.
1.5.1 Chirality under confinement
The construction of chiral molecular capsules is an approach of Supramolecular
Chemistry to performing enantioselective reactions under confinement in solution
[55-57]. The controlled supramolecular interaction of chiral molecules of defined,
complementary shape may create temporary microscopic, molecular vessels or
capsules. As reactions are carried out in the lab in macroscopic flasks, the momentary
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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
[28,42,52,58-62]. 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 [28,43,52]. 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.

1.5.2 Confinement of small molecules
Hydrogen storage is an exciting challenge in material sciences. The development of
vehicles and electronic devices fuelled with hydrogen (fuel cells) needs the discovery
of new materials capable of storing huge quantities of molecular hydrogen at room
temperature and low pressure, keeping the volume and weight of the system within
reasonable values and the fast kinetics of absorption and liberation of the gas.
Conventional methods (high pressure cylinders of liquated gas) are very dangerous
(automotion) or impractical (small devices).

Physisorption of hydrogen within materials of high specific areas is quite interesting
an alternative option that is being actively studied. The objective is the packing of
13
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hydrogen molecules as densely as possible in order to reach the highest possible
volumetric density by the use of the minimum porous material. Hydrogen storage
performed this way involves a drastic diminution of the huge volume occupied by
hydrogen gas in the normal temperature and pressure conditions (1 kg of hydrogen =
11 m3). To this effect, it is critical the design of a material that favorably interacts
with hydrogen molecules thus reducing their mutual repulsion.

The second important property to be achieved by such porous molecular systems is
high reversibility in the gas uptake and release. The search for inert materials to
accomplish this task is especially important. One of the most interesting porous
frameworks found in the literature is that of Figure 1.5 [63,64]. The materials are
based on Zn2+ salts of organic carboxylates which render cubic matrices with
enormous specific volume where hydrogen can be storaged at reasonable pressure and
temperature, in quantities still far from those required (6% by weight) by international
standards.

Fig. 1.5 Molecular model of the Zn2+ salts mentioned in the text (see ref. 37).

Our work in the construction of 3D-networks based on γ-ZrP is very promising. Had
the pillaring been performed in a moderated level, the resulting material is highly
porous. On the other hand, the polarity of the organic columns can be easily selected
by preparing the appropriate diphosphonates. Besides, the remaining superficial
phosphates from a partial topotactic exchange, can be exchanged in an additional step
with hypophosphite, leading to a material with the inorganic sheets very non-polar.
Figure 1.6 summarizes this strategy.
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Fig. 1.6 Strategy to get all possible polarity combinations in γ-ZrP (see text).

Starting from γ-ZrP, route A leads to materials where the organic chain is polar as
that, for example, of a polyethylenoxa diphosphonate [43,44]. From these materials,
the remaining exchangeable phosphates can be further replaced by hypophosphite
(route B), leading to new materials where the surface of the layers will be turned to
non-polar [43,44]. We complete this road map to all possible combinations of
polar/non-polar columns and surfaces by the double exchange with hypophosphite
(route D) of γ-ZrP already containing non-polar alkyl- [41] or aryldiphosphonates
[25,42] (route C). All these possible combinations were successfully obtained in our
research work [25,42-44].

Recently, we reported biphenyl, terphenyl, and polyphenylethynyl-bridged layered
porous materials based on γ-ZrP [25,42]. These materials were able to store up to
1.7% (w/w) of H2 at 77K and 1 atm [25,42]. In this regard, the construction of
aromatic hybrid

layered

materials

based

on

ZrP

characterized

by high

ultramicroporosity and high potential for the application in the area of hydrogen
storage is a very promising technique.
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1.6 Applications of layered zirconium phosphates
Well-organized mono- and bilayers can be constructed inside the interlayer gallery of
ZrP under mild reaction conditions. Therefore, improvement of signaling and sensing
by organization on the inorganic surface can be achieved. The real structure of the
packed ligand layer results from the interplay between interligand interactions (e.g.,
van der Waals and H-bonding) and the tendency of the ligands to reach the optimal
tile angle with respect to the inorganic layer (packing arrangement of the ligands)
[12].

Covalent fixation (anchoring) of organic ligands on the inorganic surface of ZrP may
force these ligands to have a specific topological organizations on the inorganic
surface, leading to hybrid materails with unexpected and unprecedent global
properties. These materials can find many applications as ion exchanger, protonic
conductors, and catalysts for heterogeneous acid-catalyzed reactions [12].
Furthermore, they can be used in the field of metal uptake, water treatment [19,26,27],
drug delivery [28] and hydrogen storage [25,42,65].
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Our knowledge about the excellent chemical properties and technological applications
of zirconium phosphate (ZrP) and its organic derivatives have allowed us to establish
a synthetic strategy, aimed towards the preparation of new microcrystalline materials
based on λ-ZrP. This strategy based on the following simple general principles:
o Synthesis approach can be used to functionalize λ-ZrP with a multitude of
functional groups.
o Organic ligand can be anchored to the inorganic surface of λ-ZrP through its
carboxylate or alkoxy groups.

o Porous 3D frameworks can be obtained by means of topotactic anion
exchange reaction between λ-ZrP and bifunctional linker ligands such as
dicarboxylates and dialkoxides .
o The surface ligands of λ-ZrP (Cl and dmso) can be replaced by special
bifunctional linker ligands containing function and reactive group capable of
reacting with a specific quest molecule.

With this conceptual organization at hand we planned the present work to be the
consequence of two main synthetic goals:
o Synthesis of a new layered λ-zirconium biphosphonate framework
covalently pillared with ethylenediaminetetraaceic acid (EDTA).
This research point aims to immobilize EDTA inside the interlayer gallery of λ-ZrP in
order to obtain organic-inorganic framework with potential applications in the area of
hard water treatment.

o Synthesis of porous cross-linked frameworks based on λ-ZrP and a series
of long-chain aliphatic dicarboxylic acids, namely octanedioic acid,
decanedioic acid and dodecanedioic 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 carboxylates incorporated into the solid
matrices)
o X-ray powder diffraction (interlaminar distance)
o TGA (organic radical contents and thermal stability)
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3.1

Functionalization

of

Lambda-Zirconium

Phosphate

with

Ethylenediaminetetraacetic acid
A new layered pillared organic-inorganic material based on λ-Zirconium phosphate (λZrP), λ-ZrPO4Cl(dmso), and ethylenediaminetetraacetic acid (H4Y; Figure 3.1) has been
prepared by means of Cl/carboxylate topotactic anion exchange.

O

HO

O

HO

N
N

OH

O

OH

O

Fig. 3.1 Structure of EDTA (H4Y).

3.1.1 Method of synthesis
The superficial chloride ligand of λ-zirconium phosphate (λ-ZrP), λ-ZrPO4Cl(CH3)2SO,
can be topotactically exchanged by carboxylic acid compounds [21-24]. Therefore,
ethylenediaminetetraacetic acid (EDTA) can be immobilized inside the interlayer of λZrP through the above mentioned exchange.

In practice, the new functionalized λ-ZrP is prepared by post-synthesis modification of
the surface of inorganic layers of λ-ZrP, where λ-ZrP is contacted with H4Y/Na4Y
equimolar mixture using a 33.4% (v/v) dmso/water mixture as solvent (see
‘‘Experimental’’ section). The resulting solid phase material designated as λ-ZrPH2Y.

3.1.2 Characterization and interpretation
λ-ZrPH2Y is characterized by thermal analyses, X-ray diffractometry and FT-IR
spectrophotometries.
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3.1.2.1 Thermal analysis
Regarding the performed analyses, elemental analysis of λ-ZrPH2Y has C, H, N, S %
content of 20.60, 3.25, 3.40, 7.77 (calculated: 20.53, 3.20, 3.42, 7.83), respectively. This
elemental analysis is in agreement with the formula: ZrPO4(C10H14N2O8)0.5(CH3)2SO.
It is important to be mentioned that chloride was not observed by elemental analysis,
which means that the chloride anions of λ-ZrP are completely exchanged by those of
carboxylate groups of EDTA.

In the context of thermogravimetric analysis, Figure 3.2 shows the thermogravimetric
analysis (TGA) of λ-ZrPH2Y. There are two distinguishable weight loss intervals. The
first one (200-375°C) is attributed to the loss of dmso. The second weight loss interval
(375-600°C) corresponds to volatilization of EDTA moiety. The total weight loss percent
at 1000°C (51.11%) is in good agreement with the calculated one (52.57%). The later
percentage is calculated according the following thermal decomposition scheme.

ZrPO4(C10H14N2O8)0.5(CH3)2SO + n O2 → ZrPO4(C10H14N2O8)0.5 + gaseous products →
1/2 ZrO2 + 1/2 ZrP2O7 + gaseous products
100
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Fig. 3.2 TGA curve of λ-ZrPH2Y obtained at a heating rate 50C/min.
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To sum up, the thermal decomposition data collected from elemental analysis and TGA
are in accordance and compatible with the calculated chemical formula mentioned above
(ZrPO4(C10H14N2O8)0.5(CH3)2SO).
3.1.2.2 X-ray powder diffraction
Figure 3.3 shows the XRD pattern of λ-ZrPH2Y. It allows the calculation of an interlayer
distance of about 1.64 nm, much larger than that of the pristine λ-ZrP (1.02 nm; Figure
1.2). Moreover, no reflection peaks correspond to Cl-phase (1.02 nm) or OH-phase (0.98
nm) can be observed [20,24], which means that λ-ZrPH2Y is obtained as a pure solid
phase.

Relative intensity
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Lambda-ZrP
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Fig. 3.3 X-ray powder diffraction patterns of λ-ZrP and λ-ZrPY.

3.1.2.3 Molecular modeling
Figure 3.4 shows the structure of the most stable conformer of EDTA as calculated by
MM+ molecular mechanics method. It shows also a plausible arrangement of the doubly
deprotonated molecules of EDTA within λ-ZrP complying with the measured interlayer
distance of λ-ZrPH2Y.
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Fig. 3.4 Calculated structures: Predicted most stable conformation of H4Y (HyperChem, MM+)
(left). Possible arrangement of H4Y molecules in λ-ZrP complying with the observed interlayer
distance of λ-ZrPH2Y (right).

3.1.2.4 Infrared spectroscopy
Figure 3.5 shows the FT-IR spectrum of the pristine λ-ZrP [20]. The bands at lowfrequency region are ascribed to PO4 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 the bending vibrations of the same groups.

The FT-IR spectrum of λ-ZrPH2Y (Figure 3.5) is mostly a composite of those of λ-ZrP
and free EDTA. The band at 1676 cm-1 (COOH) in FT-IR spectrum of EDTA is shifted
to be at lower frequencies (1654 cm-1) in that of λ-ZrPH2Y. The very broad band within
the region 2500-3500 cm-1 belongs to the OH stretching of the free COOH groups of
EDTA (two groups per moiety; see Figure 5) inside the interlayer region of λ-ZrPH2Y.
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Fig. 3.5 FT-IR spectra of the free EDTA (H4Y), λ-ZrP and λ-ZrPH2Y.

3.1.3 Applications
One measure of water quality is “hardness” which is defined by the amount of Mg2+ and
Ca2+ ions in a given amount of water.

It is worth mentioning that the study is conducted at Gaza strip in which the natural water
suffers from very high degree of hardness. The concentration of Ca2+ presents in the tap
water has 1088 ppm.
Synthesis and design of materials towards efficiently entrapping Ca2+ are of great
industrial importance because hard water, on being heated, precipitates calcium carbonate
which clogs boilers and pipes. Moreover, Ca2+ reacts with soap and produces an insoluble
product (soap scum). This scum is abrasive and may weaken clothes fibers.
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Actually, the metal ion uptake capacity for Ca2+ is determined by shaking the pristine λZrP and its new polyaminocarboxylic acid functionalized derivative (λ-ZrPH2Y) with
buffered tap water (T.W.) at pH 10 (NH3-NH4Cl). At this pH the protonation reactions of
the exchanged H4Y inside the solid matrix are not expected to compete with the
complexation reaction with Ca2+. Therefore, the strongest complex is formed [66].
With regard to the shaking time dependence of Ca2+ uptake from tap water, two sets of
measurements using flame photometer are performed. One set of measurements is
performed after treatment several T.W. samples (Vsample = 12.5 ml) with the same amount
of λ-ZrP (250 mg) at different time intervals (0.5 -to- 72h). A second set of
measurements is performed after treatment another T.W. samples (Vsample = 12.5 ml) with
the same amount of λ-ZrPH2Y (250 mg) at the same time intervals mentioned above. The
results are given in figure 3.6.

As an important point, all of the T.W. samples are taken from the same 4L polyethylene
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bottle, which is filled with T.W. to perform the above mentioned analyses.
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Fig. 3.6 kinetic curves of Ca2+ uptake from tap water samples (T.W.). A) The remaining
concentration of Ca2+ (ppm) in T.W. samples after treatment with λ-solids. B) % Ca2+ uptake by λZrP and λ-ZrPH2Y. C) Ca2+ uptake capacities of λ-ZrP and λ-ZrPH2Y (mg g-1).

It is clearly seen from the kinetics curves (Figure 3.6) that with both λ-ZrP and λZrPH2Y, the metal uptake is reached the equilibrium after ca. 24 hours, where the
maximum Ca2+ uptake is obtained (32.0 and 40.4 mg Ca2+/g λ-solid, respectively). These
uptake values correspond to ca. 0.8 and 1.0 mmol Ca2+/g λ-solid and % Ca2+ uptake of 60
and 74 % (Figure 3.6B), respectively. Also, figure 7 shows that the Ca2+ uptake takes
place faster in case of λ-ZrPH2Y.

As an important point to be mentioned, the amount of Ca(II) uptaken by λ-ZrPH2Y (ca. 1
mmol) is very near to the number of mmol of EDTA anion present in 1 g of the solid
(1.22 mmol).

The unexpected Ca2+ uptake capacity of the pristine λ-ZrP could be attributed to its high
affinity for OH- in basic aqueous solutions [16,20]. In this respect, it is essential to
mention that the Cl/OH- and dmso/H2O exchange reactions proceeds very fast and the
OHH2O-phase,

ZrPO4OHH2O.(H2O)3, is obtained [16,20]. Therefore, if

λ-ZrP in

contacted with the buffered T.W. samples (pH = 10), then the above mentioned exchange
reactions are expected to occur and to be followed by another one between the OHH2Ophase and Ca2+ ions in T.W. samples. The following scheme summarize the three
exchange reactions mentioned above.
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Cldmso-phase + H2O → OHH2O-phase
OHH2O-phase + H2O (buffered at pH = 10 ) → O-H2O-phase
O-H2O-phase + 1/2 Ca2+ → O(Ca)1/2H2O-phase + H+

In order to be more certain with regard to the above mentioned Ca2+/H+ exchange, the
separated solid after a contact time of 24 between λ-ZrP and buffered tap water was resuspended in 12.5 ml of deionized water. The mixture was then agitated and its pH
adjusted at 5 over a time interval of 3 h by dropwise addition of 0.1 M HCl. Finally, the
supernatant was separated and analyzed by flame photometer. This analysis shows that an
amount of Ca2+ (7.0 mg) equivalent to ca. 86 % of the total amount of calcium uptaked
by this solid (ca. 8.2 mg) is released. This chemical test ensures that Ca2+/H+ exchange is
the key step in the uptake mechanism through which OHH2O-phase extracts Ca2+ from
tap water.

Figure 3.7 compares the FT-IR spectra of the separated solid products after a contact time
of 2, 4, 6, 24h between the pristine λ-ZrP and buffered T.W. samples. They provide
strong evidence that the hydroxyl derivative (λ-ZrPO4OHH2O.(H2O)x) is formed during
the course of the uptake process, where the symmetric and asymmetric stretching (2920,
3000 and 3020 cm-1) and bending bands (1420 and 1320 cm-1) of dmso (C-H bond) are
disappeared increasingly as the uptake duration time is gradually increased. It is obvious
that a contact time of ca. 24h is necessary to force this phase transformation to be
completed. Because of that no further change in the uptake capacity is observed over
interval times longer than 24h (see Figure 3.6).
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Fig. 3.7 FT-IR spectra of the separated solids after a contact time of (A) 2h, (B) 4h, (C) 6h and (D)
24h between the pristine λ-ZrP and buffered T.W. samples.

In case of λ-ZrPH2Y, the very high Ca2+ uptake capacity could be attributed to three
main factors: (1) increasing the hydrophilicity as a result of the dmso/H2O exchange, so
the diffusion of Ca2+ into the interlayer gallery can be facilitated, (2) its higher interlayer
gallery in comparison to λ-ZrP (1.64 and 1.02 nm, respectively), (3) the presence of the
exchanged EDTA inside its solid matrix, therefore EDTA-Ca2+ complex is expected to be
formed.

Figure 3.8 compares the FT-IR spectra of the separated solid products after a contact time
of 2, 4, 6, 24h between λ-ZrPH2Y and buffered T.W. samples. As in the case λ-ZrP,
dmso/H2O exchange is completed at 24h and no further change in the uptake capacity is
observed over longer interval times (see Figure 3.6).
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Fig. 3.8 FT-IR spectra of the separated solids after a contact time of (A) 2h, (B) 4h, (C) 6h and (D)
24h between λ-ZrPH2Y and buffered T.W. samples.

In conclusion, the obtained results show that λ-ZrP and λ-ZrPH2Y are highly efficient
materials for the removal of Ca2+ from hard water. Moreover, equilibrium is established
during a course of time of 24h, where the maximum uptake is recorded (32.0 and 40.4 mg
Ca2+/g λ-solid, respectively).

3.1.4 Comparison between λ-ZrPH2Y and other water softeners
The inorganic polymers based on silica-gel that carrying carboxylic groups has showed a
great importance for metal ions extraction [67-70].
Water softening is usually achieved by Ca2+ and Mg2+ uptake from hard water using ionexchange resins, where hardness is reduced by replacing these cations with Na+ or K+
[66].
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Ion exchange resins are organic polymers containing anionic functional groups such as
suhfonates to which the dications (Ca2+) bind more strongly than monocations (Na+).
Inorganic materials called zeolites also exhibit ion-exchange properties. These minerals
are widely used in laundry detergents [66].

Chelators are used as water softeners and added to many commercial products such as
shampoos and food preservatives. Citric acid is used to soften water in soaps and laundry
detergents. A commonly used synthetic chelator is ethylenediaminetetraacetic acid
(EDTA) [66].

This research sheds the light on metal Ca2+ uptake capacity of two porous layered
materials: the pristine λ-ZrP and its polyaminocarboxylic acid derivative with
ethylenediaminetetraacetic acid (λ-ZrPH2Y). These materials are found to be very
efficient in entrapping and removal of Ca2+ from tap water. Accordingly, the obtained
results give practical evidences that λ-ZrP and λ-ZrPH2Y are worthy efficient materials
for the removal of the water hardness.

3.2 Synthesis and structural characterization of new soft porous frameworks based
on lambda-zirconium phosphate and aliphatic dicarboxylates
Pillaring of ZrP with flexible chains is a topic of growing interest, because the porosity of
the resulting materials can be adjusted by simple physical and chemical means
[43,45,71,72]. Accordingly, these materials have potential applications in the field of
chiral [43,50,52] shape and size selective separation processes [51].

The flexibility of porously dynamic solids allows adsorption of relatively large molecules
by expansion of the interlayer gallery. Such behavior is essential to carry out reactions
inside the interpillar spaces (molecular vessels), where the reactants are previously
intercalated inside the solid matrix. For example, there have been attempts to polymerize
aniline inside interlayer region of layered α- and γ-ZrP in order to obtain microstructures
with electrical and transparent properties [73,74].
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In this study, new dicarboxylate-functionalized pillared materials with a general formula
of λ-ZrPO4(OH)1-x(OOC(CH2)nCOO)x/2(dmso) (n = 6, 8 and 10) have been prepared by
post-synthesis modification of the inorganic layers of λ-zirconium phosphate (λ-ZrP),
where the superficial Chloride monovalent anionic ligands of λ-layer are partially
exchanged with the divalent anionic ligands of a series of long-chain aliphatic
dicarboxylic acids, namely octanedioic acid, decanedioic acid and dodecanedioic acid.

3.2.1 Method of synthesis
The post-synthetic modification strategy is employed in this study for the preparation of
the dicarboxylate-functionalized λ-ZrP where dicarboxylic acids of different chain length
(octanedioic acid, decanedioic acid and dodecanedioic acid) are embedded into the
interlayer gallery of the native λ-ZrP through Cl/dicarboxylate anion exchange reaction.

Practically, three new layered pillared λ-type materials are prepared by contacting the
native λ-ZrP with the dicarboxylic acid solutions of octanedioic acid (OCT), decanedioic
acid (DEC) and dodecanedioic acid (DOD) using dmso/water mixture as solvent (see
‘‘Experimental’’ section). The resulting materials denoted as λ-ZrP-OCT, λ-ZrP-DEC
and λ-ZrP-DOD.

3.2.2 Characterization and interpretation
The synthesized materials are characterized by X-ray diffractometry, FT-IR
spectrophotometry, elemental and thermogravimetric analyses.

3.2.2.1 Thermal analysis
Table 3.1 shows the C, H, S % content in addition to the calculated chemical formulae of
λ-ZrP-OCT, λ-ZrP-DEC and λ-ZrP-DOD.
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Table 3.1 The C, H, S % content and calculated formulae of the prepared layered pillared λ-type
materials.
λ-material
Anal. Calcd (found) C, H, S
Cal. Formula
λ-ZrP-OCT

15.68 (15.56); 3.07 (3.57); 10.06 (9.71)

ZrPO4(OH)0.46(C8H12O4)0.27(CH3)2SO

λ-ZrP-DEC

19.46 (19.57); 3.53 (3,79); 9.45 (9.00)

ZrPO4(OH)0.30(C10H16O4)0.35(CH3)2SO

λ-ZrP-DOD

19.81 (19.39); 3.68 (3.86); 9.44 (8.33)

ZrPO4(OH)0.40(C12H20O4)0.30(CH3)2SO

Theoretically, a pillaring level of 100% is expected to be achieved due to the much
stronger RCOO-Zr bond in comparison to the Cl-Zr bond. The second factor that
influences the pillaring level is the availability of sufficient free area around the Cl
ligands (0.43 nm2) which accommodates carboxyl-terminated alkyl chains with cross
section of ca. 0.2 nm2 [25]. Despite this fact, it is clearly seen from the calculated
formulae (table 1) that the maximum percentages of pillaring with OCT, DEC and DOD
are 54, 70 and 60%, respectively. The prevention of full conversion could be attributed to
steric effects and flexibility of λ-layers, which in turn slow down the diffusion rate of
large pillars (long-chain dicarboxylic acids) inside the interlayer region of λ-ZrP. This
explanation seems to be logic and convenience when we recall the structural features of
the organic derivative of λ-ZrP with hexanedioic acid (adipic acid) [21], which has been
recently prepared in our laboratory. Because of the relatively small size of hexanedioic
acid, a complete conversion is obtained.

Figure 3.9 illustrates the thermogravimetric analysis (TGA) and differential
thermogravimetric analysis (DTA) curves of λ-ZrP-OCT, λ-ZrP-DEC and λ-ZrP-DOD.
They reveal two well-defined weight loss intervals.
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Fig. 3.9 TGA (left) and DTA (right) curves of λ-ZrP-OCT, λ-ZrP-DEC and λ-ZrP-DOD at a heating
rate 50C/min.

It is obvious that the first lost thing is dmso and this seems to be logic because Zr-dmso
bond is weaker than Zr-OOC bond. In λ-ZrP-OCT, dmso is lost at about 250°C while it is
lost at higher temperatures in λ-ZrP-DEC and λ-ZrP-DOD. This observation could be
attributed to the excessive increase in the length of the organic linker which force the
flexible alkyl chains to have an excessive folded conformations inside the solids matrices.
In the context of losing dmso at different readings of temperatures, folded alkyl chains
are expected to be more closer to the dmso molecules and to interact with them more
strongly than the extended ones (zigzag conformation). Additionally, the dmso molecules
could be suffered from excessive degree of trapping during the heating process as the
length of the folded organic linker increases.

To sum up, the stability of the dmso molecules inside the solid matrix increases as the
alkyl chain length increases.

Regarding the second weight loss interval between 350 and 600°C, the reason behind this
is the decomposition and vaporization of the diacid molecules. Table 3.2 summarizes the
observed and calculated weight loss percentages of dmso and diacids molecules.

34

RESULTS AND DISCUSSION

Table 3.2 Weight loss % of dmso and diacids.
Weight loss % Calcd (found)

λ-material

dmso, diacid
λ-ZrP-OCT

24.5 (23.2), 14.6 (12.9)

λ-ZrP-DEC

23.0 (21.8), 20.6 (17.9)

λ-ZrP-DOD

23.4 (20.7), 20.2 (18.0)

3.2.2.2 X-ray powder diffraction
Figure 3.10 compares the XRD patterns of λ-ZrP-OCT, λ-ZrP-DEC and λ-ZrP-DOD. It
reflects that the three pillared λ-materials are obtained as pure and sufficiently crystalline
solid phases. Moreover, the interlayer distance of λ-ZrP increases linearly with the chain
length of the dicarboxylate bridging ligands (table 3.1), which means that the alkyl chain
of these ligands exhibits the same conformation and the same angle of inclination with
respect to the inorganic λ-layer.
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Fig. 3.10 X-ray powder diffraction patterns of λ-ZrP, λ-ZrP-OCT, λ-ZrP-DEC and λ-ZrP-DOD.

3.2.2.3 Molecular modeling
The conformation of alkyl chains inside the solid matrix are studied from the
computational point of view (Hyperchem). The calculated structures enforce that these
chains are not in their highly extended conformations (zigzag). Figure 3.11 shows the
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structure of the most stable conformers (zigzag) of octanedioic acid (OCT) decanedioic
acid (DEC) and dodecanedioic acid (DOD) as calculated by MM+ molecular mechanics
method. Also, it reports a possible arrangement of these molecules (zigzag conformation)
inside the interlayer gallery of λ-solids phases with a percentage of pillaring of 100%. All
of the calculated structures have interlayer distances (dcal) greater than those observed
(dobs) for λ-ZrP-OCT, λ-ZrP-DEC and λ-ZrP-DOD. For example, in case of OCT, the
interlayer distance of the calculated structure (dcal = 1.49 nm) is larger than that observed
(dobs) for λ-ZrP-OCT (56% pillaring; dobs = 1.37 nm). This reduction in the interlayer
distance could be attributed to three main reasons: (1) percentage of pillaring is lower
than 100%, (2) flexibility of the alkyl chains inside the solid matrix, (3) the presence of
empty interpillar spaces, which allows the alkyl chains to have a conformations folded to
some extent. For comparison, table 3.3 reports the observed interlayer distances (dobs) of
λ-ZrP-OCT, λ-ZrP-DEC and λ-ZrP-DOD and their corresponding calculated interlayer
distances (dcal) for λ-solids with a level of pillaring of 100%. Moreover, Table 3.3 shows
the difference between observed and calculated interlayer distances (∆d). It is clearly
seen that ∆d increases upon the increasing in the length of the alkyl chain. This means
that the longer the chain the more folded one inside the interlayer gallery.

Table 3.3 The observed and calculated interlayer distances (d) of the prepared layered pillared λ-type
materials.
λ-material
dobs (nm)a dCal (nm)b
∆ d (nm)c
λ-ZrP-OCT

1.37

1.49

0.12

λ-ZrP-DEC

1.47

1.75

0.28

λ-ZrP-DOD

1.59

2.02

0.43

a

Observed interlayer distance.
Calculated interlayer distance for λ-solids with a level
of pillaring of 100%.
C
∆d = dcal – dobs
b

It should be mentioned here that the interlayer distance of λ-ZrP-OCT, λ-ZrP-DEC and λZrP-DOD could be expanded or compressed by intercalation or de-intercalation of
solvent or huge quest molecules. Such accordion-like movement was observed before in
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γ-ZrP covalent pillared with long-chain alkyl groups [81]. However, the maximum
interlayer distance was subject to the length of the alkyl chain.

Fig. 3.11 Structural models: Predicted most stable conformer of octanedioic acid (OCT) decanedioic
acid (DEC) and dodecanedioic acid (DOD) (OCT) (HyperChem, MM+) (A,B and C; left). Possible
arrangement of dicarboxylic acids inside λ-ZrP with pillaring level of 100% (A, B and C; right).

3.2.2.4 Infrared spectroscopy
The FT-IR spectra of the native λ-ZrP, free dicarboxylic acids and their corresponding λtype materials are reported in Figure 3.12.
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Fig. 3.12 FT-IR spectra of λ-ZrP, free dicarboxylic acids and their corresponding λ-type materials.
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The FT-IR spectrum of the native λ-ZrP reveals its typical characteristic bands [20]: The
bands at low-frequency region are attributed to phosphate vibration bands. The bands
near 3000 cm-1 are ascribed to C-H symmetric and asymmetric stretching vibrations of
dmso methyl groups and those at 1420 and 1320 cm-1 are assigned to the bending
vibrations of the same groups.
The FT-IR spectra of λ-ZrP-OCT, λ-ZrP-DEC and λ-ZrP-DOD (Figure 3.12) are
considerably similar, and thus, they are almost the same in terms of their structures. As an
additional point, they are mostly composite of those of λ-ZrP and free dicarboxylic acids.
The band at about 1700 cm-1 (COOH) in FT-IR spectra of free dicarboxylic acids is
shifted to be at lower frequencies in those of their corresponding dicarboxylatefunctionalized λ-materials.
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4.1 General
All chemicals and reagents including 32% hydrochloric acid, 85% phosphoric acid,
oxalic

acid,

sodium

Zirconyl(IV)chloride

hydroxide,

dimethylsulfoxide

octahydrate,

99.8%

butanol,

(dmso),

ethanol,

n-tributylamine,

ethylenediaminetetraacetic acid (EDTA), tetrasodium EDTA (Na4EDTA), disodium
EDTA (Na2EDTA), octanedioic acid, decanedioic acid, dodecandioic acid,
terephthalic

acid,

4,4'-Biphenyldicarboxylic

acid,

alanine,

glycine,

L-(+)-

phosphoserine used were of analytical grade. All of them were purchased from
Aldrich Co., and used without further purification. λ-Zirconium phosphate was
prepared using literature described procedure (interlayer distance 1.02 nm) [18].

4.2 Characterization
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
Servicio Interdepartamental deIinvestigación (SIdI) in the Autonoma University of
Madrid. 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 min-1, 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.
Thermogravimetric analyses was performed on a Mettler-Toledo TGA/STDA 851e
apparatus in the SIdI and recorded at 5°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 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 (5 g, 1.55 × 10-2 mol) previously dissolved in 32%
HCl (152.4 ml, 1.55 mol, Zr/Cl molar ratio = 1/100) and oxalic acid (35 g, 0.67 mol,
Zr/H2C2O4 molar ratio = 1/43) previously dissolved in dmso (250 ml). Solution B was
prepared by mixing 85% w/w H3PO4 (1 ml, 1.48 × 10-2 mol, Zr/P molar ratio =
1/0.95) and dmso (310 ml). Solutions A and B were then mixed at room temperature,
41

EXPERIMENTAL

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 and
washed twice with anhydrous ethanol (2× 50 ml). Finally, the obtained white solid
(2.130 g) was dried at 80°C for 24 h and stored over P2O5.
4.4 Topotactic exchange of EDTA with λ-ZrP
A 1.84 g amount of λ-ZrP was contacted with 229 ml of a 6.73 × 10-3 M H4EDTA and
6.73 × 10-3 M Na4EDTA solution using a 33.4% (v/v) dmso/water mixture as solvent.
The mixture was heated at 75°C for one week. The resulting white solid was
separated by centrifugation and washed with 33.4% (v/v) dmso/water solution (3 ×
100 ml). Finally, it was dried at 80°C for 24 h to obtain 1.14 g of the product which
was stored over P2O5.
4.5 Hard water treatment with λ-ZrPH2Y: Ca2+ uptake
A 0.25 g of λ-solid (λ-ZrP or λ-ZrPH2Y) was shaken with 12.5 ml of tap water
previously diluted to 25 ml with distilled water and adjusted to pH 10 by adding 2.5
ml of NH3/NH4Cl buffer solution using a polyethylene bottle with a good stopper.
Several metal uptake reactions are carried out at different time intervals (0.5 -to- 72
h). The metal ion concentration was measured by flame photometer after separation of
the insoluble solid by centrifuge and diluting the supernatant solution to the linear
range of the calibration curve for Ca2+. Each measurement was performed three times.
The metal ion uptake is calculated as mg of Ca2+/g of λ-solid.
4.6 Topotactic exchange of dicarboxylic acids with λ-ZrP

4.6.1 General procedure for topotactic exchange of octanedioic acid and
decanedioic acid with λ-ZrP
0.25 g λ-ZrP was contacted with 17.3 ml of a 0.025 M dicarboxylic acid and 0.025 M
sodium dicarboxylate solution using a 1:1 (v/v) dmso/water mixture as solvent. The
solid was maintained in this solution for 3 days at 75oC, and then it was separated by
centrifugation and washed twice with 25 ml of a 1:1 (v/v) dmso/water mixture.
Finally, it was dried at 80oC for 24 h and stored over P2O5. The weights of products in
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case of octanedioic acid (oct) and decanedioic acid (dec) were 0.289 g and 0.292 g,
respectively.
4.6.2 Topotactic exchange of dodecanedioic acid with λ-ZrP
A 0.25 g of λ-ZrP was contacted with 33 ml of a 0.025 M sodium dodecanedioate
(dod) solution using a 1:2.5 (v/v) dmso/water mixture as solvent. The solid was
maintained in this solution at 75oC for 3 days, and then it was separated by
centrifugation and washed twice with 25 ml of a 1:2.5 (v/v) dmso/water mixture.
Finally, the resulting white solid was dried at 80oC for 24 h to obtain 0.276 g of the
product which was stored over P2O5.
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1. Elemental and thermogravimetric analyses, X-ray diffractometry, FT-IR
spectroscopy and molecular modeling show that the EDTA is successfully
incorporated inside the interlayer gallery of λ-ZrP by means of topotactic
carboxylate/Cl ligand exchange reaction. λ-ZrP and its new polyaminocarboxylic acid
derivative (λ-ZrPY) exhibit high potential for extraction metal ions (Ca2+) from hard
tap water. Finally, it is expected that this study contributes to the related empirical
studies as it attempts to fill the critical gap in the existing literature.

2. Three aliphatic dicarboxylic acids, namely octanedioic acid, decanedioic acid and
dodecanedioic acid, are introduced inside the interlayer gallery of λ-ZrP by means of
soft topotactic anion ligand exchange reaction. Therefore, the 2D layers of λ-ZrP are
extended to 3D frameworks with flexible bridging ligands. Moreover, the interlayer
distance of λ-ZrP increases linearly with the chain length of the exchanged
dicarboxylic acid.
3. Considering the attractive features of the porously dynamic solids based on γ- and
λ-ZrP [8-10,16], the utilization of ZrP should be key importance for the creation of
unique micro- or nano-sized reaction molecular vessels.

4. 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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