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INTRODUCTION




General introduction

Environmental pollution and its after-effects have become global concerns in recent
years. Among all types of pollution, water pollution has been considered as a major threat
in recent years; this problem will be even worse in the near future[1].It has caused
1.8 million deaths in 2015, according to a study published in The Lancet. Where every

year, unsafe water sickens about 1 billion people [2].

Having access to clean water is a mandatory requirement for the proper development
of living beings. So, addressing the removal of contaminants from aquatic systems should
be a priority research topic in order to restore ecosystem balance and secure a more
sustainable future [3]. In the 90s, Palestinian professor Omar Yaghi developed a
fascinating chemical structure known MOF [4], the fascinating structures and striking
physical properties of metal-organic frameworks (MOFs) have revealed them as excellent
platforms for the removal of harmful species from water [3].

Hybrid porous solids are a new class of porous solids emerged as a new domain of
research ca. fifteen years ago and which the MOF classified in. More or less considered at
the beginning as a curiosity, it has transformed into a fully qualified field of research with
an explosion of papers [5] that’s because of the possibility of combining inorganic,

organic, and even biological entities and functions in a well-defined host matrix [6].

They result from the reaction between organic and inorganic species in order to build
up three-dimensional frameworks whose skeleton contains both organic and inorganic
moieties only linked by strong bonds[5],This type of material has always attracted a lot of
attention as the presence of pores means that the material possesses an internal surface area
of interest for all type of applications [7].These solids can be a huge help in the field of
processing pollutants especially liquid pollutants that can be found in factories wastes

effluents by adsorption phenomena.

It is in this area of research that our work lies in this master thesis, the aim of which is
to prepare new porous materials by means of soft chemistry using organic and inorganic
construction entities. Soft chemistry based processes is a chemical pathways at low
temperatures and pressures, from molecular, colloidal, or polymeric precursors clearly

offer the most favorable paths towards hybrid materials [6].



http://www.thelancet.com/commissions/pollution-and-health

Our manuscript starts with a general introduction followed with two main parts and
ends with a conclusion

e The first part is a bibliographical synthesis which will attempt to make an approach
of knowledge on porous materials, their types, focusing the hybrid porous solids its
history, how they are effected by while making, their applications also we discuss

the different methods of analysis appropriate for the identification of our materials.
e In the second chapter we have exposed the results that we have obtained at the end
of numerous synthesis and crystallization tests of our final compound as well as the

study of intermolecular and intermolecular hydrogen bonds.
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Introduction

The most heard of and talked about word, internationally in the present times, is
pollution; [1] it is one of the most serious global challenges [2]; that affects biodiversity,

ecosystems, and human health worldwide by contaminating soil and water [3].

Among all types of pollutions, water pollution has been considered as one of the
major threat in recent year and this problem will be even worse in near future. In the 21st
century, water recycling has become a crucial issue as more regions across the globe are

witnessing a water crisis.

Detoxification of wastewater via adsorptive removal or photo catalytic degradation
for achieving purified and drinkable water has been determined as environmentally benign,
energy economic and cost-effective. In this context, porous materials have gained
enormous research consideration for detection of contaminants in effluents and for

treatment of wastewater [4].
I. Colorants

Colorants are defined as products capable of coloring a substance in a durable
manner. It has groups that give it color: called chromophores and groups that allow it to be
attached to the colors [5].

|.1.Generalities

A colorant is a substance that is added or applied in order to change the color of a
material or surface [6]. They mainly consist of an assembly of chromophore (-N = N-) and
auxochrome (-NH,, -NHCHg3;, -N (CHj3) 2, -HO, -OR) groups to ensure the solubility of the
dye in water and conjugated aromatic structures (benzene ring, anthracene, perylene,
etc.)[7]

Coloring matters are characterized by their ability to absorb light radiation in the
visible spectrum (from380 to 750 nm). The transformation of white light into light colored
by reflection on a body, or by transmission or diffusion, results from the selective
absorption of energy by certain groups of atoms called chromophores, the molecule

coloring being the chromogen [6] .
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1.2. Colorants classification

Colorants are classified with respect to chemical structures of colorants and methods
application to different substrates (textiles, paper, leather, plastics, etc.)[8].

Textile dyes can be classified according to their chemical composition
(Anthraquinone, Azo colorants, diphenylmethane and triphenylmethane, Indigoids,

Nitrated and nitrosated, Xanthenes’, phthalocyanines) [9] as shown in figure below.

Anthraquinone Azo colorant Triphenylmethane
N
O/ \\\N
O
Indiguids
Phthalocyanine Xanthene

@(ﬁ‘m

Figure .1.1. Examples of some colorants with their structures.
I1. Water pollution

Water pollution occurs when unwanted materials enter in to water, changes the
quality of water [10] and harmful to environment and human health [11]. It is reported that
75 to 80% water pollution is caused by the domestic sewage. Waste from the industries

like, sugar, textile, electroplating, pesticides, pulp and paper are polluting the water [12].

Water pollution can occur from two sources:

®  Point sources of pollution are those which have direct identifiable source. Example
includes pipe attached to a factory, oil spill from a tanker, effluents coming out

from industries. Point sources of pollution include wastewater effluent (both
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municipal and industrial) and storm sewer discharge and affect mostly the area

near it.

®  Non-point sources of pollution are those which arrive from different sources of
origin and number of ways by which contaminants enter into groundwater or
surface water and arrive in the environment from different non identifiable

sources[13].
11.1. Colorants pollution

It has been estimated that 15% of total colorants produced worldwide are discharged
to water bodies which adversely affect aquatic ecosystem. Colorants in water reduces its
transparency, thereby declining light penetration in the water, hence influencing
photosynthesis which consequently reduces dissolved oxygen which is an alarming
situation for both aquatic flora and fauna. Dyes wastewater discharged from huge number
of industries like textile, leathers, paint, food, pharmaceutical etc [14].

The discharge of dye effluents in water bodies poses direct and indirect consequences
to aquatic ecosystem. The direct effects includes depletion of dissolved oxygen levels,
decreased re-oxygenation potential, leaching of dyestuff from soil into groundwater,
reduced light penetration into water which hinders photosynthesis (which gives red signal

to aquatic flora and fauna) and esthetic issue of water downstream [15, 16].

11.1.1. Methylene blue

Methylene blue was first prepared in 1876, by Heinrich Caro [17]. It is also known as
methylthioninium chloride, is a medication and dye [18]. In our study we used methylene
blue as a pollutant. It is a model cationic colorant employed by industries such textile
industry for a variety of purposes. It is a heterocyclic aromatic chemical compound with a

molecular formula C15H1gN3SCI.

Several methods have been developed for the removal of dye from waste water.
Amongst them, adsorption is the method of choice because of its ease of operation and
design. Adsorption employs adsorbent- a substance which attaches the substrate or solvent
molecule to its surface and several materials have been applied as adsorbent for the

treatment of waste water [19, 20].



https://en.wikipedia.org/wiki/Heinrich_Caro
https://en.wikipedia.org/wiki/Methylene_blue#cite_note-Ah2008-5
https://en.wikipedia.org/wiki/Dye
https://en.wikipedia.org/wiki/Methylene_blue#cite_note-AHFS2017-4
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11.1.1.1. Utilization

Methylene blue (MB), the first synthetic drug, has a 120-year-long history of diverse
applications, both in medical treatments and as a staining reagent. In recent years there was
a surge of interest in MB as an anti-malarial agent and as a potential treatment of
neurodegenerative disorders such as Alzheimer’s disease (AD), possibly through its

inhibition of the aggregation of tau protein [21].

MB is selected as a model organic compound because it is known to adsorb more
easily onto solids and in order to evaluate the behavior of sorbent for the removal of
organic pollutants from its aqueous solutions [22].

Table 1.1. Properties of Methylene blue and its molecule modal [23, 24]

Product Properties

Name : Methylene blue

CH, ?H, Formula : C1sH1sCIN3S
H‘CFHU:SD/HTH’ Molar mass :319.85 g-mol™*
' Solubility : 40 g-L™* 420 °C

T°fusion: Decomposes on heating above
190°C

I11. Soft chemistry

Soft chemistry is a type of chemistry that uses reactions at ambient temperature
[25, 26]; to synthesize materials [27], the methods of developing inorganic or hybrid nano-
materials based on "soft chemistry"” ; generate a very strong interest, both in academia and
industry.

These synthetic methods involve "polymerization™ reactions in the sense wide taking
place at room temperature, in aqueous or organic solvent, from molecular or nano-

particulate precursors [28].



https://en.wikipedia.org/wiki/Chemistry
https://en.wikipedia.org/wiki/Materials_Science
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IVV. Nanoparticle materials

A nano-particle or ultrafine particle is usually defined as a particle of matter that is
between 1 and 100 nanometers (nm) in diameter [29] .The term is sometimes used for
larger particles, up to 500 nm ,or fibers and tubes that are less than 100 nm in only two
directions[30]. At the lowest range, metal particles smaller than 1 nm are usually called

atom clusters instead.

They are usually distinguished from micro particles (1-1000 pum), "fine particles"
(sized between 100 and 2500 nm), and “coarse particles” (ranging from 2500 to 10,000
nm), because their smaller size drives very different physical or chemical properties, like

colloidal properties and optical or electric properties [31].

V. Hybrid composites materials

V.1.Composites materials

Composites are formed by combining individual materials referred to as constituent
materials. These constituent materials include matrix (organic or inorganic) and
reinforcement (fibers). Matrix (organic or inorganic) and reinforcement (fibers). The
matrix material helps support the reinforcement materials by surrounding them,
maintaining their positions and in return reinforcement materials impart mechanical and

physical properties to enhance the matrix properties [32].

Composite materials are not a new concept. Since ancient times, materials have been
combined to produce a new material with performance and efficiency unattainable by the

individual materials. Many materials could actually be considered as composites.
V.2. Hybrid composites

Hybrid composites combine different kinds of materials at the submicron level. The
word “hybrid” means the hybridization of a macroscopic mixture at the metallographic

scale. Various definitions of hybrid composites have been proposed [33].

Hybrid materials are described as materials involving two or more kinds of chemical

bonds created by “hybridizing” two or more monolithic materials [34].
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They are typically either homogeneous systems derived from monomers or miscible
organic and inorganic components, or heterogeneous systems (nano composites) in which
at least one of the components domains has dimensions ranging from some A to several

nanometers [35, 36].

Figure 1.2. Classification of materials at different scale levels [37].
V.2.1. Classes of hybrid porous material

Hybrid materials have been classified in many ways based on different concepts
where Kickelbick has categorized the hybrid materials according to the strength of the
interactions of the organic and inorganic building blocks in two classes: Class | (weak

interactions) and Class Il (strong interactions) hybrids.

= Class | hybrids may be built up by a combination of inorganic clusters with organic
polymers (e.g. Zeolite/Low-density polyethylene hybrid) or interpenetration of
inorganic and organic networks (e.g. Ring-opening metathesis of a polymer with a

silica network)).

10
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+ Class Il hybrids may be formed when inorganic clusters are covalently bonded to
organic polymers (e.g. Metal oxide cluster reinforced Poly (methyl methacrylate))
(PMMA) or dual inorganic and organic networks connected by covalent bonds (e.g.
Hybrid scaffolds of chitosan/silica) [38].

Hybrid materials can also be functionally classified and categorized into three types
as structurally hybridized materials (composites), materials hybridized in chemical-bond,

and functionally hybridized materials as it is classified according to Figure 1.3.

- 5 Hyvbrid materials .
T N\
[ Functional classification } { In terms of bond strength ]
I
Structurally hybridized Functionally hybridized |
‘ materials (composites) materials

T

T
Materials hybridized in ;
‘ chemical bond Class I hybrids Class II hybrids

Figure 1.3. Classification of hybrid materials [39].
V.3.0rganic-inorganic hybrid porous materials

Hybrid organic-inorganic materials in general represent the natural interface between
two worlds of chemistry each one with a very significant contributions to the field of
materials science, and with characteristic properties that result in distinct advantages and

limitations [40].They are not just physical mixtures of inorganic and organic moieties.

They can be defined as nano-composites with organic and inorganic components that
are intimately mixed on a molecular level such as (MOF, OD coordination clusters,

1Dcoordination of polymers, 2Dcoordination of polymers...) (Figure 1.4).

11
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5
o

I 0;;’ 0 0

0D Coordination Chusters 1D Coordination polymers 2D Coordination polymers  Metal Organic Frameworks (MOF-6)
([(en)])Pd(4,4%-bpy))e) (Ag(4.4-bpy)) (Cu(4,45.bgy))

Figure 1.4. Selected examples for diverse assembly of building units for hybrid materials
[41].

V.3.1. Metal-Organic Framework (MOFs)

Metal-organic frameworks, commonly denoted as MOFs, are a hybrid porous material
composed of both organic and inorganic groups .They are usually made from a metal ion
and an organic ligand , the structure of a MOF is crystalline and three-dimensional in
nature and utilizes a combination of rigid inorganic groups (often metal ions or metallic
clusters) and flexible organic linker ligands. The utilization of both rigid and flexible
groups enables MOFs to possess long-range tunable pores that can accommodate a wide
range of molecules and can be tuned to be selective in which types of molecules they allow
into their pores [42, 43]; because of these pores they emerged as one of the suitable

candidates for the remediation of the environmental pollution [44].
V.3.1.1.Metal-Organic Framework properties

Metal organic frameworks (MOFs) have unique properties that make them
excellent candidates for many high-tech applications. They have high porosity and surface
area, good stability in various environments and are inexpensive to prepare However,
one major drawback is their electric resistance, which makes them incompatible for
use in electrical devices[45]. This type of compounds possess a greater surface area with
an advantage of changing pore sizes, diversified and beautiful structure which withdrew an

intense interest in this field[46].
V1. Components of organic-inorganic hybrid materials

In order to form an organic-inorganic hybrid material; we need to create the

combination of inorganic, organic, entities and functions in a well-defined host matrix [47].

12
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It consists of the 1% part the organic part that is represented by amines, acids; the 2" part is

the inorganic part which is the metal or précised the metal cation.

VI1.1. Transition metal

According to IUPAC a transition metal is "an element whose atom has a partially
filled(d) sub-shell, or which can give rise to cations with an incomplete(d)sub-shell"[48]. It
is described as any element in the d-block of the periodic table, which includes groups 3
to 12 on the periodic table. In actual practice, the f-block lanthanide and actinide series are
also considered transition metals and are called "inner transition metals”[49,50]. They have

high tensile strength and good conductors of heat and electricity [51].

There are a number of properties shared by the transition elements that are not found

in other elements, which results from the partially filled d shell. These include

o The formation of compounds whose color is due to d—d electronic transitions

« The formation of compounds in many oxidation states, due to the relatively low energy
gap between different possible oxidation states [52].

e The formation of many paramagnetic compounds due to the presence of
unpaired d electrons. A few compounds of main group elements are also paramagnetic

(e.g. nitric oxide, oxygen)

Most transition metals can be bound to a variety of ligands , allowing for a wide

variety of transition metal complexes [53].

V1.2. Amines

Are compounds and functional groups; that contain a basic nitrogen atom with
alone pair. Amines are formally derivatives of ammonia, where in one or more hydrogen
atoms have been replaced by a substituent such as an alkyl or aryl group [54].In our study
we focus on 1, 4-Diazabicyclo [2.2.2.]Octane (DABCO) also known as triethylenediamine
is a bicyclic compound with molecular formula N,CgHi, (figure 1.5). It is a tertiary amine
having high nucleophilic character and act as Lewis base in variety of reactions leading to

important organic scaffolds [55].

13
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Table 1.2. Properties of DABCO [56].

Properties

Chemical formula ¢ H,,N,

Molar mass 112.176 g-mol ™
J Melting point 156 to 160°C ( 429 to
) 433 K)
Boiling point 174°C (345°F; 447 K)

Figure .1.5. Molecule model of DABCO

51 Solubility in water  ggyple, hygroscopic

V1.3. Oxalic acid

Anhydrous oxalic acid occurs as translucent, colorless, hygroscopic crystals, partially
soluble in certain solvents such as ethanol .Oxalic acid dehydrate is generally found in
commerce, also comes in the form of translucent crystals, colorless, partially soluble in
water and some solvents such as ethanol and diethyl ether .When heated, oxalic acid
decomposes, above 160°C, into formic acid, carbon monoxide and dioxide and water.

Aqueous solutions of oxalic acid are sensitive to the action of air and light, with
formation of carbon dioxide, under the influence of ultraviolet light, oxalic acid, anhydrous
or in solution, are broken down into formic acid and carbon dioxide. Oxalic acid can react

dangerously with strong oxidants [58, 59].
O\ O
. </
04 OH

Figure 1.6. Structural formula of oxalic acid [60].

14
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Table 1.3 Properties of anhydrous and dehydrate oxalic acid [61].

Properties

Chemical C,H,0,

formula

Molar 90.034 g-mol *(anhydrous)

mass 126.065 g-mol * (dehydrate)

Density 1.90 g-cm? (anhydrous, at 17°C)
1.653 g-cm* (dehydrate)

Melting 189t0191°C

point 101.5°C dehydrate

Solubility in |y water : 90-100 g/L (20°C)
water

VII. Hybrid porous materials application

Hybrid inorganic—organic porous materials find applications in various fields,
depending on their chemical composition, structure and porosity, surface area and pores
size distributions. Catalysis plays a vital role in life today, such as in cleaning and
production of energy and fuels, fine chemicals, pharmaceuticals, and commodity

chemicals.

Or storage and adsorption of molecules Gas, storage is of major importance especially
with respect to the uptake of fuel gases such as methane or hydrogen, which are highly

attractive candidates as replacements for fossil fuels.

As a membranes and monolithic chromatography columns, Hybrid inorganic—organic
membranes offer consistent and unique opportunities to combine the specific transport
properties of organic and inorganic materials in order to produce highly perm selective
membranes [62].

MOFs and porous organic materials have emerged as one of the suitable candidates

for the remediation of the environmental pollution.
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Among the features possessed by artificially porous solids, the ability to modulate and
achieve specific electronic traits leads to this class of materials being able to function as

host matrices for read-out of targeted/specific guest molecules [63].
VIIl. Analyzing methods

VIIl.1.Binocular optical microscope

Microscopy is the technical field of using microscopes to view samples and objects
that cannot be seen with the unaided eye (objects that are not within the resolution range of
the normal eye). There are three well-known branches of microscopy: optical, electron, and

scanning probe microscopy.

The optical microscope, also referred to as alight microscope, is a type
of microscope that commonly uses visible lightand a system of lensesto generate
magnified images of small objects. Basic optical microscopes can be very simple, although

many complex designs aim to improve resolution and sample contrast.

The object is placed on a stage and may be directly viewed through two eyepieces on

the microscope [64].

VI1I11.1.1.0bservation of samples with a binocular

Once the products are synthesized, washed and dried, will be systematically observed
with an optical microscope which allows a preliminary determination on the poly-phasic or
homogeneous nature of the samples and the presence or not of single crystals which can be
characterized by the use of the X-ray diffraction method by the single crystal. Viewing the
samples with a binocular gives a first impression on the nature and quality of the products
[65].

VI11.2. Infrared spectroscopy IR

Infrared spectroscopy has been a workhorse technique for materials analysis in the
laboratory for over seventy years. An infrared spectrum represents a fingerprint of a
sample with absorption peaks which correspond to the frequencies of vibrations between
the bonds of the atoms making up the material; because each different material is a unique

combination of atoms, no two compounds produce the exact same infrared spectrum [66].
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VI111.2.1.Fourier transform infrared (FTIR)

Fourier Transform Infrared Spectroscopy (or FTIR: Fourier Transformed Infra Red
spectroscopy) is based on the absorption of infrared radiation by the material analyzed. It
allows, via the detection of the characteristic vibrations of chemical bonds, to analyze the
chemical functions present in the material .When the wavelength (energy) provided by the
light beam is close to the vibration energy of the molecule, the latter will absorb the
radiation and there will be a decrease in the reflected or transmitted intensity. The infrared
range between 4000 cm™ and 400 cm™ (2.5 —25 um) corresponds to the vibrational energy
range of molecules [67].

VII1.2.2.FT-IR Instrumentation

It was in the 1960s when Fourier transform (FT) instruments came to the scene.
The iconic part in it was the presence of interferometers. The output of the FT-IR
instrument is then called an interferogram. FT-IR instruments, though were intended to
extend the use of IR, had limited applications and were used only for advanced
research. This was mainly because of the expensive component electronics and the
need for supercomputers to record the generated data. However, after the
microelectronic revolution, the capabilities and availability of these instruments have
been greatly improved [68].

The FTIR spectrometer consists of an infrared source, a sample chamber with a
provision for holding the sample, a monochromator, a detector and a recorder, which
are integrated with a computer. Interferometric multiplex instruments make use of the
Fourier transform. At present, all commercially available infrared spectrophotometers

employ reflection gratings rather than prisms as dispersing elements [69].
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Figure 1.7. Schematic representation of the Fourier-Transform Infrared Spectroscopy
(FT-IR) principle [70].

In our project, we used the FTIR spectrophotometer 8400S type SHIMADZU that the
wavelength range is among 400 to 4000cm™.

Figure 1.8.IR spectroscopy dispositive.
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VI111.3. Single-crystal X-ray Diffraction
VI11.3.1 .Principe

X-ray diffraction by crystals is a privileged tool of determination of the three-
dimensional structure of molecules. Indeed, X-rays interact with the electronic cloud of
crystal atoms. The crystal being a medium periodic three-dimensional, these scattered

waves interfere and cause the phenomenon of diffraction [71-72].

The measurement of these diffracted intensities then gives access to the components
of Fourier of the electron density of the molecule. A structural determination therefore
consists to locate, after a certain number of calculation steps, the electron density maxima,
that we assimilate to atomic positions. The intensities are measured by single crystal

diffractometers [73] fitted with electronic detectors (proportional or scintillation counters).
VI111.3.2.Instruments

we used for crystallographic study and structural determination, using diffraction data
acquired with a four-circle Kappa CCD (Charge Coupled Device) two-dimensional

detector diffractometer from Bruker (Figure 1.9).
This Kappa geometry device is characterized by the following four elements:

v A source of X-rays

v" A graphite blade monochromator

v A goniometer allowing the rotation of the crystal around the three axes and the
positioning of the reticular planes in diffraction position in the horizontal plane
(detector plane).

v A two-dimensional CCD-type detector, whose high sensitivity makes it possible to
measure the diffraction of small crystals (5.10° mm?®) or with low power diffracting
[74].
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Figure 1.9. X-ray diffractometer with Kappa CCD geometry.
Conclusion

The pressing need to sequester environmental pollutants has called for development
of novel materials or methods. In particular, the growing accumulation of organic
pollutants in different water streams, which cause adverse ecological impacts, has caused a

global concern.

Porous solids having high surface areas, functioning as sorbents, have emerged as
frontrunners in this regard. MOF’s porous organic have improved over conventional
porous compounds owing to feasible accessibility to tuning pore size, shape and
functionalities. In particular, the emergence of water stable MOF’s has actuated research
toward practical applications, as there is greater understanding of the strategies that lead to
formation of stable compounds [75]; where we to focus on the comprehend of hybrid
porous materials; as we explained there deferent’s classes and with the understanding of
MOF’s and some its properties and passing through the IR-FT and XRD characterization

methods to get a full picture of their structure.
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Introduction

Amines are known in coordination chemistry for their flexibility of coordination; they
can coordinate with according to their functions. Because of their biochemical and
pharmaceutical properties; the amino-metal complexes and their derivatives are of definite
interest. For that the small amines of all types are very soluble in water. In fact, the ones
that would normally be found as gases at room temperature are normally sold as solutions
in water [1]. It is in this context that we synthesized, characterized the compose Fe,Cl,
(C204)3(CH14N2)2.2H,0 .

| .Departing products

During our work we have used commercial chemicals mentioned in the table 11.1

Table 11.1. Name and purity of the initialed materials.

product name Chemical Formula Molar mass
(g/mole)
Nitric acid HNO; 63.01
Hydrochloric acid HCL 36.46
Ethanol C,HsOH 46.07
Oxalic acid (COOH),,2H,0 126.02
Squaric acid C4H,04 114.06
Aluminum Nitrate Nona hydrate Al(NO3)3,9H,0 375.1338
Bismuth(l11) Nitrate penta Bi(NO3)3,5H,0 485.07
hydrate
Cerium(I11) Nitrate Hexahydrate Ce(NO3)3,6H,0 326.12
Iron Nitrate Nona hydrate Fe(NO3)3.9H,0 404.00
Nickel(Il)Nitrate Hexahydrate Ni(NO3)3,6H,0 290.7949
Barium(ll) Nitrate Ba(NOs3),,H,0 261.34
DABCO CsH12N2 112.17
Iron(111) Chloride Hexahydrate FeCl3,6H,0 270.29568
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Experimental part

We initially tried to have simple complexes (mononuclear) from the different metal salts (Cu, Ni, Mn, Fe, Zn , ...) and known amino acids

Table I1.2.

Table 11.2. The experiments carried out at the laboratory level.

Work conditions : ambient temperature and pH<3

Final Product Squaric acid Oxalic acid M(NO3) Amine CgHi,N,
cloudy white crystals - + Bi(NO3)3,5H,0 +
cloudy transparent crystals - + AI(NO3)3,9H,0 +
yellow biker crystals - + Fe(NO3)3.9H,0 +
- - + Ce(NO3)3,6H,0 +
Cloudy Green crystals - + Ni(NO;);,6H,0 +
- - + Ba(NO3),,H,0 +
Crystal + - AI(NO3)3,9H,0 +
Crystal + - Fe(NO3)39H,0 +
Transparent greenish crystals + - FeCl;,6H,0 +
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Figure 11.1. Experimental protocol followed for the synthesis.
Il .Elaboration

To obtain complexes with various architectures and behavior, the experiment
was carried out by soft chemistry in solution (25°C - 80°C). The preparation of
samples is at room temperature using Magnetic stirring .according to the molar ratio
(1:1:1) with a pH<3 for 2 hours. A new mononuclear complex has been formed
through extend of the molecular materials and metallic aggregates. Considering the
importance of the geometry of the magnetic centers and their environment, a
structural study by X-ray diffraction on single crystal has been systematically carried
out on the formed complexes. Due to the current circumstances (Covid-19), it was not
possible for us to conduct the analyzes, and we were satisfied with discussing the

results of the similar study [4].
I11. Synthesis

111.1.Synthesis of Fe,Cl; (C,0,)3(CsH14N,),.2H,0
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We quoted in this reaction, in which is used a squaric acid instead of oxalic acid
for the preparation of HPM starting from a solution containing 0.135 g of
FeCl3.6H,0, 0.028 g of Dabco, 0.057 g of squaric acid dissolved in 1.5 ml of ethanol.
The pH of the mixture is adjusted to 3 by adding a few drop of 69% nitric acid, gas
evolved, once the gas evacuation operation complete (about 2 to 3 minutes) the PFA
of 2 ml capacity, is placed in an oven brought to 80 ° C. The result is the formation of
three types of crystals: Dark green cubes of Fe (C40,).4H,0 [2] and transparent
yellow plates of {((Dabco_Hy)*")a[(Fe(111)Cly)o(1-C204)].2H,03}[3]: these are the
first phases that form, gradually, this forms a gel that sticky with the first two phases.
The morphological development of gel leads to transparent greenish prisms of the
new product Fe,Cls(C204)3(CeH 14N2)2.2H,0. The majorities of the faces of these
crystals grow with hindrance during the formation process, since they are thwarted by

the presence of other phases in their surroundings the neighboring crystallites [4].
I11.2.Characterization of Fe,Cl; (C,0,)3(Ce¢H14N>)».2H,0O

When observing the sample under the binocular, using polarized light, crystals of
Fe,Cly(C204)3(CsH14N2)2.2H,0, appear to be of very good quality, with well-
developed faces. They are sensitive to ambient air, once removed from the stock

solution, and resume their transparency if immersed in the stock solution or ethanol.
111.2.1. X-ray diffraction on the single crystal

This phase was characterized by X-ray diffraction on the single crystal. The
single crystal selected for the study is in the form of a transparent greenish-yellow
prism 580um long, 380 pum wide 350 pum? thick and 1.7550 g.cm™ density.

111.2.1.1.Data acquisition

The data of the X-ray diffraction by the single crystal of the complex
Fe,Cly(C204)3(CeH14N2)2.2H,O  were measured on a Device type 'APEXII,
diffractometer, Bruker-AXS ‘with a Molybdenum anticathode and radiation (A=
0.71073 A) by the CCD method rotating images, thin slices using a flat single-ended
CCD detector temperature equal to 150 K, and using the '‘Bruker APEX2 program for

the collection, refinement and data reduction.
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111.2.1.2.Resolution and refinement of the structure

After establishing the chemical composition by spectroscopic analysis at energy
dispersal, the structure has been resolved in the P21/c space group. The settings of the
mesh are recorded in tablell.3. The structural model was found by the direct method
using the SHELXT software. The crystallographic structure of Fe,Cl; (C204)s
(CsH14N2)2.2H,0 [4].obtained is shown in Figurell.2 with the ORTEP program.

Figure 11.2. Representation of the molecule with the ORTEP program.

The model was refined with full matrix least square methods based on F?
(SHELXL-2014) [5]. All non-hydrogen atoms have been refined except for the
hydrogen atoms bonded to nitrogen which were introduced into the model structural
analysis by the analysis of Fourier difference maps, the H atoms were finally included
in their calculated positions. A final refinement on F? with 3376 unique intensities and
202 parameters converge to the values of the rehabilitation factors: ®R (FZ) = 0.0804
(R (F) =0.0341) for 2958 reflections observed with I> 26 (I) and GoF (Goodness-of-
fit) = 1.176. Finally an absorption correction of the multi scan type was performed
with a coefficient p=1.409 and _T_min = 0.472, T_max = 0.611. Molecular graphs

were produced using drawing programs (Diamand [6], Mercury [7] and Ortep3).
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Table 11.3.Cristalographique data on the cell Fe;Cls (C204)3(CsH14N2)2.2H-0.

Crystallographic data

Empirical formula

C6CiaFe2012,2(Cs H14N2),2(H20)

Chemical formula

Cig H32 Cia Fea Ny Oy

Molecular weight

781.97 g.mol™

The cell F82C|4(C204 )3(C e H 14N> )22H20[4]

Crystal system Monoclinic
HM space group P21/c

Hall space group -P2ybc
Group number 14

a(A) 9.2690 (5)
b(A) 13.7360 (8)
c(R) 11.6667 (7)
a(®) 90.0000
B 92.567 (3)
(%) 90.0000
V(A% 1483.90(15)
z 2

M 1.409mm™
D 1.750 g.cm™
F(000) 800

Crystal size 0.580 x 0.380 x 0.350 mm
Crystal color Yellow
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Theta range for data collection
h_min,h_max

k_min,k_max

I_min,l_max

Reflections collected\unique
Reflections [I>20]
Completeness to theta_max
Absorption correction type

Max.and min.transmission

2.966 to 27.480°

-12.11

-17.17

-15.9

10777\3376[R(int)*= 0.0215]
2958

0.994

multi-scan

0.611,0.472
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I11.3. Description of the structure

The asymmetric unit of the complex is presented in figure 11.3, with a system of
atomic numbering. It consists of a trivalent iron cation, coordinated in two-anion
octahedral CI, and three oxygen from the oxalic anion, a molecule of water and a di-
protonated DABCO cations; Or one atom of iron, two of chlorine, nine of carbon,

seven oxygen, sixteen hydrogen.

Figure 11.3. The asymmetric unit of Fe,Cl, (C204)3 (CeH14N2)2.2H,0.

The compound consists of two iron atoms, three oxalate ligands (two are
cristallographically similar),a water molecule and cation of dabco .The elementary
cell of the Fe,Cly (C204)3 (CsH14N2)2.2H,0 [4] complex consists of entities isolated
from [Fe,Cls (C,04); 17 , diprotonated DABCO and H,O.it contains four units
asymmetric. Atoms of iron Feland Fe2 are found in co-ordination six linked to atoms
of oxygen and chlorine with an octahedral geometry(figurell.4,figurell.5).Function
carboxylate forms a chelation by the atoms O1 and O6 giving the ligand the mode of

bidentate chelate coordination.
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Figurell.4. The elementary cell Fe,Cl, (C204)3 (CsH14N2)2.2H,0 represented by

symmetry operations projected along the axis a.

[e0ee®

Figurell.5. The elementary cell Fe,Cl, (C,04)3 (CeH14N2)2.2H,0 [4] represented by

symmetry operations projected on the axis c.

Conclusion

During this chapter a hybrid compound based on iron and amine and squaric
acid has been synthesized in water (soft chemistry). This phase was characterized by

x-ray diffraction on a single crystal.

This compound has organic cations, anions (a complex of minerals and iron), and two

molecules of water. The structure has been resolved in the P21 / ¢ space group.

It crystallizes in the non-Centro symmetric space group Fdd2 of the orthorhombic
system. The structural determination allowed us to highlight the presence of cationic
layers that develop along the b axis and alternate.
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General Conclusion

The main objective of the studies carried out during this work was the structural study,
and the search for new properties (porous materials) for these new hybrid compounds
based on a metal and an organic matrix based on amine and acid squaric. The physic-
chemical analysis method used, namely the X-ray diffraction on a single crystal. The
preparation of these compounds was carried out by main method, synthesis by aqueous
method, the aim of this work was to prepare a hybrid porous materials containing inorganic
(Aluminum, iron, barium...) substances, and organic (DABCO) entities, and the oxalic
acid, by following the “soft chemistry” base in order to characterize them physically and
chemically.



Abstract: The hybrid porous materials can be used for the waste water treatment for the
presence of their pores .in this study ,we focused on the preparation of porous organic
inorganic material following the soft chemistry base .the preparation of HPM involve and
consist of combination of organic part (amine , oxalic acid ,acid squaric )and inorganic
part(metal) predissolved in distilled water; where in microscopic level the crystals obtained

are selected for single X-ray diffraction analyzing .

Keywords: Hybrid materials, organic-inorganic porous materials, colorants, water
pollution, MOF.

Résumé: Les matériaux poreux hybrides peuvent étre utilisés pour le traitement des eaux
usées pour la présence de leurs pores. Dans cette étude, nous nous sommes concentrés sur
la préparation de matériau inorganique organique poreux suivant la base de la chimie
douce. La préparation de HPM implique et consiste en une combinaison d'une partie
organique (amine, acide oxalique, acide squarique) et d'une partie inorganique (métal)
préalablement dissoute dans I'eau distillée; ou au niveau microscopique les cristaux
obtenus sont sélectionnés pour une analyse par diffraction des rayons X.
Mots clés : Matériaux hybrides, matériaux poreux organiques-inorganiques, colorants,

pollution de I'eau, MOF.
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