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Designation

bisphenol  A-glycidyl methacrylate or 2,2-bis[4(2-hydroxy-3-
methacryloxy-propyloxy)- phenyl] propane

benzophenone

benzoyl peroxide

camphorquinone

Ethylene Glycol DiMethAcrylate

DiEthylene Glycol diMethAcrylate

Fourier Transform Infrared

hydroxyapatite C'a10(PO4)s(OH )s

highest occupied molecular orbital

light-emitting diode

lowest unoccupied molecular orbital

Methyl MethAcrylate

monomer concentration

natural hydroxyapatite

the HAp obtained by precipitation from brown eggshells in (25°C)

the HAp obtained by precipitation from brown eggshells after heat treat-
ment in 900°C

the HAp obtained by precipitation from white eggshells in (25°C)

the HAp obtained by precipitation from white eggshells after heat treat-
ment in 900°C

1-phenyl-1,2 propanodione

phenanthrenequinone

the HAp obtained by hydrothermal method in (25°C)

the HAp obtained by hydrothermal method in teflon autoclave for Sh
(150°C)

TriEthylene Glycol DiMethAcrylate
TriMethylPropaneTriMethAcrylate 2,2-bis (prop-2-enoyloxymethyl)
butyl prop-2-enoate

trimethylbenzoyl-diphenylphosphine oxide

urethane dimethacrylate

photo-initiator concentration

il



Ao

Ay

the initial absorbance of the methacrylate groups before photopolymer-
ization

the absorbance at time t of the methacrylate groups after photo-
polymerization.

the degree of conversion of methacrylic double bonds

incident radiation intensity

propagation rate constant

termination rate constant

initiation quantum yield

molar extinction coefficient

calcium oxide

Calcium hydroxide

phosphoric acid

Calcium chloride

Ammonium hydroxide

Ammonium chloride
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GENERAL INTRODUCTION

The technological developments of composite materials are mainly influenced by the tendency
to create materials indispensable to our daily, ecological, and environmentally friendly lives. These
tend to include, in particular, the synthesis of new polymeric materials and the use of light in indus-
trial processes[1]. Dental composites replaced mineral amalgams, which contained mercury. This
material, when affected by body temperature, evaporates and goes directly to the brain, causing
cancer [2].

A dental composite is an aesthetic, heterogeneous material composed of an organic matrix, a
mineral or organic reinforcement in the presence of coupling agents, and various additives (initia-
tors, accelerators, etc.). In this thesis, hydroxyapatite has been prepared by 2 methods (precipita-
tion and hydrothermal method), and it is found in nature in bovine bone and fish scales. HAp with
the natural femur bone, has been used to compare synthesis.

In this thesis, we will prepare a dental composite according to HAp, which has been prepared,
and will study its physical properties by resuming DC and finding a better ratio for these compos-
ites.

This thesis has five chapters:

The first chapter talks about dental resin; it studies the structure of teeth, the different stages of
dental caries, and the history of dental restorative materials, then it studies the resin composite and
its composition, its classifications, and properties.

The second chapter talks about HAp, where it explains the structure and chemical formula of
HAp, the different preparation methods: precipitation, sol-gel ... It also studies the effects of dif-
ferent manufacturing methods on the properties of hydroxyapatite and finally takes its application.

The third chapter talks about photopolymerization. It requires the general introduction of poly-
merization and its reaction. After that, it talks about photo-polymerization specifically, its different
reactions, and the factors influencing the efficiency of polymerization. In order for the polymer-
ization process to occur, it must have a light source that has an effect on the polymers. Then it will
be able to calculate the degree of conversion.

The fourth chapter studies the synthesis and characterization of HAp which has been prepared
from a natural source namely chicken eggshells. It is prepared from chemicals, and is taken from
nature. The resulting samples were subjected to IR and XDR analyses to identify the results.
The fifth chapter talks about photo-polymerization of composite resin, which takes the resulting
samples from chapter four and mixes them with the matrix to make dental resin and calculates the

degree of conversion.

Bibliography

[1] I. A. Mjor, J. E. Moorhead, and J. E. Dahl, Reasons for replacement of restorations in
permanent teeth in general dental practice. International dental journal, 50(6), 361-366, 2000.
[2] S. Bayou. Etude physico-chimique de formulations dentaires chargées. PhD thesis, Univer-

sity of Houari Boumediene Alger, 2013.
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CHAPTER 1. DENTAL RESIN

I.1 Introduction

In this chapter, we will see the composition of tooth , the types of dental caries and it effect
on tooth. then we will introduce dental restorative material (amalgam, silicate cement and dental

composite). In this chapter, the focus will be on resin composite, it composition and properties.

I.2 Structure of tooth

A tooth is generally divided into two parts: dental crown (which is the upper visible part of the

tooth) and the root (the lower part of it) (Figure 1.1 [1]). The tooth is generally consist of:

Enamel

Dentine

Dental
pulp

Cementum

Root < |
| [/ Root
| apex

Figure 1.1: Tooth structure.

Enamel: which covers dental crowns, is the thinnest tissue. Enamel is essentially made up of
realized hydroxyapatite (Ca10(PO4)s(OH )2) crystals in the body (90 %), and to a lesser extent

carbon, fluorine and minimal amounts (less than 17) of other ions such as potassium, nitrate etc.

Dentin: is the calcified tissue that occupies, quantitatively, the largest volume of the tooth. The
dentin is covered at the coronal level by the enamel which protects it from the external environment

and at the root level by the cementum where the fibers of the periodontium are anchored. [20]

The pulp: occupies the central area of the tooth. It is a connective tissue whose cellular, vascular
(blood vessels) and nervous (nerves) structural elements ensure the vitality of the tooth. The pulp is
surrounded, coronally and radicularly, by mineralized dentin. The nerves and blood vessels of the
pulp communicate with the rest of the vascular and nervous system through the openings located
at the ends of the roots[20].

Cementum: is composed of small crystals of hydroxyapatite, fluorine and magnesium and cov-
ers the root surface of the teeth. It participates in the attachment mechanism of the tooth in the
alveolar bone (bone surrounding the tooth and lining the dental socket). The fibers of the peri-

odontal ligament are inserted on the outer surface of the cementum[20].

2



CHAPTER I. DENTAL RESIN

I.3 Dental caries

Tooth decay is a very common disease that is caused by the accumulation of bacteria, where
the enamel is affected (the first stage of decay), then the dentin is perforated (the second stage; the
teeth become sensitive to cold and heat) and the last stage is the arrival of bacteria to the pulp of the

teeth (inflames) Figurel.2[2], which causes pain sharp to connect the core to the neural network.
If left untreated, tooth decay can cause Gargarene[4].

{0..;‘
o\

jo-
&

vy

{

- | c%g® B o m
. o .

a ATy Vs g
3. Dentine Dacay LR A

Figure 1.2: Stages of tooth decay

I.4 Dental restorative material

In spite of the success in the prevention of dental caries, teeth in need of restoration still occur.
In the case of dental treatment, diseased tissue is removed and teeth restored with appropriate
material(s) [15].

At the beginning of the 19th century, the first biological material for dental restoration appeared
amalgam (an alloy consisting of tin, silver, copper and mercury). But it was later discovered that it

is harmful to human health Figure 1.3[4]. After another bio-material appeared: the silicate cement

Figure 1.3: An example for amalgam restoration

or groove sealing which is a mixture of acids, the latter also created a problem in the dental gum
because of its high acidity figure 1.4[4].
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Figure 1.4: An example for silicate cement restoration.

All these defects have led researchers to develop new materials less toxic and resistant to ag-

gressive stress in the oral environment, that they are the dental composites figure L5[4, 15].

Figure 1.5: An example for dental composites restoration

I.5 Resin composites

In these days amalgam is increasingly being replaced by aesthetic restorative materials, whose
color mimics that of natural tooth. Composite resins that can be cured using visible light are the
most widely used for direct aesthetic restoration. The main composition of composite is an organic
resin matrix, which provides sufficient fluidity for easy application of the composite , and allows
polymerization for rapid setting of the composite resin, the inorganic filler, which gives rigidity,

hardness and strength to the filling. Also, there is coupling agent [9, 24](Figure L6[7]).

Reinforcing silica-based

FILLER E’ARTICLE

b ’;.‘"C

COUPLING RESIN MATRIX
AGENT

ENAMEL

ot

Figure 1.6: Schematic of dental composite and location of components.
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1.6 Composition of dental resins

Resin matrix (organic phase)

The organic phase is 25 to 50/from the volume of resin composites. The organic matrix is
typically based on dimethacrylate resins, while fillers vary depending on size, shape,and mor-
phology, each offering different properties depending on the properties that the dental resin must
provide[ | 9.1t is divided to three elements: monomers,diluents (viscosity controllers), initiators,

accelerators and inhibitors.

Monomers or oligomers

It is the chemically active component of the composite. This is a fluid monomer that is con-
verted into a rigid polymer by a reaction of polymerization [6]. These are all «R - di methacry-
late» monomers, thus making all composite resins compatible with each other and with adhe-
sives [17]. The most commonly used monomeric matrices in composite resin distribution to-
day are 2,2-bis[4(2-hydroxy-3-methacryloxy-propyloxy)- phenyl] propane (Bis-GMA) and ure-
thane dimethacrylate (UDMA), Both monomers have reactive carbon double bond at each end of

monomer chain which will increase during polymerization [ |&].

Bis-GMA (bisphenol A-glycidyl methacrylate) Bis-GMA (molecular weight of 512.6 g.mol 1)
is a highly viscous ( 1200 Pa s) monomer because of its bulky chemical structure, hydroxyl moi-
eties that can participate in hydrogen bonding, and the aromatic groups that can participate in

m = 7 bonding[ | 0]. Bis-GMA can be prepared according to the reaction in figure L.7[22].

o] 0
= \O ~-.\‘ ., | ‘ o \O— \.\%;
" + A S + o
0 HO™ ~~" T 0H o
glycidyl methacrylate bisphenol A glycidyl methacrylate
Y
O — ‘| S O
R e s W 0 . 07 ¥
OH Bis-GMA OH

Figure 1.7: Synthesis of bisphenol A glycidyl dimethacrylate Bis-GMA

Urethane dimethacrylate (UDMA) Dimethacrylate urethane is another type of high molecu-
lar weight and more flexible monomer used in the matrix of dental composites. This compound
contains urethane groups characterized by the presence of NH groups which can form hydrogen

bonds (figure 1.8). Other studies have been conducted to develop other types of oligomers. They
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Figure 1.8: Chemical Structure of UDMA

find many derivatives of methacrylates: connected monomers having new geometries and hyper-

connected monomers or dendrimers (Figuresl.9 and I.10 )[4]. This type of high viscosity material
r«mo\j
P OMA
O—Q Q /_/
/_/0—<0_/ 8 'd:
MAO o ;\
MA: OMA
o

Figure 1.9: Branched monomer

=< ’%
o mlﬁ) c
. %‘L‘(’,ﬁ/;
0 H
o4
\H/§O¥ 4\—-(? (v/g/
i ]
H . \
0 0, H
u%( T‘%A
o ,0) ¢ — o 00
1%@) "
OH

o
(8]
o

u:&:

Figure 1.10: Hyper-branched monomer

OH o

needs compounds that make it less viscous and easier to deal with, because of that it needs to dilu-

ents or viscosity controllers.

diluents (viscosity controllers)

The high molecular weight of the monomers Bis GMA and diurethane dimethyacrylate make
them particularly viscous. To increase the mechanical properties it is necessary to add loads and

for this to associate less viscous monomers. These are viscosity controllers or thinners.
* MMA: Methyl MethAcrylate,
* EGDMA: Ethylene Glycol DiMethAcrylate,
* DEGMA: DiEthylene Glycol diMethAcrylate,

* TEGDMA: TriEthylene Glycol DiMethAcrylate.

6
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The manufacturer, depending on the viscosity of the expected material, will vary the content by

diluting, and change its physical properties. The diluent increases the setting retraction [9]

9] 0
ol \()LO/\/O\/\O

Methyl MethAcrylate DiEthylene Glycol diMethAcrylate

Jﬁ‘/o\/\o%‘/

Ethylene Glycol DiMethAcrylate

\()ko/\/”\/\\o/\/o\“/J\

TriEthylene Glycol DiMethAcrylate

Figure I.11: Different types of viscosity controller monomer

Initiators

Monomer and diluent can only interact in the presence of catalyzed molecules. These molecules
are influenced by light to edit a radicals to stimulate the reaction. It is called photo-initiators which
exist in a ratio of 1 to 2 /of total size. There are two types of photo-initiators which combined two
ways of polymerization: 1.type is chemo-polymerization: trimethylbenzoyl-diphenylphosphine
oxide (TPO), benzoyl peroxide (BPO) and 2.type is photo-polymerization: camphorquinone (CQ),
phenanthrenequinone (PQ), benzophenone (BP) and 1-phenyl-1,2-propanodione (PPD) [13] . The
photo-initiation system consists of photo-initiator and an electron donor or tertiary amine [16].
This system is stable in the presence of the oligomer at room temperature, as long as the composite

is not exposed to light [12].

P . :

B
A

Figure I.12: Structure of photo-initiators
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An example of the decomposition of benzoyl peroxide (BPO) is shown in Figure 1.13[17]

BN ;f:' initiator({peroxyd)+activator(amine)

He—{

7 initiation phase

— o y \
A\, /A i P W T S T

e Y+ (L) i LR R
= Tem = 3 o = R*+ M —» R-M*

cancs aomn tacdal bve

R-M*+M—» R-M-M*
propagation phase

Figure I.13: Mechanism of decomposition of benzoyl peroxide in the presence of a tertiary amine

Inhibitors:

To avoid an untimely polymerization, it is necessary to take inhibitors. These inhibitors have
a high affinity for free radicals. The purpose of inhibitors is to react with the free radicals that
can form during their handling or their storage thus avoiding spontaneous polymerization. The
hydroquinone monomethyl ether or BHT 2, 4, 6-tritertiary-butyl phenol are the major phenol-
based inhibitors [14].

Filler particles (inorganic phase)

The inorganic phase consists of the charges that reinforce the material. These loads are linked
to the matrix by means of a silane and allow in particular to increase the mechanical properties
(tensile strength, bending, compression) of the composites. They also reduce the stresses due to
shrinkage of polymerization, compensate for the too high coefficient of thermal expansion of the
matrix phase and give the material its radio-opacity [17].

The most commonly used fillers can be [8]:

Minerals: these are alumina silicates, quartz, ceramics, borosilicate glasses and barium fluo-
ride. Some heavy metal glasses can also be incorporated in order to obtain radiopacity, such as
strontium, zirconium and barium.

Metals: tin, titanium and niobium are the most commonly used.

Organic: some composites can be fillers made up of already polymerized base resin. Others

have their fillers already coated with base resin.

Coupling agents

Coupling agents are bi-functional molecules used to bind fillers to the resin [8] (Figure 1.14).

There are currently a wide variety of coupling agents available on the market. (Figure L.15[8]).
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the organic phase

Figure I.14: Diagram interface matrix — load
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3-(3-methoxy-4-methacryloyloxyphenyl)

3-methacryloxypropyltrimethoxysilane
i e . Propyltrimethoxysilane p-MPS

MPTMS (or 3-MPS) n =3

3-methacryloxidecyltrimethoxysilane

Figure I.15: Examples of light-curing methacrylate silanes.

Polymerization process of composite resin

There are 2 types of polymerizations:

Chemically activated composite resin (chemical polymerization)

Chemically activated composite resin consists of two tubes contain different paste each. Poly-
merization occurs when both pastes are mixed. The chemically activated composite resin reaction
was shown in Figure 1.16[18] . The tubes contain benzoyl peroxide initiator and aromatic tertiary
amine activator (N, N-dimethyl-p-toluidine). When both pastes are mixed, benzoyl peroxide ini-

tiator and aromatic tertiary amine activator will produce a free radical and the polymerization starts

[15].

Base paste Catalyst paste .
(Monomer +accelator) i (Monomer-+initiator) W) | Cross link Polymer

Figure 1.16: Chemically activated composite resin (chemical polymerization)

Light activated composite resin (photopolymerization)

It is possible to cause a polymerization reaction by exposure to electromagnetic heaters such
as UV light or visible light. There are the photons that serve as activators by acting on the "cam-
phoroquinone" photo-initiators (absorption peak 466.5 nm) to make the composite[ | | ]. The figure

1.17[18] shows how the reaction is.
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ﬂ Resin Composite F\ Vil g
waveleng
468 —470 nm
Resin Matrix Coupling Agent Filler %

Cross link
Polymer
\ J

Figure 1.17: Light activated composite resin (photopolymerization)

I.7 Classification of dental composites

Dental composites can be classified to macrofilled, microfilled, hybrid and nanofilled (Figure
L18[5])

L T e, O
] s @ 0 [ ]
‘ < 4 9%
< % Slae o,
S e o
‘ : : ‘ e %,
o o @ e g
‘ il e e @
Macrofill Microfill Hybrid Nanofilled
resin- resin- resin- resin-
composite composite composite composite

Figure 1.18: Classification of dental composites on the basis of particle size and structure.

Macrofilled

Macrofilled composite resin or traditional composite resin has filler particles with 10 —100um.
It contains quartz filler, strontium or borium glass. The filler of macrofilled composite resin has
relatively large size and hard, thus difficult to polish and may cause antagonist tooth to be eroded

during contact [ 8].
Microfilled
Micro-fillers are particles smaller than 1 micron. It has a greater surface area in relationship to
its volume than a large particle [23].
Hybrid

Hybrid composite resins contain a heterogeneous aggregate of filler particles. They are usu-
ally filled 70to 80/by weight with 0.04umandlpumtobum filler particles. The average particle
size of hybrid composites is usually > 1pm. This mixture of fillers accounts for their excellent
physical properties with high polishability when compared to the earlier macro-filled composites.

Regrettably, one problem with hybrid composite resins is their inability to maintain their gloss[21].

10
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Nanofilled

Nanofilled composites were recently introduced and they consist of nanomers (5 nm to 75 nm
particles) and “nanocluster” agglomerates as the fillers. Nanoclusters are agglomerates (0.6 um to
1.4 pm) of primary zirconia/silica nanoparticles (5 nm to 20 nm in size) fused together at points of

contact, and the resulting porous structure is infiltrated with silane [21].

1.8 Properties of resin composite

Polymerization shrinkage

The polymerization shrinkage of methacrylate-based composites is among the most important
causes of failure of composite restorations. The manufacturers claim that bulk-fill composites
have a lower polymerization shrinkage than conventional composites. This study aimed to as-
sess the polymerization shrinkage of five bulk-fill composites in comparison with a conventional

composite[3].

Water absorption

The properties of composite resin fillings are affected by water absorption. Water behaves
as a plasticizer and stress corrosion agent, weakening the particle matrix interface. Deterioration
of the physical and mechanical properties can occur as a result of water ingress into dental resin
composites in the oral cavity. This is primarily a result of the hydrolytic breakdown of the bond

between silane and filler particles, the matrix/filler interface or the fillers [5].

1.9 Conclusion

Light-curing dental composites are widely used today; amalgams mercury-based cement and
silicate cement posing a lot of problems. Multiple improvements have been made to these materials
in recent years. Nevertheless, some problems remain: the volume contraction of the material
during the polymerization remains too high, the mechanical resistance for the cervical teeth is still
too weak, and the aesthetic aspect could be improved. The addition of nanofillers is a promising
way to improve these problems. The influence of these nanofillers on the photopolymerization
reaction and their compatibilization with the organic matrix are still little studied. The synthesis of

new monomers is a promising way to reduce the rate of this contraction.

11
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CHAPTER 1I. HYDROXYAPATITE

II.1 Introduction

The name "apatite" was given a century ago to a group of minerals that are often confused with
other minerals such as amethyste and olioine. etc. HAp is considered as the most important one in
many fields, especially biology.

In 1771 , Scheel noticed that bones contain calcium phosphate, and in the 19th century X-ray
diffraction studies showed that the component abundantly present in mineral tissues is HAp[4].

Studies began decades ago for the synthesis and analysis of HAp, where calcium phosphate
has been widely used in the field of orthopedics and dentistry due to its ability to bind to living

tissues [16].

I1.2 Structure and chemical formula

HAp is a phosphatic compound with the chemical formula C'ayo(OH )2(POy)g[! 1]. It belongs
to the apatite family with the general formula Me;o(XO4)(Y)2[9] where

» Me: Divalent Cation (Sn?", Ba®**,Ca?"...)
 XO,: trivalent anion (OV~, OsA3~, 0P}~ ....)

* Y: monovalent anion (HO~,Cl~, F~, Br—....)[1]

I1.2.1 Crystal formula

Most of apatite crystallizes in the hexagonal system (P63/m) [10]. So that the values of
lattice coefficients a, b, ¢ depend on the nature of ions Me, XO, and Y [17], where a =b=
9,418Ac=6.884A, a = 3 = 90y = 120° [12]

The figure I1.1[14] shows the crystal formula for Ca(2)HAp:

n © atoms occupy adjacent
caxis faces of the PO, _.0

Columnar Ca tetrahecrons (E-type) Q

]
Screw axis Ca 0&3 'l/os.j % ..
b % % %
2 s’do 1 s'vﬁo- cat
? .4'. R “;\\‘a‘ﬁ' o
""?\. A w" 9.-, 15 i ° 33

?$° &3\1 Q 3 < C atoms in the

—
hexaganal channel a; 9

1 %"30 :‘”5"1*0 (Atype) it

a axis 9
® -~ ® - *a C,OH

caoes

Figure II.1: (a) Atomic formula of HAp. (b) Representation along the (c) axis.

Figure I1.1 shown that there are two tunnels, the first containing 4 Ca(1) ions placed at C' = 0
and 1/2, the Ca(l) cations surrounded by 09 atoms of oxygen forming a tunnel with a diameter
approximately equal to 2.5A°, while the second tunnel has a diameter It ranges between (3 -5.4A)

, contains 06 other Ca(2) cations present in C' = 1/4 C' = 3/4 where they form two equilateral
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triangles alternately around the helical axis. OH ions are located along this axis, coordinate ions

Ca(2) equal to 7 [12]. To be more clear, the distribution of the atoms in the crystal is as follows:

Position of the ten calcium atoms:

Four atoms occupy the Ca(I) position, two of which are at position z=0 and the others at z=0.5.
They thus form the columns parallel to c, respectively at x=1/3, y=2/3 and x=2/3, y=1/3.

The other six atoms occupy the Ca(Il) position with three of them forming a triangle at z=1/4
and the others at z=3/4.

Positions of the hydroxides:

They are arranged in a column on the axis parallel to ¢ at x=0, y=0 and z=1/4 and z=3/4.

Positions of phosphate ions:

They are found on a tetrahedron from level z=1/4 to level z=3/4. 1t is this pattern that gives
apatite its stability.

The high chemical reactivity of apatites stems from the presence of colinear channels with the
c axis. Indeed, it is possible to consider the partial or total replacement of the anion located in the
tunnel by other anions such as chlorine, fluorine, etc. in order to obtain, for example, chloro- or

fluoroapatites[3].

II.3 Preparation methods

Calcium phosphate attracts great interest due to its chemical structure close to the inorganic
phase of the calcified tissue, and it forms a family of chemical compounds with different structures
and forms such as HAp and is usually described by the Ca/P ratio of about 1.67 as in biological
HAp.

Several techniques have been developed to synthesize HAp. These techniques are: [19]

I1.3.1 Precipitation

The most widely studied and common method, also called chemical precipitation or wet pre-
cipitation, yields a large amount of HAp in the absence of organic solvents(the schema in Figure

I1.2[21] ). This method depends on two types of reactions:
1. neutralization reaction (acid + base)

2. Reaction between two salts of HAp manufactured by chemical precipitation. pH, tempera-
ture, initial concentration of the reactants, speed of acid addition and shaking speed are the

factors that control the degree of purity and crystallization of the resulting HAp [6].

16
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Phosphoric ~ Calcium nHA )
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H J - added to wash
= e nHA suspension
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‘ stirrer plate|
Sintered l
for 2 h
1000°C
] ¢ Suspension
— @ — H dried in oven
Dried residue o
is ground -80°C

Figure I1.2: Synthesis of precipitation.

I1.3.2 Sol - gel method

This method depends on the polymerization of n(RO)M organic matter and then hydrolysis,
monitoring the alkoxide in the solution, the condensation of the monomer to an oxo bridge and
then the organic oxide. The gradual polymerization forms oligomers and then polymers, i.e., the
viscosity increases(the schema in Figure I1.3[20] ).

These polymeric solvents play a role in gels that allow the material to be easily formed [7]

. cainoy; -

« Ca-acetate » (NH,]
0{- o @ or (B { i

Ca P reagent
reagent
Aging at — Increase in Calcination at P50
low temp. . lemp . , elevated temp. "0 LT,
—_— & :'- e J‘Jj;b:‘u
P PSP

Solvent { *HOIEIOH, Gelation

HAp product

SoL GEL

Figure I1.3: The manufacture of hydroxyapatite by the sol-gel method.

I1.3.3 Hydrothermal manufacturing

It is based on a technique consistiong of hydrothermal synthesis by heating a mixture of several
reactions at a temperature of more than 100 °C and high pressure (at a temperature of <I) to
increase the temperature in the evaporation of water(the schema in Figure IL.4[13] ).

A recent study by Maseru Yosimra where the latter synthesized HAp.[15]

100@003 + 6H3PO4 — Calo(PO4)6(OH)2 + 8H20 + 10002
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\ A% i
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Figure 11.4: Hydroxyapatite synthesis using hydrothermal method

I11.3.4 Dry method

Hydroxyapatite is obtained in this way by heating a mixture of trimetallic phosphate M3(PO,)-
with metal hydroxide M (OH ), at relatively high temperatures (1200 - 900) degrees Celsius and
the following reaction illustrates this [18]:

6.M3<PO4)2 + 2M(0H)2 — 2M10(PO4)6(OH)2

The schema in Figure I1.5[20]

00

o
Ca PO, 2e
reagent reagent o ;
2|E
Blx - ]
l SN
or 2 ; Washing (%L' “ﬂ’!’
e . o
: Grinding Box furnace HAp product
(D
Previously
prepared CaP

Figure I1.5: Manufacture of hydroxyapatite by dry method

I1.3.5 The liquid phase method

This technique relies on two processes: mixed decomposition and sedimentation. The first
process is by adding the cation salt Me into a solution of the anion salt X Oy, then the precipitate
is washed and dried. The disadvantages of this method are that it requires a lot of materials and is
rather slow.

While the second process depends on the neutralization of milk lime by adding phosphoric

acid, this reaction allows obtaining large amounts of HAp and faster than the first [7].

I1.3.6 Manufacturing from industrial resources

HAp produced partially or entirely from biological sources is better accepted by living organs
due to the physic-chemical similarity to human bone apatite, and biological sources are divided

into groups such as extract from the shells of basil and biological waste.....
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The most famous way to prepare HAp is the extraction of biological waste, specifically from
cow bones, scales, fish bones ...Due to the interface and economical yield resulting from the recov-
ery of this waste, this extraction requires heat treatment in order to eliminate all traces of organic
matter from simple calcification [6].

The figure I1.6[2] shows that.
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C Site (Ca) CaPOH

Hexagonal structure

Figure I1.6: Manufacture of hydroxyapatite from biological sources

I1.3.7 Microwave method

It is a technique mainly used as the source of the article (calcium nitrate and ammonium phos-
phate) and when compared with the autoclave method, the manufacturing time and temperature of

this garden house will spread in the house. [3]

I1.4 Effect of different manufacturing methods on the proper-

ties of hydroxyapatite

The Table I1.1 [10] shows many different sizes, shapes, and stoichiometric ratios that can be

obtained for HAp and thus the multiplicity of factors that are likely to modify its main interaction.
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Table II.1: Comparison of hydroxyapatite obtained by different methods.

Manuficatuting method | Ca/P | Morphology Microscope image
Electron
Hydrothermal 1.67 | Obtaining  par-
Ca(NOs3)2.H50, ticles having
HPO,(NHy)a, 100-600 nm
200°C, 24h elongated  rods
and 10-60 nm
diameter
Hydrothermal 1.67 | Hydroxyapatite
Ca(OH)s,, appears as nee-
Ca(HPOy)s.H>0, dles 130-170
109°C,1 — 3h nm long, 15-25
nm wide, SBEt:
31 —43m?/g
Hydrothermal / preferential
Ca(HPOy), growth along the
Ca(CO3),140°C, C-axis to yield
2h hexagonal rods,
200 nanometers
wide and a few
microns long
Hydrothermal / Elongated parti-
Ca(OH)a,, cles 600 nm long
Ca(HPO,)s.H50, and 40 nm wide
120°C, 24h, pH = 9
Hydrothermal / Elongated
Ca(OH)a,, nanoparticles are N 2
Ca(NOs3)s, NasHPO, 25-20 nanome- A
180°C, 24h, PVP ters in diameter, | " “a

(polyvinylpyrrolidone)

a few hundred
nanometers, and
a few microme-

ters long.

20




CHAPTER II. HYDROXYAPATITE

Hydrothermal 1.63 | Elongated parti-
Ca(NOj3)2, NaH POy, cles of medium
200°C, 1h,pH = 11 size 6-18 um
Sol-gel ~ Ca(NOs)s, | 1.67 | Spherical parti-
H3(HPO,), 50°C, 24h cles have a diam-
heat treatment eter of 100um
Sol-gel 1.67 | Hexagonal
Ca(NOs3)s.H50, nanoparticles
KHy(HPO,), are stick-shaped,
pH =9, RT,48h elongated 70-60
nm and 400-500
nm in diameter.
Sol-gel 1.64 | Spherical  par-
Ca(NO3)2.H20, ticles with a
KHy(HPO,), diameter of 20-40
pH =9,37°C, 3min nm
Sol-gel 1.67 | Nanoparticles
(CHj3)s3P, from 90-150 nm

C(I(NOg)Q.HQO,
6days, RT, 16h,60°C

It forms a lumpy

porous structure
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Dry 1.67 | Agglomerated
TCP, Ca(NOs3)2.H50, particles  18-20
2h,1150°Cor micrometers  in
8h, 1000°C diameter
Microwave method 1.67 | Clumps have
Ca(NO3)9.4H50, a different size
NayHPO,, EDTA between 50
19min, 600W nanometers and
4 micrometers
Finally, crystals
of 10-25 nm of
mixed morphol-
ogy are formed:
Rods have a
length of 15 nm
and a diameter
of 5 nm and an
ellipse 16nm x
27nm
Microwave method / We get fields of
Ca(NO3)2.4H50, 20-50 nm while
(NH,)sHPO,, EDT A with EDTA We
45man, 8O0W get rods 50-100
nm
Precipitation 1.607 | Elongated parti-
Ca(NOs3)2.4H50, cles 200-300 nm
(NH,):HPO,,EDT A long and 20 nm
(NH,),CO, wide
80°C, 12h,pH = 8
Precipitation 1.67 | Nodular particles

CG(NO3)2.4H20,
(NHy)yHPO,, EDT A
80°C, 24h, pH = 10.5

with a relative di-
ameter of 100-
200 nm
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II.S Hydroxyapatite Applications:

In the industrial field: Hydroxyapatite is used as a stationary phase in high-performance lig-
uid chromatography to separate nucleic acids, proteins, and vitamins (vitamin D3). Hydroxyapatite
is used as a catalyst in the polymer industry to remove water and hydrogen from primary alcohols
[12].

In the environmental field: Because of its iodine exchange capacity, hydroxyapatite has been
used as a disinfectant for toxic elements (heavy metals) in polluted water [5] .

In the field of biomedicine: Because of its great similarity with biological apatite, hydrox-
yapatite is used in the form of granules or ceramic pieces to fill bone spaces. In otolaryngology,
hydroxyapatite is used to achieve a bone-reconstructive prosthesis to replace the three bones of the
ear (the malleus, the incus and the stirrup). [5].

The main advantage of HAp is the establishment of strong chemical bonds with bone due to its

very close formation to calcified tissue [12].

II.6 Conclusion

It can be concluded that haydroxyapatite is synthesized in several different methods, such as:
precipitation, hayd-rothermal, sol-gel, microwave, dry method, liquid phase method, and from
industrial resources. Researchers in this field are involved in solving various challenges and diffi-
culties related to the synthesis of HAp. However, research is continuing to discover other methods

of synthesis of haydroxyapatite that are more economical.
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CHAPTER 1II. PHOTO-POLYMERIZATION

II1.1 Introduction

There are two forms to provide the activation energy required to induce chemical reactions,
either in the form of light or in the form of radiation, where thermal chemical reactions have been
used for a long time, and photochemical reactions have been used during the last half of the twen-
tieth century[ | ]. Photo-polymerization is based on the use of light instead of heat, which is one of
the most important scientific fields that allows us to provide many challenges and tremendous op-
portunities for researchers, scientists, and engineers in many disciplines and scientific applications,
In the past few decades, many difficulties have been overcome in the field of photo-polymerization,

and the worldwide market for UV-curable systems treatment of one billion dollars in 1995.

It is working on the production of new materials by converting monomers into polymers, and
photo-polymerization is one of the best methods of expanding and fasting in the production of

materials with an annual growth of more than 15 7in the next several years.

[5]

Photo-polymerization is also credited with improving several complex industries in different
fields, especially in the fields of electronics, optical engineering, and medical fields. It has his-
torically been credited with photography and printing materials and its application to electronic
and mechanical devices, and it is the main reason for the development of lithography. Where
optical images are formed by photo-polymerization, [7] and enter into the manufacture of dental

bio-materials[ 1] .

III.2 Polymerization

II1.2.1 Definition

Polymerization is a chemical reaction in which a large number of small molecules called
monomers are linked together to form a large molecule with a high molecular weight called poly-
mer [ 2]. Polymerization is carried out in several ways, but most of them are based on two princi-

ples: addition polymerization and condensation polymerization .

II1.2.2 Polymerization in addition

It is a chemical chain reaction in which monomers are added together to form long chains called
polymers without forming any secondary molecules. And they are in three types: the ring—opening

reaction, radical polymerization, ionic polymerization .
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II1.2.2.1 The ring-opening reaction

It is a polymerization reaction in which the cyclic monomers are opened to form a linear poly-
mer. Ethylene imine and epoxy resin reactions are the two most important reactions in dentistry
for this type of polymerization.

II1.2.2.2 Radical polymerization

This reaction includes radicals and consists of the cleavage of a carbon-carbon bond of one of
the monomers by an activator. We often find this reaction in dentistry and it is divided into three

steps:
* Initiation.
* Diffusion.

¢ Termination.

I11.2.2.3 Ionic polymerization

This reaction can be initiated by a cation or an anion. It consists of three phases: initiation,
diffusion and termination (the termination phase is what distinguishes this reaction from other

polymerization reactions). [3]

II1.2.3 Condensation polymerization

It is a polymerization reaction that takes place through steps and upon reaction a by-product is
released, which is often water. [12]

III.3 Photo-polymerization

I11.3.1 Definition

A photo-polymerization reaction is by description a chain reaction whose initiation step is
photo-chemical in nature. The principle of the reaction of photo-polymerization consists of active
species to initiate the polymerization. Once the reaction has started, the fluid monomer turns into
a solid polymer. If the monomer is multi-functional ( prossesing at least two reactive functions ),

we obtain a reticulated three-dimensional network [9, | | |(FigurelIL.1[9] ).
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Figure III.1: Formation of three-dimensional network by photo-polymerization

II1.3.2 Principle

Photo-polymerization is a polymerization process under ultraviolet light. In most cases, we
need to use a small molecule called a photo-initiator. Without irradiation, these molecules are
in the fundamental state. When enough energy photons are absorbed, the molecule becomes ex-
cited, causing electron transfer from the HOMO (highest occupied molecular orbital) to the LUMO
(lowest unoccupied molecular orbital). These excitations result in the formation of radicals or ions,
either by homolytic cleavage or withdrawal of hydrogen from the proton donor compound. In the

presence of the monomer, these active species can initiate polymerization(Figure II1.2[13]).

Energie

A

Donneur d'hydrogéne

Singulet*®
, Radicaux N
A Triplet* SN Monomeére
Coupure Ou ions
Absorption de Conversion
lumigre interne Extinction
(02, monomére)
h 4 A A 4

Photoamorceur — Etat fondamental Désactivation | Polymere

Figure II1.2: Diagram of the photo-polymerization process

II1.3.3 Photo-polymerization mechanism

One or more photo-initiators are added to the resin to initiate the reaction. The most commonly
used photo-initiator in dentistry is a combination of camphorquinone and a tertiary amine. The re-
action steps are the same as encountered in conventional polymerization processes: propagation,
then termination. Thus, photo-polymerization is a free radical-forming or cationic polymerization
reaction in which the initial reaction is initiated by a photonic activator. The photon is absorbed

by the chromophore site of the molecule, which then produces a reactive species that causes the
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monomer to be converted into a polymer. Compared to self-curing resins, light-curing compos-
ites offer many advantages, including higher percentage of filler (strength, durability), remarkable

uniformity, very long working time, on-demand polymerization, and superior aesthetics[3].

II1.3.4 Photo-polymerization reactions

There are two major classes of radical photo-polymerization and which are differentiated ac-

cording to the type of photo-initiator used and the nature of the active center[”].

II1.3.4.1 Cationic photo-polymerization

This reaction has the advantage of being insensitive to atmospheric oxygen. Furthermore, when
the irradiation is terminated, the polymerization can continue without terminating reactions , in ad-
dition, this type of polymerization makes it possible to obtain better adhesion to the resin-coated
carrier. Cationic photo-polymerization processes generally involve two classes of photo-initiators:
those that produce Bronsted acids. Those that generate Lewis acids are especially capable of poly-
merizing vinyl ether-type monomers of heterocyclic monomers[!3].The cationic photo-initiators

used in cationic photo-polymerization are: onium salts and organometallic salts (figure ITL3[1]).

1 +
FF PFs
+ s
OO

{ Sels de diaryliodonium { Bel de ferrocénium41

D‘[w@a
’?els de triarylsulfoniuﬂ

Figure II1.3: Some examples of cationic photo-initiators

In the presence of hydrogen donor (RH), under the action of UV radiation, these photo-
initiators are converted from Bronsted acid.
AryI* BF; + RH 2% Arl + Ar* + R®* + HPF,
ArsS+ PFy + RH ™ AryS + Ar® + R* + HPFy

The acid thus formed is capable of initiating the cationic polymerization of monomers of ether
, lactone , epoxide, cyclic ether , epoxysilicone type . This sort of photo-initiator is especially

utilized in dental formulations containing epoxy resins[ 1] .
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Reaction mechanism [13] The mechanism is the same whatever the onium salt used taking into

account the triarylsulfonium salt , the photopolymerization mechanism is as follows:

e Initiation:
ArgST+ X~ + RH ™ AryS + Ar* + R* + HX

* Propagation:

HX +M — HM*" + X HM* X"~ +nM — H — (M), — M* X"~

¢ Termination

By transfer to the monomer:

H— (M), —M"X +M — My, + HMT X

By spontaneous transfer :

H— (M), —MtX™ = My +Ht X~

By transfer to a mobile hydrogen compound:

H—(M),—M'X +HX - H— My — MTA + H" X~

II1.3.4.2 Radical photo-polymerization

Free radical photo-polymerization is an addition polymerization reaction in which the initiation
step is triggered by a photo-initiator. Addition polymerization is a chain reaction that forms a
polymer from simple molecules (monomers). Radical polymerization consists of the cleavage of
one carbon-carbon double bond in the monomer by an activator. This response consists of three

steps: initiation, propagation and termination [3].

Radical photo-initiators : Species capable of initiating radical polymerization photo-chemically
can be classified into two main families:

photo-initiators type 1:

This class of photo-initiators includes aromatic carbonyl compounds that undergo homolytic

cleavage of a o bond when exposed to UV radiation . two types of cut can take place:

* cut at carbonyl (Norrish type 1) :
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9 0
R [ ]
hv ‘R®
—b.

* cut in « of the carbonyl :

9 0
b
. . “R®
R

Some examples of radical photo-initiators are shown in Figure I11.4[1]
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I .
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Figure II1.4: Some examples of radical initiators type 1

Photo-initiators type 2 :
In the presence of UV radiation , these photo-initiators remove protons from unstable hydrogen-

containing molecules and generate two radicals(Figure ITLS5[13]).

LO| =00

OH

(0]

OO

Figure I11.5: Benzophenone activation principle

Two examples of type 2 photo-initiators are shown in Figure IIL.6[1]:

Reaction mechanism : In the most of cases , a radical polymerization reaction includes 4 steps :
initiation, propagation , transfer and termination . without going into the small print of the kinetics
, we will express , within the case of photosensitive systems , the speed of every step within the

following way :
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OO 909

0 ‘ﬁ
O
Benzophénone Thioxanthone

Figure I11.6: Examples of type two radical photo-initiators

1. Initiation :
A A* >R+ R*

Va = 2¢,1 s with Lps = 2,31pel[A]

R*+ M — RM®

2. Propagation:
RMy»+ M — K, RM?,, 'V, = K,[RM}|[M]

Transfer :
Vir = K, [RM?]|R] RMS+ R — K,,RM,H + R*

3. Terminition:

Monomolecular :

V, = 2K, [RM?*] = V,(EQS) RM? + R°M?® X% RM?M,, R*
Bimolecular :

V, = 2K, [RM?]? = V,(EQS) RM® + R*M*, L% RM*M,, R*

In the case of monofunctional monomers, assuming the quasi-stationary (EQS) and a bimolecular

termination, V; = 2K,[RMy|* = V, from where [RM}] = —Z&=. the rate of polymerization is then
written:

K
Vp = f(f{,(z 3pelol)°[M][A]>°

With: K,: Propagation rate constant.
K;: Termination rate constant.

¢: Initiation quantum yield .

£: Molar extinction coefficient.

Iy: Incident radiation intensity.

[A] : Photo-initiator concentration.

[M] : Monomer concentration[ | 3].
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II1.3.5 Factors influencing the efficiency of polymerization

The factors influencing the efficiency of polymerization can be classified into two categories:

intrinsic factors, dependent on the characteristics of the restorative material which are:

* The type and concentration and efficiency of the photo-initiator .
* Viscosity, monomers and fillers.
* Optical properties.

And extrinsic factors which are:

lamps and emission spectra.

Types of irradiation .

* Temperature.

Positioning the lamp tip.

Radiation exposure, power and irradiation time [6].

III.4 Light sources used in dentistry :

The light emitted by light sources that are used in dentistry is visible light (blue light). These

sources are of two types:

1. Halogen lamps equipped with a filter avoiding infrared radiation and allowing irradiation
between 400 and 500 nm.

2. Light —emitting diode (LED) lamps whose length of monochromatic emission wave is specif-

ically centered on the absorption band of the photo-initiator(Figure IIL7[1]).

Lampe a DEL bleues.

Lampe halogéne.

Figure II1.7: The different lamp used in dental offices.
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III.S Degree of conversion:

The degree of conversion is the percentage of double bonds C=C in monomers that convert to
single bonds C-C during the polymerization reaction. The conversion is never complete ( 1007),

for dental resins often ranging from 50 to 60/[8]. The conversion rate depends on factors such as:
* Irradiation time .
* The size and charge rate.
* The power of the light source of the lamp.
* The nature of organic matrix.

The transmittance increases as the fillers approach the refractive index of the matrix. Hence, the

photon source itself will polymerize a greater thickness of the material [4, 10].

II1.6 Conclusion

In this chapter, we presented a bibographical reminder on polymerization and its most impor-
tant reactions, then we went directly to photo-polymerization, which is one of the most important
polymerization reactions that take place in the presence of a light source. Photo-polymerization
has played an important role in the field of dentistry in recent years due to the widespread use of
light-treated dental compounds today, where traditional fillings have been known to cause many
problems to replace them with resin, which is a safer biological material that is formed mainly

from the reaction of photopolymerization.
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CHAPTER 1IV. SYNTHESIS AND CHARACTERIZATION OF HYDROXYAPATITE (HAP)

IV.1 Introduction

In this chapter, HAp (C'a1o(PO4)s(O H )2) has been prepared by two methods. The first method
was precipitation which used chicken eggshells. The second one was the hydrothermal method
which used a teflon autoclave. To check the prepared compounds, bovine bone has been brought

as a natural source.

IV.2 The products’ use

In this work, we used 2 methods to prepare the inorganic phase(precipitation and hydro-
thermal) which is HAp. For the precipitation method, chicken eggshells (white and brown) were
used as a source of calcium (figure IV.1) . The chemical products were used in the hydrother-
mal method. As mentioned before, hydroxyapatite is found in natural sources: bovine bones,
fish bones, and others, to confirm the compounds synthesized in the two methods, bovine bones

(femur) were compared with standard product (Table IV.1).

L4 e———cuticuie

~ " "-‘ :‘_ =————Coquille calcaire

) l.__-f-l.'lembrane

~1. . 1% coquilliére exteme

———1Hlembrane
1 coquilliére interne

Figure IV.1: Chicken brown eggshell anatomy

Table I'V.1: Reagents and solvents used in this synthesis

Reagents Solvents
H3 PO, (867), CaCly (100 7), chicken eggshells (white and brown) N H,OH, N H4Cl, H,O

IV.3 Synthesis of hydroxyapatite

IV.3.1 Preparation of HAp from natural source:

Bovine bone N-HAp (femur) was washed and boiled in water for 30min to remove the lipid
membrane and tissue was employed, after that the bone was dried, ground and sieved with a sieve

of 50 um (this powder is symbolized by by N-HAp).
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Figure IV.2: Preparation of HAp from natural source

IV.3.2 Synthesis of HAp by precipitation:

Preparation of the eggshell powder Chicken eggshells were collected, washed with tap water
and then soaked for a day, after that the membrane was separated from the shell, which was leaved
in the sun to dry, grounded and sieved with a sieve of 50 (=~ 50um). The powder was further

calcined in at 900°C in a tubular oven for one hour. The expected reaction is as follows:
0&003 — CaO + COQ /‘

HAp particles were synthesized by precipitation method from solution A and B.
Solution A: 0.925g of calcined eggshell (CaO) was taken from a beaker and dispersed in 25ml
of distilled water and stirred for 10 min to ensure complete dissolution of the powder. In this step,

the CaO is transformed intoC'a(OH ), according to the following reaction:

CaO + 2H,0 — Ca(OH )y + OH;y + heat

Solution B: 0.720g of phosphoric acid H3 POy is dissolved in 25ml of distilled water and stirred
for 10 min. The aqueous solution B is added drop by drop (& 150ul/s) to the solution A. After
the total addition of the phosphoric acid (solution B), the pH of the mixture is maintained above
10. The formation of a precipitate was observed at this point. The mixture is then stirred for 2 h
and then maintained for 48 h at ambient temperature for its maturation. The expected reaction for

this process is as follows:

100(}(0[‘[)2 —+ 6H3PO4 — CCL10<PO4)6(0H>2 + 18HQO

The precipitate is separated from the mother water by filtration on Buchner and washed with
distilled water and inserted into the centrifuge. It is then dried at 90°C for 24 hours to remove the
absorbed water. The product is then ground into an agate mortar to obtain a very fine powder (this
powder is symbolized by p-HAp(25°C)).

A quantity of the powder was calcined at 900°C for 2 hours in the oven (this powder is sym-
bolized by p-HAp(900°C)).

NOTE: In this work white and brown eggshells were used as source of calcium. So the HAp
obtained from white eggshells is symbolized by by p-HAp-w-(25°C) and p-HAp-w-(900°C) , and
the powder form brown is symbolized by by p-HAp-b-(25°C) and p-HAp-b-(900°C).
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Collect and clean the eggshell
and then burn them at 900°C
for 2H

Solution B

cao
0.925g

HsPO g+ H.0
0.720g 25 mi

Add Solution B drop by dr to Solution A Solution A Solution B

wash the white pricipate
Let it pricipitate for 48h and dry it
=

Hydroxyapatite (p-HAp 0h)

the PH is measurEd A precipitate appears
(equal to 9) then it is at the bottom burn the powder at 900°C
mixed for two hours . for 2H

Hydroxyapatite (p-HAp 2h)

Figure IV.3: Protocol for precipitation method

IV.4 HAp synthesis by hydro-thermal method

A solution of phosphoric acid (0.3mol/l H3PO,) was added to a0.5mol/l CaCly solution
under continuous agitation for 2h at room temperature. A white precipitate was obtained by adding
a 30/solution of N H,OH until reaching pH 9. The white precipitate was washed with distilled
water and filtered under vacuum (this powder is symbolized by T-HAp Oh ). The powder was
then dispersed in a 0.1mol /IN H,C'; the weight ratio between the precipitate and the solution was
1:10. The suspensions were placed in a stainless steel coated Teflon autoclave to receive hydro-
thermal treatment at 150°C for Sh (T-HAp 5h). Finally, The resulting material is washed with
distilled water and inserted into the centrifuge, dried and stored in the desiccator(look at annex).
The product is then grounded into an agate mortar to obtain a very fine powder. The synthesis

followed the equation:

10.CaCly + 6.H3 POy + 2. NH,OH —s Cayo(PO,)s(OH)y 4+ 18.HC + 2.N H,Cl

40



CHAPTER IV. SYNTHESIS AND CHARACTERIZATION OF HYDROXYAPATITE (HAP)
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ﬁfter agitation for 2h 0.3 molfl
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mix the powdre withe NHACI the weight ratio them was 1:10 -thermal treatment at 150°C for Sh (HApSh).

‘Wash the white pricipate
and dry it

Hydroxyapatite

Figure IV.4: Scheme for hydro-thermal method

IV.5 Characterization of hydroxyapatite

IV.5.1 Fourier Transform Infrared (FTIR) analyses

The structure of synthesized HAp was characterized by a Fourier Transform Infrared device in
ATR mode (FTIR-ATR). A quantity of the HAp to be analyzed is deposited in powder form on the
ATR plate of the IR device.

IV.5.1.1 Characterization of natural hydroxyapatite (N-HAp):
The infrared spectrum of N-HAp bovine bone is shown in Figure IV.5:
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Figure IV.5: FT-IR spectra for N-HAp
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The FTIR technique was used to study the composition of the HAp powder. Figure IV.5 shows
the infrared spectra of HAp (N-HAp). In these spectra, peak placed at 634 ¢m ™! corresponds to the
hydroxyl (O H ™) vibration groups. Furthermore, peaks at 470, 559, 596, 962, 1021 and 1088 em™!
belonging to phosphate groups (PO}~ ) were found. These functional groups are characteristic of
stoichiometric (Ca/P=1,67) hydroxyapatite. Moreover, Table IV.2 presents the list of functional

groups, wave number, and type of vibration mode.

Table IV.2: FT-IR spectra characteristic peak of HAp from natural source

Wave number (cm~!) Functional group Vibration mode

470 PO}~ -
567, 596 PO} Bending
634 OH~ Bending

962, 1029, 1088 PO¥ Stretching

IV.5.1.2 Characterization of hydroxyapatite synthesized by precipitation(p-HAp)

The infrared spectra of samples p-HAp-w-(25°C) and p-HAp-w-(900°C) synthesized from
white eggshells are show in the Figure IV.6:
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] 1021 —— p-HAp-w-(900°C)

—— p-HAp-w-(25°C)

0.9

0.8
0.7

0.6 — 567

1021 604
05 10887\ gg 634 =

T T T T T T T T |
11200 1100 1000 900 80 700 600 500 400 1416
Wavenumber (cm-1)

oo A MM
0.0—-
-0.1

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Absorbance

Figure IV.6: FT-IR spectra for p-HAp-w-(25°C) and p-HAp-w-(900°C).

The infrared spectrum of p-HAp-w(25°C) shows the presence of bands placed at 634 and 3570
em~ ! which correspond to the hydroxyl (O H ™) vibration groups. Furthermore, bands at 470, 567,
604, 962, 1021, and 1088 cm ! belonging to phosphate groups (PO3™) were found.

It should be noted that the heat treatment at 900 °C confused the areas between 1400-1600
em~! and 3500—4000 ¢m !, and the peak in 643 cm~! disappeared after heating. Indeed, the IR
spectrum of p-HAp-w (900°C) shows the presence of the elongation vibration band at 1416 cm ™!
of the CO3™ ions resulting from the starting product CaCOs. We also note a broad band around
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3650 em~! and 3450 em !, which indicates the H,O absorbed in the sample and the O H~ of the
HAp (at 3570 cm ™). The peaks have been identified and illustrated in Table IV.3.

Table IV.3: FT-IR spectra characteristic peak of p-HAp-w-(25°C) and p-HAp-w-(900°C).

Wave number (cm ') Functional group Vibration mode

470 PO}~ -
559-567, 604 PO} Bending
634 OH~ Bending

872 HPO?* Stretching

962, 1021, 1088 PO}~ Stretching

3750 OH~™ Stretching

The IR spectra of p-HAp-b-(25°C) and p-HAp-b-(900°C) samples synthesized by precipitation

from brown eggshells are shown in Figure IV.7:
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Figure IV.7: FT-IR spectra for p-HAp-b-(25°C) and p-HAp-b-(900°C)

Figure IV.7 shows the infrared spectra of p-HAp-b-(25°C) and p-HAp-b-(900°C). Bands at
470, 559-567, 596-604 and 1021-1029 cm ! belonging to phosphate groups (PO2™) were found.
The peak at 872 cm ™! is referred to HPO3?~ which did not react. The band placed at 634 cm ™
corresponds to the hydroxyl (O H ™) vibration groups.There are peaks that appear only after burn-
ing. The peaks have been identified and illustrated in the Table IV.4. We can also notice that the
spectrum of p-HAp-b-(900°C) is almost identical to that of N-HAp bovine bone.
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Table IV.4: FT-IR spectra characteristic peak of p-HAp-b-(25°C) and p-HAp-b-(900°C).

Wave number (cm~!)  Functional group Vibration mode

470 PO}~ -
559-567, 596-604 PO} Bending
634 OH~ Bending
962, 1021-1029, 1088 PO¥ Stretching

IV.5.1.3 Characterization of hydroxyapatite synthesized by the hydrothermal (T-HAp)

FT-IR spectra for T-HAp Oh and T-HAp 5h is shown in the Figure IV.8
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Figure IV.8: FT-IR spectra for T-HAp Oh and T-HAp 5h.

Figure IV.8 shows the infrared spectra of T-HAp Oh and T-HAp 5h. In these spectra, bands
placed at 634, 3481 ¢m ™! correspond to the hydroxyl (OH ) vibration groups. Furthermore,
bands at 522, 559, 604, 962 and 1021-1039 cm~! belonging to phosphate groups (PO3") were
found. The peak at 873 cm ™! is refer to H PO~ group which means that there is some molecules
did not react. In this case, we see that the T-HPA(Oh) spectrum became very clear after Sh of
burning because there were some peaks that do not belong to HAp like 790 ¢! which refers to
DCPD (dicalcium phosphate dihydrate) and 1126 c¢m ! refering to TCP (tricalcium phosphate),
1215 cm ™! refering to OCP (octa-calcium phosphate), and 1647 cm ™! which also refers to DCPA
(anhydrous dicalcium phosphate). Consequently, the heat treatment at 150°C for 5 hours by au-
toclave makes the synthesis of the sample better. These functional groups are characteristic of
stoichiometric hydroxyapatite. Moreover, Table IV.S presents the list of functional groups, wave

number, and type of vibration mode.
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Table IV.5: FT-IR spectra characteristic peaks of T-HAp Oh and T-HAp 5h.

heating time (h) Wave number (cm 1) Functional group Vibration mode
Oh 559, 604, 1029 POy~ -
790 Ca(HPO,).2.H,O (DCPD) -
873 HPO3~ Bending
634 OH~™ Bending
1126 aandf — Caz(POy) (TCP) -
1215 CCLg(PO4)2.2,5.H20 (OCP) -
790 Ca(HPO,) (DCPA) -
3470-2700 H>,O (DCPA ) -
5h 559, 604,634, 962 POZ’_ Bending
1021-1029, 1088 POi’_ Stretching
3571 OH~™ Stretching

IV.5.1.4 Comparison of the best resulting samples

For a more precise analysis, the spectra of the final synthesized products were compared with
the standard bands of hydroxyapatite. The comparison of the standard spectrum, N-HAp, p-HAp-
w-(900°C), p-HAp-b-(900°C), and T-HAp 5h is shown in Table IV.6.

From the results in table IV.5, we notice that the values of the bands of the synthesized products

almost resemble the standard values.

Table IV.6: Comparison of the best resulting samples

Simple IR absorption bonds (crm 1)
OH- CO* PO} HPO* OH-  PO*
Standard 3570 - 1090, 1040, 960 - 634 603, 565
N-HAp 3645 - 1088, 1029, 962 - 634 596, 567,470
p-HAp-w-(900°C) 3750 1409 1021 872 - 604, 559, 470
p-HAp-b-(900°C) 3645 - 1088, 1029, 962 - 634 596, 567, 470
T-HAp 5h 3571 - 1096, 1036, 962 - 634 604, 559,470

IV.5.2 X-ray diffraction analyses

The results of X-ray diffraction (XRD) were compared (look at annex). It was noted that the
results after burning were better, so it was processed. Figure IV.9 represents samples p-HAp-w-
(900°C), p-HAp-b-(900°C) and T-HAp Sh. The spectrum of p-HAp-w-(900°C), p-HAp-b-(900°C)
is in good agreement with the reference model of pure hydroxyapatite (JCPDS no. 09-0432), and
no characteristic peaks of impurities (Figure I'V.10), such as calcium hydroxide and calcium phos-
phate, were observed, which means that the samples of phase-pure HAP. The thermal method is
not similar to the reference which indicates that the crystal is not complete. The precipitate yielded
broad and overlapping reflections, indicating its low crystallinity. The determined crystallite size
(determined by the Scherrer equation), and crystal system from XRD of three samples of calcined
HAp are given in Table IV.7.
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T-HAp 5h
p-HApP-b-900
] p-HAp-w-900

2*thata

Figure IV.9: XRD patterns of p-HAp-w-(900°C), p-HAp-b-(900°C) and T-HAp 5h powders.
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Figure IV.10: XRD pattern of pure hydroxyapatite .

Table IV.7: Crystallite size and parameters of the retinal structure of p-HAp-w-(900°C), p-HAp-b-
(900°C) and T-HAp 5h

sample standard P-HAp-w-900°C P-HAp-b-900°C T-HA-p-5h
a,b- axis (A°) 9.42 9.44 9.44 9.42
c-axis (A°) 6.884 6.88 6.88 6.89
Crystallite size (nm) - 0.349 0.234 0.259

IV.6 Conclusion

In this chapter, we synthesized hydroxyapatite with 2 different methods: the first was the

precipitation method (we used white and brown eggshells as calcium source), and the second was
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the hydrothermal method (which uses a teflon autoclave for thermal treatment). After FTIR and
XRD analyses, we conclude that the heat treatment, whether by burning or autoclaving, contributes
to the purification of the resulting compound and makes it more crystalline, as the compounds

produced after heat treatment are purer and closer to the studied natural compounds.
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CHAPTER V. PHOTO-POLYMERIZATION OF DENTAL COMPOSITES FILLED WITH HYDROXYAPATITE

V.1 Introduction

In this chapter, we will prepare two dental composites, using two types of filler. The first one
with precipitated HAp and the second one with hydrothermal HAp. The organic phase was pre-
pared by using TMPTMA as monomer, DEGDMA as diluent and as the initiation system for ini-
tiating the photo-polymerization reaction of four resins, which is a compound of camphorquinone
(CQ) / N,N-dimethylaminoethyl methacrylate (DMAEMA).

This chapter will be more precisely devoted to the kinetic study of the reaction of photo-
polymerization of these engineered resins. We will thus study the influence of the chemical compo-
sition chemical of the formulation and determine the kinetic parameters of the reaction of optimal

dental resin photo-polymerization.

V.2 The products’ use

For the organic phase, TMPTMA was used as monomer, DEGDMA as diluent and CQ/DMAEMA
as initiator system. This solution was prepared in quantity for preparing 2g of organic phase. The

Figure V.1 shows the structure of the used material :

Ay Aot

TMPTMA
H;C CHjy
CHj,
o \N/\/U
| o
o - - -
Camphoroquinone: CQ Meéthacrylate de N,N-diméthylaminoéthyle (DMAEMA)

Figure V.1: Chemical structure of monomers and organic phase initiation system (resin).

The quantities of the used reagents are presented in table V.1 .

Table V.1: Quantities and physical properties of resins used in the composite.( M=molar mass,
W = viscosity )

The components  Ratio (/) Quantity (g) Physical properties
TMPTMA 48 0.96 M= 338 g/mol p = 1.06g/mL
DEGDMA 48 0.96 M=214.22 g/mol p = 1.087g/ml

CQ 2 0.04 M= 166.220 g/mol
DMAEMA 2 0.04 M= 157.21 g/mol p = 0.945g/mL

For the inorganic phase, the compounds prepared in the third chapter4 were used ( p-HAp-w-
(900°C), ,and T-HAp 5h)
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V.3 Preparation of experimental composites

The composite resins synthesized in our laboratory were prepared in two steps:

1. Inthe preparation of the reactive mixture (photopolymerizable resin), the mixture of TMPTMA
and DEGDMA monomers with the CQ/DMAEMA priming system was carried out with
magnetic stirring for 60 min at 25°C in the dark. The formulations obtained are stored in the

cold and protected from light before their use to avoid any crosslinking reaction.

2. The hydroxyapatite filler dispersion in the photopolymerizable resin aids in the dispersion
of the hydroxyapatite crystals. This dispersion was made by hand in sample boxes using a

spatula.

V.4 Method for monitoring the light-curing reaction

V.4.1 Analytical technique

In order to follow the photo-polymerization kinetics of the prepared composite material, we
used IRTF Fourier Transform Infra-Red spectroscopy in ATR mode. This technique is a powerful

tool when trying to determine the conversion of a light-cured resin.

V.4.2 Preparation of samples analyzed by IR

The sample being studied, in liquid or pasty form, is placed directly on the ATR crystal
(FigureV.2).The acquisition of the spectrum before and after photopolymerization is then carried
out and recorded. During our study, the polymerization lamp used to polymerize the samples is a
blue light type LED lamp (used in dental offices).

The analysis was carried out in a wave number range between 400 and 4000 ¢ L. The study
range that interests us is between 1800 and 1550 cm !, FigureV.3, corresponding to the elongation
vibration peaks of the C=C double bonds of the methacrylates at 1632 ¢m ! and of the C=0 groups
at 1714 em™".

Lampe de
Photopolymérisation

Face 1

Face 2 Echantillon

Cristal ATR
(Diamant)

Faisceau IR Détecteur

Figure V.2: Schematic representation of a sample positioned in contact with the crystal of the
ATR-FTIR device.
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V.4.3 Calculation of degree of conversion

The degree of conversion (DC) can be defined as the extent to which monomers react to form
polymers or as the proportion of C=C double bonds that are converted to C-C single bonds. In the
polymerization of bifunctional methacrylates, complete conversion is never achievable because
diffusion restrictions in later stages of the polymerization reaction prevent a number of monomer
molecules from reaching the reaction sites.

The determination of the degree of conversion of the polymerization reaction was carried out
by using an FTIR Fourier transform infrared spectroscopy apparatus in ATR mode. The analysis
was carried out in a wavenumber range between 400 to 4000 ¢!, Figure V.3 is corresponding
to the elongation vibration peaks of the methacrylate double bonds at 1632 ¢m ™! and C=0 groups
at 1714em 1.

0.65 - Before photopolymerisation
- After photopolymerisation

0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00
-0.05
-0.10

Absorbance

T T
1600 1800
Wavenumber (cm-1)

Figure V.3: FT-IR spectrum for C=C and C=0 group before and after photo-polymerization.

The degree of conversion is the percentage of [C=C] double bonds that convert to [C-C] when
of the polymerization reaction. Conversion to methacrylic double bonds can be calculated by
measuring the absorbance to before and after the photo-polymerization reaction and using the

following formula:

A1632 A1632
L (Gtm) = (i)
DC(/)= i % 100

1714
AO

Where:

* DC: the degree of conversion of methacrylic double bonds.
* Aj : the initial absorbance of the methacrylate groups before photo-polymerization.

* A, : the absorbance at time t of the methacrylate groups after photo-polymerization. The
degree of conversion calculation was based on the height of the absorption bands of the IR

peaks characteristics concerned.
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V.4.4 Polymerization speed

The rate of the polymerization reaction (Vp) is the derivative of the conversion with respect to

time:
d(DCy)

dt

Vpe =

(ins™t)

V.5 Effect of time on the degree of conversion:

In order to determine the time required for the reaction crosslinking of the organic phase, we
exposed the samples to the light of the lamp at time intervals of 0 seconds to 80s. The calculation
of DC at each instant is illustrated in Table V.2. The evolution curves of DC and Vp as a function
of time for the TMPTMA/DEGDMA resin are represented in Figures V.4 and V.5.

Table V.2: The values of DC at each instant t

Time (s) 0 5 10 20 30 50 60 80
Peak  height 0.11 0.10 0.09 0.075 0.067 0.064 0.064 0.063
before poly-

merization

C=C (cm)

Peak  height 0.66 0.66 0.66 065 063 062 062 0.62
before poly-

merization

C=0 (cm)

DC (%) 0 793 19.65 2946 3526 37.74 37.71 37.73

The following curve represents the changes in the degree of conversion as a function of time:

50

40

30 4 .

CD

20 4

T T T T
0 20 40 60 80 100
Light curing time (sec)

Figure V.4: The evolution of the DC of the methacrylate of resin (TMPTMA/DEGDMA) group as
a function of the polymerization time

From the curve, we notice that the DC increases over the range from 0 to 50 seconds, indicating
that the polymerization is not completed, but it proves after a time of 50 seconds and from it the

time required for photo-polymerization is 50 seconds by DC equal to 37.73/.
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it should be noted that the optimum final conversion of the polymerization reaction remains
less than 100/due to the transition to the glassy state which causes the blocking of the reactive

species and stops the polymerization.

3.5

1] - — —
4] 20 40 60 80 100
Temps (s)

Figure V.5: Evolution of the polymerization rate as a function of resin time
(TMPTMA/DEGDMA).

It is interesting to note that the photo-polymerization reaction of these formulations stops at
38/.conversion rates (Figure V.4), indicating that the reaction medium still contain unresponsive
methacrylate functions. This little explained by the gelification of the medium which decreases the
mobility of the radicals and the polymerizable sites, and therefore the probability of encounter of
the radical species and the double bindings methacrylates becomes very low. This stage is char-
acterized by the gradual decrease in the rate of polymerization of formulations after the medium
gelification. We arrive at the vitrification which causes the total blockage of reactive species that
are trapped in the polymer network (Figure V.5). This translates into a gradual cessation of reac-

tion.

V.6 Effect of filler ratio on the degree of conversion

The photo-polymerization of formulations containing HAp-w-(900°C) and T-HAp-(5h) hy-
droxapatites at different mass proportions ranging from 0 to 50Zwas studied. Table V.3 groups
together the DC values of the different formulations. The variations of the conversion according to

the rate of loading for the various formulations are represented in Figures V.6 and V.7.
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Table V.3: DC variation of composite different contents of hydroxyapatite from 0 to 507.

Filler Filler ratio (%) 0 20 30 40 50
type

p-HAp- | Peak height be- | 0.11 0.11 0.11 0.11 0.10
w- fore polymeriza-

(900°C) | tion C=C (cm)
Peak height be- | 0.66 0.65 0.65 0.65 0.52
fore polymeriza-
tion C=0 (cm)
Peak height after | 0.06 0.07 0.07 0.07 0.03
polymerization
C=C (cm)
Peak height after | 0.62 0.63 0.62 0.61 0.016
polymerization
C=0 (cm)

DC (%) 3772 33770 33.43 3320 17.25
T-HAp Peak height be- | 0.11 0.11 0.11 0.11  0.10
Sh fore polymeriza-
tion C=C (cm)
Peak height be- | 0.66 0.63 061 0.59 0.23
fore polymeriza-
tion C=0 (cm)
Peak height after | 0.06 0.07 0.06 0.07 0.04
polymerization
C=C (cm)
Peak height after | 0.62 0.076 0.61 0.59 0.23
polymerization
C=0 (cm)

DC (%) 37772 27777 31776 2472 641

40

35 A

30 A

DC(%)

25

20 H

0 10 20 30 40 50 60
Ratio

Figure V.6: DC variation of composite different contents of hydroxyapatite (p-HAp-w-(900°C).)
from 0 to 507.
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DC(%)
S

T T T T T
0 10 20 30 40 50 60
Filler ratio

Figure V.7: DC variation of the composite at different hydroxyapatite (T-HAp Sh)contents from 0
to 50/.

The curves in the Figures V.6 and V.7 show the changes in the degree of polymerization in
terms of the filler ratio. We note in Figure V.6 that there is no difference in the proportions for each
of 20, 30 and 407 where the values of DC is 33/, but at 50 it decreases until 6.41/. The Figure and
V.7 shows that the DC not regular, since the better result is in 30Zwith DC 31.76. In the general
case, it is observed for both systems, that the final conversion decreases when the filler content

increases.

V.7 Effect of the filler type on the degree of conversion

A comparison having been made between the two composites comprising the hydroxyapatites
P-HAp-w- (900° C.) and T-HAp 5h is represented in Figure V.8.

According to Figure V.8, it is noted that the composite comprises the charge of the hydroxya-
patite P-HAp-w-(900° C.) gives better DCs compared to the composite T-HAp-(5h).

40

4 —s— P-HAp-w-(900°C)
35 - —a— THApGh

30 4

25 A

20 A

DC(%)

T T T T T
0 10 20 30 40 50 60
Ratio

Figure V.8: Comparison of the two types of composites P-HAp-w-(900°C) and T-HAp 5h.
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V.8 Conclusion

The study by FTIR/ATR spectroscopy allowed the determination of the degree of conversion
(DC) of the elaborated composites. This study allowed us to conclude that:

* Methacrylate monomers polymerize very quickly under the action of visible light.

* The photo-polymerization reaction of the TMPTMA/DEGDMA resin is incomplete and re-

mains less than 1007.

* The arrest of chain growth during crosslinking photo-polymerization is mainly due to the

occlusion of polymer radicals in the three-dimensional matrix being formed.
* The incorporation of hydroxyapatite filler decreases the degree of conversion.

* The degree of conversion is conditioned by the content and the nature of the filler.
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GENERAL CONCLUSION

In this work, new dental restorative materials photo-polymerizable under visible radiation were
prepared. These materials have been reinforced with hydroxyapatite fillers.

In the first part, we synthesized hydroxyapatite based on various natural (chicken egg shells)
and synthetic (with chemicals) sources. In order to compare and confirm the structure of the
prepared hydroxyapatite, the samples were analyzed by infrared spectroscopy (IR) and by X-ray
diffraction (XRD). The results obtained by IR and XRD after the heat treatment of the samples,
made it possible to confirm the structure of the hydroxapatiteC'a,0(PO4)s(OH ).

The second part of this work was devoted to the study of the polymerization reaction under
visible radiation of a dental formulation based on TMPTMA (48/)/DEGDMA (48/.) methacrylate
resins, in the presence of a photo-initiator system. CQ (27)/ DMAEMA (27.) and loads of HAps.

The effect of reaction time on the degree of conversion (DC) was studied by FTIR in order to
determine the time required for the solidification of this formulation (uncharged). The measure-
ments of the DC as a function of time made it possible to optimize the duration of the reaction
which is 50 seconds with a degree of final conversion equal to 37.73. Finally, it should be noted
that the optimum final conversion of the polymerization reaction remains less than 1007due to
the transition to the glassy state which causes the blocking of the reactive species and stops the
polymerization.

The influence of the HAp charge prepared by the two methods on the kinetics of the polymer-
ization reaction of the charged formulations was also studied. The results obtained by FITR on the
degree of polymerization show that the incorporation of HAp at different percentages infects the

polymerization reaction.
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Figure 4: Precipitation for two days

Figure 5: Drying
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Figure 6: grind by pestle



Figure 8: Teflon autoclave Figure 9: Preparing the organic phase

Figure 10: Visible lamp used in dental clinics
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Figure 11: XRD patterns for p-HAp-b-(25°C), p-HAp-b-(900°C) powders.
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Figure 12: XRD patterns of p-HAp-w-(25°C), p-HAp-w-(900°C) powders.
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Figure 13: XRD patterns N-HAp powders.
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Figure 14: XRD patterns T-HAp 5h and T-HAp 5h powders.
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Abstract:

Dentistry has recently witnessed a great development, by developing or replacing traditional
methods with more advanced and safer methods for human health, including replacing amalgam
with resin, because the amalgam contains toxic mercury. The resin prepared in our laboratory
contains an organic phase consisting of TMPTMA as a monomer, DMAEMA as a catalyst,
DEGDMA as a diluent, CQ as a photocatalyst and hydroxyapatite as a mineral phase. It is obtained
in teflon autoclave for heat treatment, and we have adopted bovine bone as a natural source of
hydroxyapatite. In order to know the best way to obtain hydroxyapatite closest to the natural source,
FR-IR spectroscopy was used and the results were compared. The hydroxyapatite obtained from
the two previous methods was taken and mixed in different proportions with the organic phase and
exposed to visible light for photo-polymerization and resin formation. FR-IR spectroscopy was
used, to find out the optimum ratios of each of the organic and metal phases to form the resin. X-
rays were used to study the crystal structure of each of the hydroxyapatite obtained . To study the
effect of polymerization time on the degree of polymerization, a mixture of organic phase and metal
phase was exposed to different times of visible light and analyzed spectroscopically by FR-IR
spectroscopy.

Key words: dental resin, Hydroxyapatite, photo-polymerization, teflon autoclave, chicken
eggshells.
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