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Introduction

Introduction

Polymers are everywhere, just look around. Our plastic water bottles, the silicone
rubber tips on our phone’s ear buds. The nylon and polyester in our jacket or sneakers. The
rubber in the tires on the family car. If we take a look in the mirror, many proteins in our
bodies are polymers, too. Consider keratin (KAIR-uh-tin), the stuff our hair and nails are
made from. Even the DNA in our cells is a polymer [1]. The science of polymers leads to the
production of new materials. Efforts are always dedicated to understanding these materials
and improving their properties to meet industrial needs, but more and more polymers are
applied to a wide range of issues, and certainly in terms of development of new materials.
They are worth studying because their behavior as materials is different from that of metals
and other low-molecular-weight materials. As a result, a large percentage of chemists and
engineers are engaged in work involving polymers, which necessitates a formal course in
polymer science .

The molecular modeling approach is beneficial in more than one way; On the one hand the
theoretical understanding of the modeled material and to test new approaches allowing to
better understand the local behavior of this system; on the other hand, to predict the behavior
of such material under certain conditions that are sometimes difficult to achieve in the
laboratory. Since the beginning of the 90's and with the continuous evolution of computer
science (Programming languages and techniques, processors, computing clusters, etc ...),
simulation has also made remarkable progress to become a predominant tool in the majority
of scientific research projects and more particularly in the science of polymers. It is certain
that the molecular modeling methods, describing the materials at the atomic scale due to the
different types of interatomic interactions, do not replace the experimental methods but give a
complementary tool to a better understanding of the macroscopic or microscopic behavior of

the materials and to predict certain physicochemical, optical and thermodynamic properties.
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The aim of this work is to solvate two hydrophilic polymers which are poly Methyl
methacrylate (PMMA) and poly 2-Hydroxy ethyl methacrylate (PHEMA). The different tools
of molecular modeling (molecular dynamics) are used to carry this job. The geometric and
energetic parameters of these polymers will help us discuss the stability of these last in
isolated case, and in solvent box.

The first chapter is dedicated to a general introduction to the subject. The second chapter
reviews the molecular modeling techniques that are widely used in physics, chemistry, the
pharmaceutical industry and agro-chemistry. In Chapter 3, theoretical models and methods for
the study of solvation of macromolecules are presented. Chapter 4 is reserved for applications
of the solvation models of biomolecules studied. And finally, we end with a general

conclusion.

References:

[1] SID PERKINS, Explainer _What are polymers _science news for students (OCT 13, 2017)
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Chapter I Generalities on polymers

I.1 Definitions and basic concepts

By definition, polymers are large molecules made by bonding (chemically linking) a series of
building blocks. The word polymer comes from the Greek words “many parts.” Each of those
parts is called “monomer” (which in Greek means “one part”). Think of a polymer as a chain,
with each of its links a monomer. Those monomers can be simple — just an atom or two or
three — or they might be complicated ring-shaped structures containing a dozen or more
atoms. They usually consist of several structural units bound together by covalent bonds. For
example, polyethylene is a long-chain polymer and is represented by

-CH,-CH,-CHj,- or [-CH,-CH>-],
Where the structural (or repeat) unit is -CH,-CH,- and n represents the chain length of the

polymer [1].

I-2 Molecular architectures and properties of polymers:

I-2.1 functionality:

The functionality of a monomer refers to its number of reactive sites which is very
important. When a monomer or a set of monomers have an average functionality of less than
2, only compounds of low molecular weight (called oligomers) are formed which cannot be
used as materials. On the other hand, a greater or equal functionality 2 allows a linear polymer
synthesis. When these are soluble in organic solvents, they are called materials thermoplastics
[2]. As will be seen below, the type of polymerization and the functionality of the monomers
determine the linear, branched or cross-linked nature of the polymer.

Table 1.1: Main functional groups involved in macromolecular chemistry [2]

Groups Structures Junctionality
H . H
j CcC =cC
Vinyl group " Y 2
H
Hydroxyl group H-ﬁ'O.H 1
Carbonyl group :3::0 2
H\
Amine group Al 1or2
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I-2.2 Basic structures of macromolecules:
Depending on the monomer structure and the experimental conditions during the
polymerization, the chains can grow with different architectures. Figure 1.1 shows the main

architectures found in commercial polymers: linear, branched and cross-linked.

Linear Branched Cross-linked

Figure I.1: Main architectures of polymer chains

» Linear polymers: (or mono-dimensional) polymers, for which each macromolecular

chain consists of a (possibly) high but finite number of monomer units

» _Branched polymers: (or two-dimensional) in which short branches have developed

from the main chains;

» Cross-linked polymers: the cross linking corresponds to the formation of chemical

bonds in the different directions of space, during polymerization of linear polymers,
which leads to the formation of a three-dimensional network [3]
Linear polymers and branched polymers are generally soluble in organic solvents. They can

be melted or softened by heating. These are thermoplastic materials.

I-2.3 Amorphous polymers and crystallized polymers:

At the macromolecular scale, the polymers essentially have two different structures; the
amorphous state which is characterized by a statistical ball-like structure, in which no large-
scale order is distinguished, and the crystalline state which is characterized by a long-range
order; the two ordered and disordered states can coexist in a same material which is then

semi-crystalline in nature.
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Figure I.2: Schematic representation of a semi-crystalline polymer.

I.3 Polymer classifications
Several classifications of macromolecular compounds may be proposed depending on
whether the origin, the type of architecture, the chemical structure of the units or the types of

polymerization are chosen as the basis for the classification.

1.3.1 Classifications according to their origin:
Polymers can be classified according to their origin into three categories:

» Natural polymers: This kind of polymers is obtained from plant or animal sources. To

this category belong all families of proteins (wool, silk, etc.), natural rubber, etc.

» Artificial polymers: They are obtained by the chemical modification of natural

polymers in order to transform some of their properties, such as cellulose esters
(nitrocellulose, cellulose acetate, etc.), have been economically important for a long
time

» Synthetic Polymers: They are exclusively the results of human creations; they are

obtained by polymerization of the monomer of molecules. There is a wide variety of

such polymers.

1.3.2 Classifications according to their properties:

» Thermoplastics: They are linear polymers, fusible and soluble in solvents organic and

they are generally recyclable, that is to say, they allow the heating and cooling several
times when molding parts.

» Thermosets: They are highly cross-linked and to obtain a cross-linking process was
carried out by baking the polymer. The cross-linked sample forms a three-dimensional

network, but the networked polymers have their cohesion due to chemical bonds.

6
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There is therefore no solvent for them, no melted phase, so they are insoluble and

infusible; these materials are not recyclable [4].

Thermoplastics Thermosets elastomeric

Figure 1.3: The main groups of polymers [04].

» Elastomeric: They are polymers that can be stretched to at least twice their original
length and shrink back to their original size as soon as the stretching force ceases and
this without vulcanization. Among the advantages of elastomers, it is necessary to
mention an excellent implementation, good mechanical properties, a very low internal

heating and a very good resistance to cold [5].

I.4 Configuration and Conformation:

1.4.1 Configuration:

The configuration is the way in which the atoms and lateral groupings are arranged along a
chain. It is fixed at the time of synthesis (by means of appropriate techniques) and can only
subsequently be modified by chemical reactions, thus excluding physical processes such as
thermal and/or mechanical movements or dissolution in a solvent (solvates). The possibility of
certain chemical elements to form multiple bonds leads to more possibilities for varying the
structure of a polymer. The configuration of the molecules has a decisive influence on the
behavior of the polymer [6].

The most subtle of the structural features of polymer chains is called stereo regularity. It plays
an important factor in determining the properties of polymers so that in a polymer molecule.
Figure 1.4 shows a polymer chain in which all carbon chains are in the same plane. Three
configurations can be obtained: A polymer molecule is isotactic if all groups are found on the

same side of the main chain. In a syndiotactic molecule polymer the additional group R is

7
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found alternately on one side and then on the other side of the plane formed by the carbon
atoms. A molecule is said to be atactic if the positioning of the additional group R is random
on one side and on the other side of the plane formed by the carbon atoms. [7-8]

Two other concept of configuration arises as to the arrangement of the structural units of an
asymmetric monomer during the polymerization (eg vinyl chloride or styrene), namely:

1 / Head-to-head arrangement alternating with tail-tail

2 / Head-to-tail arrangement.

In a homopolymer, for example, polypropylene, the sequence of constituent units can be done
locally and in different ways (see Figure 1.4): the head-to-tail connections ensure the
regularity of the chain. In contrast, head-to-head or tail-to-tail sequences are defects in the

chain [9]

CHy '-'"l'a
Cil, CHy {:lr{ CHy CHy CH
# R FANA PN A NS N
CH cHl CHy r!ll l".ill -H3
CHy ::LJ gy CHy
a) b cl

Figure 1.4: Sequence of the constituent units in a homopolymeric polypropylene: a) head to

tail; b) head to head; (c) tail to tail [9].

1.4.2 Conformation:

Once a polymer molecule has been formed, its configuration is fixed. However, it can take on
an infinite number of shapes by rotation about the backbone bonds. The final shape that the
molecule takes depends on the intra-molecular and intermolecular forces, which, in turn,
depend on the state of the system. For example, polymer molecules in dilute solution melt
phase, or solid phase would each experience different forces. The conformation of the entire
molecule is first considered for semi crystalline solid polymers. A polymer molecule cannot
be expected to be fully extended, and it actually assumes a chain-folded conformation, the
most common conformation for amorphous bulk polymers and most polymers in solution is
the random-flight (or random-coil) conformation, which is discussed in detail later.

In principle, it is possible for a completely stereo regular polymer in a dilute solution to
assume a planar zigzag or helical conformation; whichever represents the minimum in
energy. The conformation of the latter type is shown by biological polymers such as proteins

and synthetic polypeptides.
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The term “conformation” is used in organic chemistry, one calls conformation of a molecule
the different spatial structures that it can take as a result of rotations around one or more
simple bonds C-C. The conformation of a molecule can be defined locally and globally:

-The local conformational structure designates the relative orientation of the chain segments
and lateral groups. It depends on the local covalent structure and interactions between atoms
and "unbound" groups.

- The overall conformational structure is at the scale of the chain, the relative arrangement of
the carbon atoms (or oxygen, nitrogen, etc.) constituting the skeleton of the chain. It depends

on intramolecular and intermolecular interactions.

I.5 Dimension and molar mass:

L1.5.1 Degree of polymerization:

The degree of polymerization (DP)-n in a polymer molecule is defined as the number of
monomer repeating units (RUs) in the polymer chain. For example -(-CH,-CH;-)-

Since the minimum length or size of the molecule is not specified, relatively a small
compound molecule, only three monomers could be called a polymer. Yet, the term polymer
has come into general use to implicate a large molecule (the macromolecule). As a result, the
lower molecular weight of products with low degree of polymerization should preferably be

called oligomers [10].

1.5.2 Molar mass:

Synthetic polymers never have a uniqueness of the length of the chains, n in A, is variable
within the same sample. As the physical and mechanical properties depend on n, it is
necessary to be able to identify this parameter and also to know the distribution of it. There
are analytical methods that can be used to find the distribution of the values of n, but we often
only evaluate one or two averages that are representative of parameters that govern the
behavior of the polymer in its applications. The molar mass of A, is defined as the product of
n and MA, the molar mass of the link calculated from the sum of the atomic weights of the

atoms which up.

1.5.2.1 Average mass in number (Mn)
It is defined as the statistical average molecular weight of all the polymer chains that are

present in a polymer sample.

T — 2 niM;

n =t (LD)
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where M; is the molecular weight of a chain and #; is the number of chains of that molecular
weight. M, can be predicted by polymerization mechanisms and is measured by methods that

determine the number of molecules in a sample of a given weight [11].

1.5.2.2 Average mass by weight (M,,)

The weight average molecular weight is defined by:

— N wiM;

M, = TP w, (1.2)

Wi; is the fraction by weight of the polymerization degree chains i. by definition Jw; =1 (w; is
a fraction) of the average mass by weight so it is equal to the sum of all weighted masses by a

coefficient w; which represents the fraction by weight of the species present. The ratio %
L

which is always greater than 1 makes it possible to characterize the sample polydispersity.

1.5.2.3 Average viscosity mass (M,)
There is another average which is obtained by viscosity measurements in solution, it is called

viscosimetric average and represented by Mv

1
Yin; Mia+1]“
XiniM;

Fora=1,M,=M, and fora = -1, M,, = M,,. Thus M, falls between M,, and M,

M, =[Y;w;M;]"/*= (13)

The properties of polymers (such as reactivity), which depend more on the number of
molecules than on the size of molecules, M, is inversely a parameter more useful than M,, or
M, to correlate the properties of polymers (such as viscosity) that are more sensitive to the

size of the polymer molecules M,, or M, are more useful [12].

I.6 Polymerization reaction:

1.6.1 Polycondensation:

Polycondensation is a chemical reaction between basic molecules with different functional
groups; this reaction leads to the elaboration of macromolecules called polycondensates [13].
Condensation reactions usually involve monofunctional reagents. In polycondensation, the
molecular structure is made from di- or plurifunctional monomers. The chain is constructed
by means of condensation reactions between functional groups carried by the monomer
molecules and by the polymer molecules in formation. The polycondensation reactions are

schematized according to the mechanism illustrated in the figure 1.5.
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AA + BB = AABB

AABB + AA == AA-BB-AA

AA-(BB-AA)-BB + AA == AA-(BB-AA)-BB-AA

AA-(BB-AA)-BB 4+ AA-(BB-AA)-BB == AA-(BB-AA)..1-BB

Figure L.5: Diagram of a polycondensation reaction.
Each end-of-chain reaction group retains its reactivity and the building of the polycondensate

molecules continues throughout the duration of the reaction.

1.6.2 Chain polymerization:
A chain polymerization reaction is a reaction leading to the formation of polymers by
successive additions of monomers on an active end of the macromolecular chain (active
center noted *) [14]. It can be schematized by:

My + M —— -M's

It can be cationic, anionic or radical, depending on the nature of the active species.

1.6.2.1 Anionic polymerization:

The active part is a carbanion (one of the carbon atoms carries a negative charge) or an
oxanion (the negative charge is carried by an oxygen atom) associated with a counter ion
Me+, positively charged and often metallic. The polymerization can be done by opening a
double bond (styrene, dienes, acrylonitrile, vinylpyridine) or a ring (oxirane, lactone, lactam

..). [15]

1.6.2.2 Cationic polymerization:
The part is carbonations, where one of the carbon atoms carries a positive charge, associated
with a negatively charged counter-ion. The cationic polymerization requires stabilized
carbonations. The monomers can be:

v' Olefins (iso-butylene).

v" Vinyl ethers CH2 = CHOR.

v’ Unsaturated carbides (styrenes, indene, benzofuran).

v’ Heterocyclic compounds (oxirane, tetrahydrofuran, cyclosiloxane).
The R group must be a donor electron (iso-butylene, vinyl ether) or stabilize the cation by

resonance (styrene, indene) [16].
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The active center is a carbanion, the group R tends to be electron acceptor, example: CN-

COOR.

1.6.2.3 Radical polymerization:
Radical polymerization is a reaction which, as its name suggests, involves reactive species R
* called free radical. This technique is successful in its ease of implementation [17], the
reaction time is very short and the formation of high molecular weight polymers is also fast.
a) Initiation: it includes two successive reactions:
The generation of radicals (called primary) using a substance
A——»2R°

» The addition of the primary radical to a first monomer unit M to form the first link

of the growing polymer chain.

M » MR

This step provides the necessary energy for the activation of a certain number of radical

chains. It is most often chemical, thanks to the thermal decomposition of an initiator. It can
also be photochemical and, in this case, activation is caused by radiation (UV, Gamma, X).

b) Propagation: The propagation is done by successive additions of monomer molecules

on the active part of the growing chain. This reaction is done in a split second and

returns to a giant molecule, with a free radical at the end of the chain. A process is

now essential that will finish the big chain, the termination reaction [18].

RM° + M RM®,
—
RM®, + M . RM®,
R M0n+ M RMOH+1
—_—

¢) Termination: The termination reaction consists of the destruction of the active center

which is located at the end of the growing chain and can, in principle, be done in

different ways (shocks on a wall, reaction with impurities, etc.). This reaction can be
carried out according to two mechanisms, coupling or disproportionation

In the case of a polymerization, this reaction stops the growth of macromolecular chains; the

macromolecules are thus completed [19].
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1.7 Use of polymers:

Here we will list some of the important uses of polymers in our everyday life.

o Polypropene finds usage in a broad range of industries such as textiles, packaging,

stationery, plastics, aircraft, construction, rope, toys, etc.

e Polystyrene is one of the most common plastic, actively used in the packaging
industry. Bottles, toys, containers, trays, disposable glasses and plates, tv cabinets and
lids are some of the daily-used products made up of polystyrene. It is also used as an

insulator.

e The most important use of polyvinyl chloride is the manufacture of sewage pipes. It is

also used as an insulator in the electric cables.

e Polyvinyl chloride is used in clothing and furniture and has recently become popular

for the construction of doors and windows as well. It is also used in vinyl flooring.

e Urea-formaldehyde resins are used for making adhesives, moulds, laminated sheets,

unbreakable containers, etc.
e Glyptal is used for making paints, coatings, and lacquers.

o Bakelite is used for making electrical switches, kitchen products, toys, jewellery,

firearms, insulators, computer discs, etc.
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1.7.1 Commercial Uses of Polymers [20]:

Table 1.2: The table below represent some Commercial Uses of Polymers

Polymer

Rubber

BUNA -S

BUNA -N

Teflon

Terylene

Glyptal

Bakelite

PVC ( polyvinyl chloride).

Melamine Formaldehyde

Resin

Nylon-6

Monomer

Isoprene (1, 2-methyl 1 — 1, 3-

butadiene)

(a) 1, 3-butadiene (b) Styrene

(@ 1,
Cyanide

3-butadiene (b) Vinyl

Tetra Flouro Ethane

(a) Ethylene glycol (b)

Terephthalic acid

(a) Ethylene glycol (b) Phthalic

acid

(a) Phenol (b)Formaldehyde

Vinyl Cyanide

(a) Melamine (b) Formaldehyde

Caprolactum

Uses of Polymer

Making tyres, elastic

materials

Synthetic rubber

Synthetic rubber

Non-stick cookware —

plastics

Fabric

Fabric

Plastic switches, Mugs,

buckets

Tubes, Pipes

Ceramic plastic material

Fabric
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Chapter I1 Molecular Dynamic

II-1 .Introduction:

The history of molecular modeling has its origins in the middle of the 19th century, when
the first two-dimensional molecular structures were put on paper by Johan Josef Loschmidt. A
few years later, in the 1860s, Louis Pasteur introduced 3D thanks to his work on chiral
molecules. Molecular modeling becomes strongly attached to the forces fields whose concept
appears at the beginning of the 20th century and from which will flow the development of
molecular mechanics (MM) or empirical force field method in the 1970s by Allinger. From
the 1950s, the first computer methods of molecular mechanics were developed such as the
Metropolis algorithm and the bases of the Monte Carlo method. Since then, molecular
modeling has followed a continuous development of methods, benefiting from the Internet,
the popularization of computing and the explosion of computing power. Today, molecular
modeling is further accelerated through graphics processors and helps elucidate the function
of proteins and the mechanisms of active molecules.

Coming from solid state physics and quantum chemistry, molecular dynamics now has many
applications: particle physics, solid state physics, material sciences, mechanics, biology,
biochemistry, and organic chemistry [1].

Theoretical methods and computational methods applied in molecular modeling can be
relatively simple and usable quickly or else complex and time-consuming. Molecular
modeling methods can be classified into three categories [2]: Quantum methods, molecular

mechanics and molecular dynamics

II. 2 Quantum mechanics methods

Quantum mechanics is an extension of quantum theory, resulting from the work of Planck,
their interpretation by Einstein and their application to the atomic theory by Bohr and
Somerfield. It explains the quantification of certain quantities (energy, kinetic momentum)
and brings out the Pauli Exclusion Principle. The new conception of particles that follows
from the corpuscular wave duality, explained in the works of De Broglie (1923) leads to wave
mechanics.

Modeling methods based on quantum mechanics describe the molecular energies of the
systems studied using the Schrodinger equation with the molecular orbital formalism (MO).
This method has a main advantage, it uses a minimum number of approximations and

explicitly considers the electrons of the studied molecule, and its main disadvantage is that
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this method is usually long and expensive but remains the reference method for calculating
molecular properties. These main variants are: Hiickel's method which allows interpreting a
large part of the chemical reactivity [3]. The self-consistent field methods rely on more
elaborate computations than the Hiickel method. Two variants are distinct: the ab initio
methods are expensive in computation time and semi-empirical methods require experimental
data to calculate the most difficult energy terms. The methods on the functional DFT density
use an expression of the electronic energy E as a function of the electron density p. The size
of systems processed by quantum methods is highly dependent on the resources machines and

rarely exceeds a hundred atoms [4,5].

II.3 Molecular mechanics:

Many of the problems that we would like to tackle in molecular modeling are
unfortunately too large to be considered by quantum mechanics. Molecular mechanics (also
known as Force field methods) ignore the electronic motions and calculate the energy of a
system as a function of the nuclear positions only. Molecular mechanics is thus invariably
used to perform calculations on systems containing significant numbers of atoms. In some
cases force fields can provide answers that are as accurate as even the highest-level quantum
mechanical calculations, in a fraction of the computer time. However molecular mechanics
cannot of course provide properties that depend upon the electronic distribution in a molecule.

That molecular mechanics works at all is due to the validity of several assumptions. The
first of these 1s the Born-Oppenheimer approximation, without which it would be impossible
to contemplate writing the energy as a function of the nuclear coordinates at all. Molecular
mechanics is based upon a rather simple model of the interactions within a system with
contributions from processes such as stretching of bonds. Even when simple functions
(Hooke’s law) are used to describe these contributions the force field can perform quite
acceptably. Transferability is a key attribute of a force field, for it enables a set of parameters
developed and tested on a relatively small number of cases to be applied to a much wider
range of problems. Moreover, parameters developed from data on small molecule can be used

to study much larger molecules such as polymers [6].

11.3.1 Force field
The force field is the mathematical model representing the potential energy of a molecule in

molecular mechanics. The force field is the basis of molecular simulation techniques. A force
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field consists of several potential energy functions that describe intermolecular and
intramolecular interactions:
Etotal = E intramotecutar + E intermolecular .1
Interactions between bonded or intramolecular atoms correspond to binding, valence angle,
dihedral angle and torsion energy. Interactions between non-bonded or intermolecular atoms
such as Van der Waals interactions and electrostatic interactions as well as hydrogen bond
energy [7]. The potential representing the hydrogen bonds or the hydrogen bridges are not
always described explicitly in the force fields. Other terms may be used to complete the
description of a force field such as: cross terms (link - link, link - angle, angle - angle, link -
torsion, angle - torsion, ...) and the terms describing the deformation outside the plane. So
steric energy is expressed by the following energetic terms [8]:
Erotal = E vond + Eftexion + Etorsion + Evanderwaals + Eelectrostatic + Enydrogen 1.2

» The term "link" represents the elongation of links.

» The term "bending" represents the variation of angles.

» The term "Twisting" refers to the torsional energy of the dihedral angles.

» The term "Van der Waals" accounts for non-covalent interaction energies between

non-bound atoms.

Y

The term "electrostatic" accounts for electrostatic interaction energies between atoms.
» The term "Hydrogen" accounts for hydrogen bonds.

It is important to note that force fields are a purely empirical approach. They are set up in
such a way that all the different contributions allow reproducing a series of experimental
results. Forces fields are calculated, tested and refined from [9-10] and spectroscopic [11]
crystallographic data, theoretical chemistry calculations [12] and ab-initio or empirical
calculations for fillers [9]. It is thus possible to find fields intended more specifically for
modeling small organic molecules, macromolecules, and organometallic complexes [13], or

even nucleotides [14].

11-3.1.1 the different energies:

The main energy terms used in molecular mechanics can be expressed as follows:

11-3.1.1.1 Elongation energy (binding):

A quadratic term is used for link elongation interactions:

Epona = Xbond Kpona (1 — TO)Z IL.3
Where kyong represents the elongation constant for the binding or stiffness considered (in

kcal.mol'A™), r is the separation distance between two atoms, r, is the equilibrium binding
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length. Interaction between two atoms linked by a covalent bond is comparable to that of two

"balls" attached by a spring [15].

Torsion

» 4

Non-Bonded Interactions

Figure II.1: Link energy

11-3.1.1.2 Bending energy:

This energy is the deformation energy of the valence angles. A harmonic term is chosen to
describe the three-body interaction:

Epending = Zbending Kbending (6 — 60)* IL.4
Where k bending is the bending force constant (in kcal.mol™), 0 is the valence angle between

two bonds and 6 is the equilibrium binding valence angle.

v

Figure I1.2: Bending energy (a: state 1, b:state 2)

Figure IL.3: valence angle between three atoms
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11-3.1.1.3 Torsional energy (deformation of the dihedral angles):

The term torsion is of importance in polymers, it is the main term of the mobility of the
molecular chains. The term corresponds to the rotation of a connection BC according to the
dihedral angle 7 formed by four consecutive atoms ABCD is expressed in the form of a

periodic function developed in Fourier series, it takes the following form:

Vn
Etorsion = Zn:o? [1 + COS(nT + V)] IL.5

The expression of the contribution of each dihedral angle is one (or more) term (s) of a
function developed in Fourier series. V,, is an energy term (kcal.mol™), 7 is the torsion angle,
v is the phase factor that represents the angle at which the torsion energy goes through a
minimum, and n is the term of multiplicity which determines the number of minima of the
function when the angle rotates by 360 °. The torsion energy already takes into account some
of the interactions between the unbound atoms since it involves four atoms. These interactions

will have to be weighted in the expression of energy terms between unbound atoms.

Figure I1.4: Torsional energy

11-3.1.1.4 Energy between unbound atoms:

a- OElectrostatic interaction energy:
Electrostatic interactions take on considerable importance, the electrostatic term (or Coulomb)
being taken into account not only the ion - ion interactions where the atoms carry formal
charges, but also all other so - called polar interactions. In the latter case, the atoms have
partial or point charges. These charges can be adjusted to reproduce the dipole moment of the
molecule or the electrostatic potential surface obtained by ab_initio quantum mechanical

calculations. The equation that describes this type of interaction is:
qi4;
47T80Tij2

Eelectrostatic = Zi,j I1.6

With Eq. electrostatic energy (in kcal.mol™),
qi, q; partial charges borne by the two interacting atoms i and j (in C),

r;j separation distance of the two interacting atoms i and j (in A),
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go dielectric permittivity of the vacuum, [15-17].

Figure IL.5: Electrostatic interaction energy
b- Energy of incorrect dihedral angles:
The energetic term of improper unfixed torsions gives the energetic contribution of the
deformations of improper torsions formed by three bonds. An improper twist is for example
the angle formed by the ABC and BCD plans defined by the following figure. Improper twists
are so called because the four atoms involved are not linearly related. This term serves to

maintain the flatness of certain groups such as the carbonyl group:

Eimproper = 7i1=1 ky (w; — WO)Z 1.7

Figure I1.6: The improper dihedral angle is defined as the angle between the ABC and BCD
planes
Where K, represents the torsional constant, ® is the wrong dihedral angle and w, represents
the ideal dihedral angle. Improper twists are so called because the four atoms involved are not
linearly related. This term serves to maintain the flatness of certain groups such as the
carbonyl group [18].
c- Van Der Waals interaction energy:
The interactions of VAN DER WAALS are represented by a potential in 6-12 whose

expression is the following:

. 12 . 6

The expression of this energy is in the form of a so-called 6-12 potential (Leonard Jones)
The term power 12 corresponds to the parameters of the repulsive term at short distance
(reflection of the repulsion of electric clouds corresponding to the Pauli exclusion rules), that

is to say, it comes from because two cores cannot be in the same place at the same time. This
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notion of superposition of atoms is found within the physics of polymers under the name
"excluded volume". As one atom approaches another, the interactions between atoms
increase. And this increase will be all the more important as the atoms will be close. The term
power 6 is the attractive term at a medium distance (London dispersion forces, Keeson el

Debye resulting from the induction and attraction of instant dipoles).

B

Energie

[}iﬂmnch

Figure I1.7: VAW energy curve

&;, represents the depth of the Van Der Waals well, the distance r;, is the distance between the
atom 1 and j and 1o is the distance of Van Der Waals. The term -r; ; represents the attractive
dispersion of London between two atoms and that at r;, the repulsion due to the exclusion of
Pauli [19-20].

d- Energy of the crossed terms:
There are other terms, called cross terms, which describe the interactions between the first
three terms, which is why they are also referred to as streitching-bending, torsion stretching,
bending-bending. This is particularly so for the elongation-flexing coupling (streitching-
bending) which is translated by the following relation:
E(1.8) ==Y ki jo1 (L — Log ) (81 — Bosy) 1.9
Ki, 0l is the link-angle coupling parameter with respect to the links i and j and I;=l;+]; and
loi j=loitloj

e- Hydrogen bonding energy:
I mentioned earlier that molecular mechanics force fields have to be transferable from

molecule to molecule, and explained the necessity for non-bonded interactions. These are
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usually taken to be Lennard-Jones 12—6 type, and they are included between all non-bonded
pairs of atoms.
U, =az_% .10

T R1Z RS
The Born—Mayer—Huggins potential

Upmn = Aexp(~BR) — 2 — =2 IL11

is sometimes used when dealing with polar species. B is a parameter determined by the size
and ‘softness’ of an ion, C6 (not the same as C6 in UL-J) has to do with dipole—dipole
interactions whilst C8 is determined by dipole—quadrupole interactions. Some force fields
make special provision for hydrogen-bonded atoms; they treat them as non-bonded

interactions but soften the Lennard-Jones 12—6 potential for AH B to a 12—-10 version

Uyg — G2 _ _Cio .12

Rup'?  Ryp™®
Other authors take the view that hydrogen bonds are perfectly respectable chemical bonds that
should be treated just like any other bond. They are therefore given a force constant and so on.
It is important to note that force fields are a purely empirical approach. They are set up in
such a way that all the different contributions allow reproducing a series of experimental
results. A field must therefore always be considered as an indivisible entity and it is excluded
from.

So steric energy is expressed by the following equation:

Energy between linked atoms Energy between unbound atoms

——

E= Egetching + Ebendingt Etorsiont Evaw+ Eeclect Enydrogen IL.13
The term "stretching" represents the elongation of the bonds.
The term "Bending" represents the variation of angles.
The term "Twisting" refers to the torsional energy of the dihedral angles.
The term "VdW" accounts for non-covalent interaction energies between unbound atoms.
The term "Elec" accounts for electrostatic interaction energies between unbound atoms.
The term "Hydrogen" accounts for hydrogen bonds.
It is important to note that force fields are a purely empirical approach. They are set up in
such a way that all the different contributions allow reproducing a series of experimental
results. A field must therefore always be considered as an indivisible entity and it is excluded
from combine terms and / or parameters of two fields in the hope of getting a better set [21].
In addition, the setting is often aimed at allowing the force field to realistically process a
particular class of compounds. It is thus possible to find fields intended more specifically for

24



Chapter I1 Molecular Dynamic

the modeling of small organic molecules and macromolecule [22], nucleotides [23] or even
organometallic complexes [22]. It is therefore important first of all to check whether the field

chosen is suitable for the system to be studied.

11-3.2 Different fields of forces in molecular mechanics:

Different force fields use the same type of energetic terms but are parameterized in different
ways. Force fields in MM can be grouped into three main classes [21]:

Force fields containing only the harmonic terms.

Force fields using the terms of higher order (cubic, quadratic ...).

Strengths suggested by Allinger et al. [22] not only considering the terms of classical
molecular mechanics but also chemical effects such as electronegativity

- MM2 (improved hydrocarbon force field) / MM3 / MM4:

Allinger introduced MM?2 in 1977 [22-23]. It was designed at the beginning for simple
molecules (alkanes, alkenes, non-conjugated alkynes, amines ...), but its improved versions
MM3 (1989) [24] and MM4 (1996) [25] allow it to treat organic molecules of more and more
complex.

GROMOS:

GROMOS (Groningen Molecular Simulation Program Package) is written by Van Gusteren
[26] and is designed specifically for biomolecules in aqueous media to study interactions
between water molecules and polar protein groups.

CHARM (Bio +):

Developed by Karplus et al [27], for the calculation of biomolecules. Its concept is similar to
that of AMBER. Although at the beginning, this force field is designed for amino acids and
proteins, now it deals with other biomolecules.

SPASIBA:

(Spectroscopic Potential Algorithm for Simulating Biomorphic Conforamtional

Adaptability), developed by Gérard Vergoten et al. (1995).

It combines the modified Urey-Bradly-Shimanouchi spectroscopic force field [28] and the
AMBER force field. It makes it possible to find structures, conformational energies and
vibrational frequencies at the energetic minimum of a molecule [29].

- Emo:

The Emo program (Energy Of Molecule), developed by B. Blaive [30-33], is based on the
MM2 force field. It is articulated around three menus:

* Menu I: entry of the molecule using a keyboard.
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*  Menu 2: Geometric manipulation on the molecule.

* Menu 3: Minimization of energy by molecular mechanics
AMBER:
(Assisted Molecular Building and Energy Refinement) was developed by P. KOLLMAN in 1981 [34],
it also represents a biological force field intended to perform calculations on proteins and nucleic acids
and macromolecules in general.

AMBER force field is of the following form [35-36]:
Etot = Zliaisons k(b - bo)z + ZanglesH(g - 90)2 + Ztorsion[vl[1 - COS((P - (p(l))] +

9\ 12 9,1\
VoIl — cos(2¢ — 9] + V3[1 — cos(3p — D]] + Tis 4ey; [(—) - (%) ] +

rij
a4;
i er, IL14

K, H, Vi, V2, V3, b, 00, 97, 03, 93, &, 0, qi, q;, 11j are the potential parameters included
in the force field, bond lengths, valence angles, dihedral angles and the distance between two
non-bonded atoms 1 and j respectively [37-38]

OPLS:

The OPLS (Optimized Potentials for Liquid Simulations) program, as its name suggests, is
designed to maximize the potential for describing solvation properties. It is written by W. L

Jorgensen and J. Tirado Rives [39].

1I-3.3 Minimization of potential energy:

In molecular modeling we are especially interested in minimum points on the energy surface.
Minimum energy arrangements of the atoms correspond to stable states of the system; any
movement away from a minimum gives a configuration with a higher energy. There may be a
very large number of minimum of minima on the energy surface. The minimum with the very
lowest energy is known as the global energy minimum. To identify those geometries of the
system that correspond to minimum points on the energy surface a minimization algorithm is
used. There is a vast literature on such methods and so we will concentrate on those
approaches that are most commonly used in molecular modeling. We may also be interested
to know for example. How do the relative positions of the atoms vary during a reaction? What
structural changes occur as a molecule changes its conformation? The highest point on the
pathway between two minima is of especial is known as the saddle point, with the

arrangement of the atoms being the transition structure. Both minima and saddle points are
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stationary points on the energy surface, where the first derivative of the energy function is

zero with respect to all the coordinates.

transition state

o0 180
coordinate

Figure I1.8: Global and local minimums representation [30].

The different minimization methods built into the Discover module of Materials Studio 4.0
and 5.0 and the most used are:

» The steepest method or the steep slope "Steepest descent".

» The conjugate gradient method

» Newton Raphson's method

11-3.3.1 Method of steep slope ''Steepest descent'':

This first-order derivative scheme for locating minima on molecular potential energy surfaces
was put forward by K. Wiberg in 1965 [14]. The steepest descents method moves in the
direction parallel to the net force, which in our geographical analogy corresponds to walking
straight downhill. For 3N Cartesian coordinates this direction is most conveniently
represented by a 3N-dimensional unit vector, s. thus:

Sk = —9r/ 19kl IL15
Having defined the direction along which to move it is then necessary to decide how far to
move along the gradient. Consider the two-dimensional energy surface of figure I1.8. The
gradient direction from the starting point is along the line indicated, if we will pass through a
minimum and then increase, as shown in this figure. We can choose to locate the minimum
point by performing a line search or we can take a step of arbitrary size along the direction of

the force.

27



Chapter I1 Molecular Dynamic

/)

Figure I1.9: Steepest descents principle scheme

11-3.3.2 The conjugate gradient method:

This method is based on the same principle as the previous one (direction opposite to the
energy gradient). This method is often used following the method of the greatest slope [40]. It
finds a minimum in fewer steps than the Steepest Descent method. It requires significant
computing times when the structure is far from the minimum. In other words, the
minimization begins with a few steps in "Steepest Descent" to get closer to the minimum, and

finally to steps in "conjugate gradient" to characterize the minimum potential energy.

I1-3.3.3 The Newton-Raphson method:

This so-called Newton-Raphson method is based on the calculation of the second derivative
of the energy function with respect to geometric coordinates. . It evaluates the second
derivatives of molecular energy with respect to geometric parameters and thus converges
more rapidly. Problems can be encountered when the initial conformation is far from the
minimum. It requires very important computing times; its application is thus reserved for

small systems [41-42]

II-4 Molecular Dynamics:

The first steps of the molecular dynamics could only be made thanks to the arrival of the first
computers (1957) [43]. But the first real simulations were made by Raman [44], thanks to his
work on the simulation of liquid argon in 1964 with a simulation time of 10-11 s, and then
liquid water [45] in 1971. Molecular Dynamics is a method widely used to study molecular
systems with large numbers of atoms. This method gives the possibility to observe the

behavior of a system as a function of time [46]. Indeed, the total energy of the system is
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broken down into potential energy described by the force field and kinetic energy related to
the temperature of the system. The input of kinetic energy in the form of temperature makes it
possible to excite the system and to make it leave the local minimum reached during the
minimization. The system that has accumulated enough energy can then explore the
conformational space and perform conformational transitions by jumping successive energy
barriers [46]. Mechanics and molecular dynamics share the same potential energy function
(force field) to describe all the interatomic interactions of the study system. We have therefore

used molecular dynamics experiments to obtain stable and low energy structures.

1l-4.1 Principle:
Each atom of the molecule is considered as a point mass obeying the law of mass action
whose movement is determined by the set of forces exerted on it by the other atoms as a

function of time.

= ~ d*r(t
Fi =m;a; = m; i(6)

(II.16)

ﬁi : Vector force acting on the atom i.

M; : mass of the atom 1.

a; : Vector acceleration of the atom i.

7; : The position of the atom i.

Thanks to the velocities and positions of each atom in time, it is possible to evaluate the
macroscopic data, such as kinetic energy and temperature. The kinetic energy is calculated
according to the formula:

E, = {-\;1% (IL17)
Where p; is the momentum of the atom 1.

The temperature is obtained from the kinetic energy by:

kpT

EC=2

(B3N —-N_) (I1.18)
Ky . Boltzmann constant
N. : number of constraints

3N-N, : total number of degrees of freedom.

The force F exerted on an atom i in position rj(t) is determined by derivation of the potential
function:

_ df(ri,...,rn)
- dri(t)

ol

(11.19)

E: function of the total potential energy of interaction.
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1; : Cartesian coordinates of the atom 1i.

The velocities of each atom are calculated from the knowledge of atomic accelerations:

. ap

a; = (IL.20)
And the positions of atoms are calculated from atomic velocities by the relation:
by = = (IL21)

The integration of these equations is done by dividing the trajectory into a series of states
separated by very short time intervals whose length defines the integration stepAt, which leads
to a trajectory as a function of time. Knowing the speed and the acceleration of the atom 1 at

time t, we can know its position at time t + At:

ri(t + AD) = 1;(0) + vidt + 1/ a;AL? (11.22)

1I-4.2 Duration of the integration step:

The equations of motion are solved numerically and propagated by relatively fast algorithms.
Nevertheless, they impose a severe restriction on the length of the integration step. A time
step At that is too large introduces significant errors in the evaluation of the energy and can
make the simulation diverge. Vibration frequencies must also be taken into account so that At
is 10 to 20 times smaller than the period of oscillation. In practice, in the organic molecules
(polymers), the bonds that vibrate the fastest are the C-H bonds (with a vibration period of the
order of 10 fs). The maximum value of At must be approximately one-tenth of this period, ie 1
fs [47]. This choice of the time step At greatly influences the total simulation time. Indeed, the

latter is given by (At, Nt), with Nt the number of simulation steps [48-49].

1l-4.3 Periodic boundary conditions:

When simulating a system in explicit solvation in a box, the environment of the peripheral
atoms is biased because of the edge effects compared to the atoms located in the center of the
box. To get rid of it, it is necessary to make sure that the environment of the atoms becomes
independent of their position. The periodic boundary conditions of replicating a finite and
relatively small set of particles in a central box in the three directions of space (Figure 11.10)
are used, so that the forces acting on the particles are equivalent. To those of a much larger

system and therefore more realistic.
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Figure I1.10: Periodic conditions illustrated in 2 dimensions with a cubic box [47]
The movements of the atoms in the central box are copied in all the picture boxes. Therefore,
if a particle leaves the central box during the simulation, it is replaced by an image particle of
an adjacent box on the opposite side. The number of atoms in the central box therefore
remains constant. The energy calculations are performed on the molecules of the central box.
The unbound interactions of the molecules near the walls of the central box are calculated
using the virtual molecules of the contiguous boxes. With the periodic boundary conditions
method, larger amplitude fluctuations than can dimensions cannot be studied unless the size
of the box is increased. In this case, the number of atoms in the system increases, increasing

the number of interactions to calculate [50, 51].

1I-4.4 Different sets applied to molecular dynamics:

When the interaction potentials, boundary conditions and initial conditions are set, the
molecular dynamics simulation can be started. The system will then evolve over time, and
consequently the quantities: number of atoms N, temperature T, pressure P, volume V and
energy E will evolve as well. There are several thermodynamic systems, characterized by
three independent variables, each defining a representative set (NPT, NVT, NVE, etc.). In
order to carry out simulations closer to the experiment, we use tools for regulating the

parameters T and P. In our study, the two sets used are NVT and NPT.
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I1-4.4.1 NVT canonical ensemble:

The number of atoms (N), the volume (V) and the temperature (T) of the system are
preserved. The system is in thermodynamic equilibrium and exchanges energy with an
external tank called a thermostat. The thermostat serves as a thermal bath, ensuring the
stabilization of the average internal temperature of the system around the required
temperature (external). The modification of Newton's initial motion equation is therefore
necessary to take into account the friction of the system due to the thermostat. The internal
energy of the system fluctuates and the quantity conserved over time is Helmholtz's free
energy which is the sum of the internal micro canonical energy (NVE) and the energy
provided by the thermostat.

Unyr = Epot + Ecin — T.S (I1.23)
Where S is the entropy of the system [52].

11-4.4.2 Pressure control (NPT ensemble):

Number of particles N, pressure P and temperature T are constant. In other cases it may be
advantageous to simulate at constant pressure rather than at constant volume, it is simulations
under iso thermal-isobaric set (NPT). It is a thermodynamic set that represents the real
experimental conditions of the laboratory. The canonical set is coupled with a second tank
called barostat which maintains a required external pressure. The volume V of the system
varies isotropically according to the imposed pressure [53]. There is another variant of this
set, it is the set NoT [54], which modifies the dimensions of the simulation box in an
anisotropic way (the dimensions and the shape of the box change) under a constraint Ge

imposed (see Figure I1.11).
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Figure I1.11: Deformation of a simulation box in NPT and NoT assemblies [53].

1I-4.5 Application and inconvenient of molecular dynamics:

An important application of molecular dynamics is the analysis of normal modes of vibration
along the trajectory. Another application is the search and optimization of 3D structures based
on crystallography data or Raman scattering spectroscopy (NMR). Another advantage is that
it is not limited to harmonic movements around simple minima. It also allows molecules to
cross energy maxima and explore other stable conformations. Several efforts have therefore
been made to extend the duration of molecular dynamics simulations, the first effort concerns
the use of a simplified interaction potential, this simplification shortens the calculation time
devoted to the evaluation of the total energy of the system over a simulation. Second effort is
the lengthening of the integration step, up to 2fs. Indeed, by the procedure of SHAKE [55].
This algorithm makes it possible to fix the geometry of certain bonds (length of the covalent
bond) during a molecular dynamics. Despite these efforts but the molecular dynamics has a
number of significant limitations: The first concerns the determination of certain parameters
such as the potential barriers of the dihedral angles proves tricky, the second limitation is the
size of the systems is also generally limited to tens of thousands of atoms and the third
limitation is in the classical treatment of the interactions of the system. Indeed, it is not
possible to study the chemical reactions without describing at least a part of the system by the

ab-initio methods [56].
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Chapter 111 Solvation

III-1 Solvent:
Solvents are chemicals that dissolve and dilute other substances without modifying or
modifying them. A solvent is liquid in which one or more substances - the solutes - are
introduced so as to constitute a homogeneous phase: the solution [1]. The solvent is thus
defined not by its chemical structure, but by its physical state - the liquid state - and by the use
that is made of it; There is thus an infinite variety of solvents: water, organic compounds
(alcohols, acids, hydrocarbons, etc.) are the most traditional, and condensed or pressurized
gases, such as ammonia or carbon dioxide [2].
II1-1.1 Classification of solvents according to their molecular structure:

e Polar portal solvents (also called protogenic solvents): possessing one or more

hydrogen atoms capable of forming hydrogen bonds. For example, water, methanol,

ethanol, etc.

0% 4

+.c @ +

a""
w H_ Alcools

Figure III.1: water, alcohol
e Polar aprotic solvents: having a non-zero dipole moment and devoid of hydrogen atoms
capable of forming hydrogen bonds. For example, acetonitrile (CH3CN),
dimethylsulfoxide (DMSO, (CHs) ,SO), tetrahydrofuran (THF, C4HgO), etc.

& _CHy DMSO
] 5\‘
£ CH;
& = @ OH,
- - :ﬂ—!’-\
CH3 ﬂ"‘:
5 0=s
CHy

Figure II1.2: Dimethylsulfoxide
e Apolar aprotic solvents: having a zero permanent dipole moment. For example,

benzene, hydrocarbons: branched or linear alkanes, cyclic alkanes, alkenes, etc.
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I1I-1.2 Classification of solvents according to their composition:
A / Inorganic solvents: These are solvents that do not contain carbon. Water, aqueous
solutions containing additives (surfactants, buffer solution ...) and concentrated sulfuric acid
are the most well-known inorganic solvents.
B / Organic solvents: These are solvents containing carbon. They are classified into three
families:
e Hydrocarbon solvents:
Aliphatic hydrocarbons: alkanes, alkenes
Aromatic hydrocarbons: benzene, toluene, xylene.
e Oxygenated solvents:
Alcohols: ethanol, methanol
Ketones: acetone
Acids: acetic acid
Esters: ethyl acetate
Ethers: ether ... but also glycol ethers
Other oxygenated solvents: DMF, DMSO and HMPT
e Halogenated solvents: Halogenated hydrocarbons (fluorinated, chlorinated, brominated
or iodinated): perchlorethylene, trichlorethylene, dichloromethane chloroform,

tetrachloromethane (harmful for the ozone layer).

C/ Solvent table:

Table II1.1: The table below represent some knowing solvent

Solvent Chemical formula 1 Dielectric constant Mass
boiling Density
Apolar solvents

Hexane CeHy4 69°C 2.0 0,655 g.ml”

Benzene C¢Hs 80°C 23 0,879 g.ml”

Toluene C¢Hs-CH; 111 °C 2.4 0,867 g.ml™”
Diethyl ether C2Hs-O-C,Hs 35°C 43 0,713 g.ml’’
Chloroform CHCL; 61°C 4.8 1,498 g.ml”’
Ethyl acetate CH3-COO-C,H; 77°C 6.0 0,894 g.ml”’
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T Dielectric Mass
Solvent Chemical formula
boiling constant density
Polar gantry solvent
1.4-Dioxane © 101°C 23 1,033 g.ml™
Tetrahydrofuran |
66°C 7.5 0,886 g.ml’
(THF)
Dichloromethane
CH,CL, 40°C 9.1 1,326
(DCM)
Acetone CH;COCH; 56°C 21 0,786 g.ml‘1
Acetonitrile (MeCN) CH;-C =N 82°C 37 0.786 g.ml‘1
dimethylformamide .
HCON(CHs;), 153°C 38 0,944 g.ml’
(DMF)
Dimethyl sulfoxide |
CH;SOCH; 189°C 47 1.092 g.ml’
(DMSO)
Chemical T Dielectric Mass
Solvent
formula boiling constant Density
Polar gantry solvents
n-Butanol C;Hy-OH 118 °C 18 0,810 g.ml‘1
~ H;C
Isopropanol :
CHOH 82°C 18 0,785 g.ml’
(IPA) .
H;C
Propanol C;H;-OH 97°C 20 0.803 g.ml‘]
Ethanol C,Hs-OH 79 °C 24 0,789 g.ml‘1
Methanol CH5-OH 65 °C 33 0,791 g.ml‘]
Formic acid HCOOH 100°C 58 1,21 g.ml”
Water H-O-H 100°C 80 1,000 g.ml™!
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Figure II1.3: water

Water is the most abundant constituent in living tissues: it represents 60 to 95% of their mass.
Its special properties make water an indispensable molecule for life: because of its property of
polar molecule, water is an excellent solvent, able to create bridges with other polar
molecules.

In addition to its role as a solvent, water is also the substrate and the product of multiple
chemical reactions. It is also fundamental in the three-dimensional structure and the assembly
of biological molecules. Indeed, folds and assemblies Macromolecular properties are
stabilized by the removal of water from non-polar regions (hydrophobic effect) and the
creation of hydrogen bonds with certain atoms. Finally, its concentration of hydrogen ions H”,
ie the pH, can modify the ionic state biological molecules, making biological processes very

sensitive to these variations [3].

III-2 Solvation:

Solvation is the physicochemical phenomenon observed during the dissolution of a chemical
'solute’ compound in a solvent [4].

When introducing a chemical species initially in the solid state (in crystal or amorphous
form), liquid or gaseous in a solvent, the atoms, ions or molecules of the chemical species are
dispersed in the solution and interact with the solvent molecules. This interaction is called
solvation. It is of different nature depending on the solute and the solvent and covers
phenomena as different as ion-dipole interactions (solute = Na +, solvent = water), hydrogen
bonds (solute = alcohol, solvent = water) or van bonds der Waals (solute = methane, solvent =
cyclohexane)

When the solute is in the condensed phase (liquid or solid), the solvation enters the energy

balance which involves the separation of molecules or ions in the solute before its dispersion
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in the solvent. The solute dissolves only if the solute-solvent interactions compensate for the
loss of solute-solute and solvent-solvent interactions due to dissolution:
e Either by chemical reaction;
eEither by weakening the bonds sufficiently (for example, the water divides the
electrostatic forces by about 80) [5].

o® O

": : e *+
e
Soluté

Solution

Solvant

Figure II1.4: solvent solute reaction
The liquid which receives is the solvent, the substance which is dissolved therein is the solute,

the mixture obtained is the solution, and the operation is commonly called solvation [6].

I11-2.1 Solvation layers:

The solvated ion (or molecule) is surrounded by solvent molecules which are directly related
to it, which are oriented (in the case of an ion-dipole interaction), and which are only slowly
exchanged with molecules outside this first sphere of solvation.

This first sphere is surrounded by other solvent molecules that are not directly ion-bound, that
are slightly oriented, that exchange rapidly with solvent molecules from the rest of the
solution, and which are slowly exchanged with the molecules of the first sphere.

The rest of the solution consists of solvent molecules that are in the same state that in the
absence of solute. Anglo-Saxon literature calls these molecules bulk.

If this structuration of the solution is common to the various solvents and solutes, the number

of solvent molecules in each solvation sphere is specific to each type of solution [7].

I11-2.2 Number of salvations:

The number of solvation is the number (without units) of molecules of the first solvation
sphere or, depending on the case, the total number of molecules of solvent of the two
solvation layers. Number of solvation in the first sphere is a fairly easy concept to define,
given the stability of solvent-solute interactions. The total solvation number, including the
solvent molecules of the second solvation sphere, is more difficult to define. It is most often
defined by the method used for the measurement [8]. This disparity, which may seem
disruptive in the first instance, reflects the importance of the notion of solvation number in

various situations.
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The methods for determining solvation numbers are as varied as:

e Theoretical calculations.

e The experimental calculations.
Hydration of biological macromolecules can be studied using several methods that each
provides specific, different and complementary information. One can distinguish among these
two experimental methods large families of methods:

1. Structural methods (X-ray diffraction crystallography and nuclear magnetic
resonance) can detect the presence (for crystallography) and dynamics (for NMR) of
specific water molecules around the structure of macromolecules.

2. Thermodynamic methods, based on measurements of microcalorimetry, allow access
to the free energy solvation of molecules and its variations during refolding or
complexation; these measures of microcalorimetry coupled with volumetric or
osmotic pressure approaches can characterize, in terms of number of molecules and
energy, the first solvation layers.

Experimental methods for studying hydration are currently becoming more precise. However,
they pose difficulties of interpretation, and they do not allow more often than to obtain partial
information on the hydration of the biological molecules. It is therefore necessary to consider
theoretical methods to study in a more exhaustive way the processes of solvation and to

confirm and complete the results of the experimental methods [9].

I1-2.3 Study of solvation by theoretical methods:

Theoretical methods such as molecular modeling now make it possible to specify at the
atomic level and to better rationalize the structure / function relationship of complex
biological systems whose experimental studies are not always simple to implement, nor
obvious to interpret. Water plays a very important role in the structure of biomolecular
buildings and it therefore appears it is essential to properly represent the solvent around
solutes in molecular modeling studies.

Two major strategies stand out for representing the solvent in modeling, the explicit methods,
which represent the solvent microscopically, and the implicit methods, which represent the
effects of the solvent in a macroscopic way [10].

I11-2.3.1 Implicit Solvatation:

(Sometimes known as solvation continuum) is a method of representing solvents as a
continuous medium instead of the "explicit" person of the solvent molecules most often used

in dynamics and molecular simulations in other applications of molecular mechanics. The
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method is often used to estimate solute-solvent free energy and interactions in structural
chemical processes, such as folding or conformational transitions of proteins, DNA, RNA,
and polysaccharides, association of biological macromolecules with ligands, or transport of
medications through biological membranes [11].

The implicit solvation model is justified in liquids, where the medium strength potential can
be applied to approximate the averaged behavior of many highly dynamic solvent molecules.
However, one can also consider the interiors of biological membranes or proteins as media
with specific solvation or dielectric properties. These media are continuous, but not
necessarily the uniform, since their properties can be described by different analytical
functions, such as "polarity profiles" of double lipid layer [12]. There are two basic types of
implicit dissolving methods: Accessible Area Based (ASA) models that were historically the
first and most recent continuum electrostatic models, although various modifications and
combinations of different methods are possible. Accessible area (ASA) method is based on
experimental linear relationships between Gibbs transfer free energy and the area of a spacer
molecule. This method works directly with the free energy of solvation. The solvent
continuum representation also significantly improves the computer speed and reduces
statistical errors averaging that result from incomplete sampling of solvent conformations, so
that the energy landscapes obtained with the implicit and explicit solvent are different.
Although the implicit dissolving model is useful for simulations of biomolecules, this is an
approximate method with certain limitations and Problems with parameterization and
treatment of ionization effects

Among the implicit methods that allow the calculation of the electrostatic contribution of the
free energy of solvation, we distinguish several approaches, of which we will briefly present
the fundamental principles:

1. the continuum methods consider the solvent as a continuous medium of high dielectric
constant: one finds the methods based on the Poisson-Boltzmann equation, and on the
other hand those based on actual pair interactions;

2. the hybrid methods take into account the molecular aspect of the solvent while
remaining implicit: we will see on the one hand those of the Langevin dipoles, which
treat the solvent as a dipolar fluid, whose equations are based on the polarization
properties of the solvent and methods based on the theory of the functional density of
liquids, which take into account variations in the density of the solvent [13].

I11-2.3.2 Explicit Solvatation: Explicitly treating the solvent, i.e. adding the solvent

molecules to the system being studied, is certainly the most rigorous way to understand the
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behavior of a molecule. However, the computational cost is extremely important since it is
necessary to take into account in the calculation of the potential energy function, not only the
terms which concern the solute, but also those relating to the solvent, thus resulting in
calculation times that are longer than those resulting from a simple implicit treatment of the
solvent.

In addition, it is necessary to have the physico-chemical parameters of the solvent molecule
calculated specifically for the force field that is used [14].

We used a special solvent type for the MM+ force field: water.

To study a molecule as an explicit solvent, it is necessary to solvate it, that is, to plunge it
entirely into a "solvent box". This box of solvent, regardless of its shape (cubic, parallelepiped
or truncated octahedral) must have a density very close to the experimental value of the
solvent. For this, it is necessary that the number of molecules N of solvent is calculated

precisely according to the desired volume of the solvent box:

NoXxdxV
M

N = 1.1

With Np: Avogadro number, d: solvent density, V: volume of the solvent box and M: molar
mass of the solvent.
For example, in the case of a box of cubic water of 50 A ° edge, the number of molecules of

water necessary to have density of water = 1.0 (standard conditions) is:

6.02.10%23x1.0%(50.1079)3

N = —
18.1073

1.2

In order to avoid not only that the solvent density in the vicinity of the solute does not vary,
but also that the solvent zone is in direct contact with the vacuum (edge effects), periodic
boundary conditions are imposed. The solute-solvent system constitutes the primary box
which is reproduced as images in all directions of space for a total of [(3 x 9) - 1] = 26

imagery to apply periodic boundary conditions

Figure IIL.5: Creating 26 images around the initial system
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It should be noted that, since the solvent molecules are explicitly present, they will directly
participate in the evaluation of the energy of the system and therefore the dielectric constant

will have a value of 1 [15].

III-3 Poly Methyl Methacrylates:
Poly (methyl methacrylate) (PMMA) is the most important polymer in the polyacrylic

category. He is known for its transparency, ease of use and resistance to aging (especially UV
light). A large number of alkyl methacrylates which can be considered as poly (methacrylic
acid) esters. Indeed, the most important of these polymers is polymethyl methacrylate, which
is an important plastic material. As with other linear polymers, the thermal and mechanical
properties of polymethacrylates are largely determined by the intermolecular attraction and
rigidity of the chain [16].

One of the polymers of importance also obtained by radical route is polymethyl methacrylate
(PMMA) obtained by homopolymerization of methyl methacrylate (see Figure IIL.6).
Polymethylmethacrylate is not soluble in water but in organic solvents and it is a
thermoplastic resin that softens at temperature (above 110 ° C). It is used mainly for

prosthetic bases [17].

® CH-
S 3
Hzcﬁ)\o CH
3 (T‘} O i
CH 3 CH4
Methacrylate de Méthyle = - =

PhA

Figure II1.6: Chemical structures of the Monomer (MMA) and the Polymer (PMMA)

Structures

PMMA is a rigid material with excellent optical qualities. It is used among others in the
manufacture of organic contact lenses, designer furniture, safety accessories ... etc. it is known
commercially under the name of Plexiglas. Like all materials, PMMA has advantages and
disadvantages.

I11-3.1 Advantage uses of PMMA:

» Good mechanical qualities
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» Good weather stability
» High transparency
» UV resistance
I11-3.2 Disadvantages uses of PMMA:
» Low abrasion resistance

» fragile and sensitive to notching

I11-3.3 Industrial applications of PMMA:

Due to its transparent properties, lightweight and superior toughness compared to glass,
PMMA got popular during World War II. It was extensively used make aircraft windshields,
canopies and gun turrets. After this several other commercial applications were developed for
PMMA such as glass roofing, facade design, advertising, automotive headlamps, etc. Today

various types of acrylic grades are used in wide variety of applications, for example:

Architecture and Construction: Thanks to its excellent impact and UV resistance, PMMA is
widely used in window and door profiles, canopies, panels, facade design, etc. It also
facilitates light transmission and provides good heat insulation, hence a suitable choice of

building green houses. PMMA is also used to build aquariums and marine centers.

Lighting: PMMA sheets are used for designing LED lights where it helps maximize light
emitting potential. It is also used for construction of lamps thanks to its transparency and

optical properties.

Automotive and Transportation: In vehicles, PMMA sheets are used in car windows,
motorcycle windshields, interior and exterior panels, fenders etc. Also colored acrylic sheets
are used in car indicator light covers, interior light covers etc. It is also used for windows of a
ship (Salt resistance) and aviation purposes.

PMMA also open new design possibilities for car manufacturers thanks to its pleasant

acoustic properties, outstanding formability and excellent surface hardness.
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Electronics: Due to its excellent optical clarity, high light transmission and scratch resistance,
PMMA is widely used in LCD/LED TV screens, laptops, smartphones display as well as
electronic equipment displays. PMMA also finds used in solar panels as cover materials
thanks to its excellent UV resistance and excellent light transmission allowing high energy

conversion efficiencies.

Medical and Healthcare: PMMA is a high purity and easy-to-clean material and hence used
to fabricate incubators, drug testing devices, storage cabinets in hospitals and research labs.
Also, due to its high bio-compatibility, PMMA is also applied as dental cavity fillings and

bone cement [19].

III-4 Poly 2-HydroxyEthyl Methacrylate

Poly(2-hydroxyethylmethacrylate) (PHEMA) is a Polymer that well known as hydrogels
types. On 1960, Wicherle and Lim were the first introduce the 2-hydroxyethyl methacrylate
(HEMA) in contact lenses. PHEMA has stronger mechanical properties than other polymer. It
can be strengthened by bulk polymerization, copolymerization with hydrophobic monomers
and rigid cyclic monomer modification methods. This polymer also nontoxic and
biocompatible the excellent mechanical properties and chemical stability of PHEMA has also
by contribution in controlling the optical property of semiconductor nanostructure [20].
Mohar et al. [21], reported that PHEMA able to absorb large amounts (40-45%) of water and
have the degree of flexibility similar to the naturally occurring tissue that has higher water
content which decreases potential irritation to surrounding membrane and tissues. PHEMA
has high solubility in organic solvent such as methanol and ethanol, while it partially soluble
in water that leads to the swelling phenomena in water presence. This polymer will become
soft and flexible in the swelled state, while quite brittle in the dry state. This PHEMA was
chosen as a copolymer. HEMA will provide structural stability and rigidity which in turn
reduce the methanol permeability to prevent polymer solubility.

— —

1|1 CH;
C—C
|
H (=0
O—CH,—CH,—OH
e = Tl

Figure I11.7: Chemical structure of the Poly (2-hydroxyethyl methacrylate)
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The PHEMA is one of the known polymer in many application such medical, sensor, optical
as well as electrochemical devices. This current review paper mainly focus on the application
of PHEMA as electrochemical device. The main properties of PHEMA are water insoluble,
flexible and capable to form gel membrane. The PHEMA proven can be used to increase the

ionic conductivity of the membrane depending on its morphology and structure.

I11-4.1Industrial applications of PHEMA:

PHEMA is very important in macromolecular chemistry application. As reviewed, the number
of applications of Poly (2-hydroxyethyl methacrylate) has been increase nowadays due to its
properties such as easily polymerized, possess a hydrophilic pendant group and enable to

form hydrogels:

Hydrogels in the medical field: The use of hydrogels in the medical field is extensive. They
can be applied for regeneration of articular cartilage, contact lenses, regenerative medicine
and con-trolled drug delivery systems. Hydrogels have the ability to release therapeutic agents
in vivo in chosen sites in a controlled space—time frame. The release of bioactive factors is a
promising strategy to disease therapy and also enhances tissue regeneration. The hydrogel of
poly (2-hydroxyethyl methacrylate) (PHEMA) is one of the most studied polymers in this
field of science. It has excellent biocompatibility, has physical properties similar to living
tissue and contains hydroxyl functional groups on its surface that can be used for protein bio

conjugation.
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Chapter VI Results and Discussions

IV.1 Introduction:

Atomistic molecular modelling are a very interesting tool to have preliminary information
about blends, phase behavior and compatibility, which exist between polymers. They are an
alternative solution to researchers who have not access to experimental. They have reached,
recently, a very high level of sophistication, to the point of being able to predict easily several
properties with a very high precision, thus anticipating the possible applications of the
modelled systems [1-4].

This work consists in studying the solvation of two polymers, by molecular modeling.

IV.2 Polymer identification:
The general molecular structures of the chosen polymers for this study (discussed before) are

represented above:

CHs

N
PSR

CHs

= —n

Figure I'V.1: n-MMA structure

JﬁfowOH

O
Figure IV.2: n-HEMA structure

For this study, we generate a polymer chain containing 10 Repeat Units (RUs) for each
polymer. We optimized the structures by molecular mechanics to obtain starting structures
with geometry and a conformation probably the more stable in order to study them by

molecular dynamics.
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Figure 1V.3: PolyMMA structure with 10 RUs (Cyan:Carbon; Red:Oxygen; White:
Hydrogen)
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Figure 1V .4: PolyHEMA structure with 10 RUs (Cyan:Carbon; Red:Oxygen; White:
Hydrogen)

IV.3 Description of the simulation software:

The calculations are performed using HyperChem software [5]. HyperChem from Hypercube,
Inc. is a sophisticated molecular modeling environment that is known for its quality,
flexibility, and ease of use. Uniting 3D visualization and animation with quantum chemical
calculations, molecular mechanics, and dynamics, HyperChem puts more molecular modeling
tools at fingertips than any other Windows program. HyperChem brings in the same interface
a set of different tools dedicated to molecular modeling; it allows to really make modeling: it
has computational methods (molecular mechanics, semi-empirical, ab-initio, QSAR and
conformational research).

ORIGIN 8.0 was used to draw the energy maps. Origin is scientific data processing and
analysis software for Microsoft Windows environment developed by OriginLab [6]. It allows
drawing 2D and 3D graphs and has peak analysis functions. It is also able to import files of
various formats such as Excel, ASCII, Mathematica or SigmaPlot, and to export the graphs in

format JPEG, GIF, Tiff etc.

IV.4 First part: the case of free water
In this part, we present a comparative energy minimization study of the two polymers in the

absence of solvent (water) to determine the most stable conformation they can adopt.

1V.4.1 Energy minimization and structure optimization:

Optimization of PMMA and PHEMA by molecular mechanics is done using the mm + force
field and Fletcher-Reeves as algorithm (conjugate gradient).

For the PMMA, the starting energy of the brut structure was about 364.109426 Kcal/mol, this
energy is converged after 462 steps to reach 102.569635 Kcal/mol.

For the PHEMA, the starting energy of the brut structure was about 524.872829 Kcal/mol,
this energy is converged after 791 steps to reach 102.540925 Kcal/mol.

As we can easily see that the two polymer structures have equilibrium energy very close to

each other.
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Table IV.1: Results obtained after optimization of the different structures:

Molecules PMMA PHEMA
Energy (Kcal/mol) 102.569635 102.540925
Bond 15.7596 15.8038
Angle 34.8083 37.0522
Dihedral -2.75266 -2.89997
Vdw 53.136 50.8921
h-bond 1.6184 1.69278
Electrostatic 0 0
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Figure IV.5: Energy minimization of the PMMA structure

Figure IV.6: The most stable conformation of the PMMA with 10 RUs
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Figure IV.7: Energy minimization of the PHEMA structure

Figure IV.8: The most stable conformation of the PHEMA with 10 RUs

IV.4.2: Relaxing the structures with molecular dynamics:

After performing optimization of the starting structures, it’s important to relax the obtained
polymer chains. Indeed, in this section we present the molecular dynamic result for the two
chosen polymer without solvent. The MD is performed with temperature of 300°K and for a

10 ps simulation time with 0.001 step sizes.
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Figure IV.9: Energy equilibration of the PMMA structure after 10 ps
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Figure IV.10: Energy equilibration of the PHEMA structure after 10 ps
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Table IV.2: Molecular dynamics results for isolated molecules

Molecules PMMA PHEMA

Potential Energy (Kcal/mol) 168 ~ 174 185 ~ 192

For the PMMA, the starting energy of the optimized structure was about 102.569635
Kcal/mol, this energy increase and is equilibrated after 10 ps simulations time to stay around
168 ~ 174 Kcal/mol.

For the PHEMA, the starting energy of the optimized structure was about 102.540925
Kcal/mol, this energy increase and is equilibrated after 10 ps simulations time to stay around

185 ~ 192 Kcal/mol.

IV.5 Second part: Solvation of the polymers
The majority of the chemical and biological reactions take place in solution, and the effects
due to the solvent can be very important. [S] We can take them into account:

» Either explicitly by placing solvent molecules around the molecule

» Either implicitly, that is, indirectly.
-The explicit solvents:
In this case, a solvation cube is generated around the molecule. That is, "simply" and
randomly add a number of solvent molecules corresponding to the density of the solvent. We
(the software) create a box with a pre-defined size around the molecule filled with water
molecules, this step made in the Hyperchem software. The PMMA and PHEMA are putted

into a box with 216 water molecules each.

Figure IV.11: PMMA structure (in blue) immersed into 216 water molecules
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Figure IV.12: PHEMA structure (in blue) immersed into 216 water molecules

IV.5.1 Energy minimization and structure optimization:

The optimization of geometry can be carried out in molecular mechanics (MM), the
optimization of PMMA and PHEMA by molecular mechanics using the same parameters
used before; That is, the mm+ force field and the Fletcher-Reeves algorithm (conjugate
gradient).

For the PMMA cube with water molecules, the starting energy of the brut structure was about
2511.558867 Kcal/mol, this energy is converged after 2140 steps to reach -2244.411297
Kcal/mol.

For the PHEMA cube with water molecules, the starting energy of the brut structure was
about 1304.933984 Kcal/mol, this energy is converged after 2530 steps to reach -2367.747188
Kcal/mol. All the results are gathered in the table IV.3.

Table IV.3: Obtained results obtained after optimization

Molecules PMMA PHEMA
Energy (Kcal/mol) -2244.411297 -2367.747188
Bond 27.4509 34.5282
Angle 494214 55.3837
Dihedral 2.6097 11.5201
Vdw -638.219 -693.565
h-bond 2.42858 3.11648
Electrostatic -1688.1 -1778.73
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Figure IV.13: Energy minimization of the PMMA structure immersed in water
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Figure IV.14: Energy minimization of the PHEMA structure immersed in water
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I1V.5.2: Relaxing the structures with molecular dynamics:
In this section we present the molecular dynamic result for the two chosen polymer immersed
in solvent (water). The MD is performed keeping the same parameters used befor. That is,

with temperature of 300°K and for a 10 ps simulation time with 0.001 step sizes.
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Figure IV.15: Energy equilibration of the PMMA immersed in water with 10 ps simulations
time

For the PMMA, the starting energy of the optimized structure was about -2244.411297
Kcal/mol, this energy increase and is equilibrated after 10 ps simulations time to stay around -
450 ~ -530 Kcal/mol.
For the PHEMA, the starting energy of the optimized structure was about -2367.747188
Kcal/mol, this energy increase and is equilibrated after 10 ps simulations time to stay around -
650 ~ -530 Kcal/mol.

Table IV.4: Molecular dynamics results for immersed polymers in water molecules

Molecules PMMA PHEMA

Potential Energy (Kcal/mol) -530 ~ -450 -650 ~ -530
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Figure IV.16: Energy equilibration of the PHEMA immersed in water with 10 ps simulations

IV.6 Qualitative analysis:

time

According to the obtained results shown in the table IV.5, it is noted that the energy of

PHEMA without solvent is low compared to the found energy of PMMA without solvent. In

the case where the two molecules are used with solvent, the phenomenon is confirmed; this is

due to the polymer chemical structure. Indeed, the PHEMA contain in its structure a chemical

group O-H which favors the binding with water molecules what makes the energy is small

compared to the one presented by PMMA.

Table IV.5: Different energies obtained after geometry optimization for the different systems.

Molecules Energy (Kcal/mol)
Starting Final
Unboxed 364.109426 102.569635
PMMA
Boxed 2511.558867 -2244.411297
Unboxed 524.872829 102.540925
PHEMA
Boxed 1304.933984 -2367.747188
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Conclusion

The solvation of polymers as well as the representation of the solvent, whose role is very
important in the stabilization and dynamics of polymers, constitutes a major challenge in
molecular modeling. This work was devoted to the study by molecular modeling of solvation
of two isotactic polymers which are PMMA (Poly Methyl Methacrylate) and PHEMA (Poly
Hydroxy ethyl methacrylate). It comprises four chapters:

The first is dedicated to a bibliographical study on polymers by citing some basic definitions
to be able to initiate the reader on this subject.

The aspects of molecular modeling are discussed in the second chapter in order to situate
molecular mechanics among the modeling methods used for the description of atomic
behavior within the molecular structure. The notion of force field, the set of terms of steric
energy is defined precisely in the mathematical expression in molecular mechanics. The
importance of parametrization justifies the choice of the force field.

Chapter 3 reviews the various existing methods, experimental and theoretical, and also the
various existing solvents and their classifications, to study precisely the solvation of
macromolecules. The study of the solvation of polymers appears to be essential to rationalize
the influence of water on chemical processes and therefore represents a major challenge for
physics and modern chemistry.

The last chapter is devoted to the results obtained and to the discussion and interpretation of
these.

Polymers are extremely important organic compounds due to their natural abundance and
their structural and energy reserve functions. In the organized or disorderly state,
understanding of polymer / water interactions is essential for many scientific and
technological fields. The complexity of these interactions is due to the presence of very close
hydroxyl groups which multiply the hydrogen bond alternatives either intramolecularly or

with water.
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The calculations carried out with the Hyperchem software led us to different energy values
(minimization and dynamics -stabilization) for the two PMMA and PHEMA polymers. So the
solvent (water) plays a very important role in stabilizing the structures of the polymers.

The prospects we plan to achieve in the future as part of a PhD will be to deepen this study to
be able to determine and predict the physical properties of such materials as well as to treat

more complex systems and determine the effects of solvent on polymers.
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Résumé :

Ce Mémoire traite une ¢tude théorique par dynamique moléculaire de la solvatation dans I’eau
de deux polymeres acryliques biocompatibles hydrophiles qui sont le PMMA (Poly
Meéthacrylate de Méthyle) et le PHEMA (Poly 2-Hydroxy Ethyle Méthacrylate). L’étude a été
basée sur la comparaison des énergies potentielles des deux polymeres dans deux états
différents, le premier est un état sec (Sans ajout de solvant-Eau-) et le deuxieme état en
ajoutant du solvant —Eau- et ceci pour pouvoir déterminer 1’effet de 1’ajout du solvant —Eau-
sur les deux polymeres. Il a été constaté que 1’énergie du PHEMA sans solvant est inférieure a
celle du PMMA. Cet effet est confirmé lors de 1’ajout du solvant.

Mots Clés : modélisation moléculaire, solvatation, polymere

Abstract :

This dissertation deals with a molecular dynamics theoretical study of the solvation in water
of two hydrophilic biocompatible acrylic polymers which are PMMA (Poly Methyl
Methacrylate) and PHEMA (Poly 2-Hydroxy Ethyl Methacrylate). The study was based on
the comparison of the potential energies of the two polymers in two different states, the first is
a dry state (Without adding solvent-Water-) and the second state by adding solvent -Water-
and this to be able to determine the effect of the addition of the solvent -Eau- on the two
polymers. It has been found that the energy of PHEMA without solvent is lower than that of
PMMA. This effect is confirmed when adding the solvent.

Key words: molecular modeling, solvation, polymer
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