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Abbreviations

NMR Nuclear Magnetic Resonance

SEC Size Exclusion Chromatography

DLS Dynamic Light Scattering

TEM Transmission electronic microscopy

IPNs Interpenetrating polymer networks

Semi-IPN Semi-interpenetrated network

SIN simultaneous interpenetrating network

IEN Interpenetrating elastomeric networks

SN Simple network

DN Double network

TN triple networks

QN quadruple networks

HYSnqj major loop hysteresis (hysteresis at theytle)

HySni minor loop hysteresis (hysteresis at the 2
repeating loop)

HySnaf W The normalized hysteresis

Déefes residual deformation or permanent set

Emaj initial modulus of major loop hysteresis

Ty glass transition temperature

PSA Pressure sensitive adhesive

RTV Room temperature vulcanization

HTV High temperature radical cure

CTNs carbon nanotubes

GO graphene oxide

POSS polyhedral oligomeric silsesquioxane

CBA cellulose acetate butyrate

PDMS Poly(dimethylsiloxane)

PDMS-Vorg Poly(dimethylsiloxane), vinyldimethylsiloxy
terminated, M, 770g.mol*

PDMS Vi Poly(dimethylsiloxane), vinyldimethylsiloxy
terminated, M, 6000g.mol™

POMS-Vire Poly(dimethylsiloxane), vinyldimethylsiloxy

terminated, N, 17000g.mol*
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%VIW
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PEO

P(BA-co-BDA)

PAA-b-PBA
PBA
PAA
ACPA
BDA
DVB
Fe*
HMP
KPS
NaOH
NH,OH

PDAME

SDS
TMS

TTCA

poly(dimethylsiloxane) hydride terminated;yM
400g.mol*

2,4,6,8-Tetramethylcyclotetrasiloxane

Platinum-divinyltetramethyldisiloxane complex in
xylene

Hydride of 2,4,6,8-Tetramethylcyclotetrasiloxane
Vinyl of Poly(dimethylsiloxane),
vinyldimethylsiloxy terminated, I} 6000g.mol*
Vinyl of Poly(dimethylsiloxane),
vinyldimethylsiloxy terminated, i 17000g.mol*
Percentage volume per volume

Percentage volume per weight

Fourier transform infrared spectroscopy
Thermal annealing process

volatile organic compounds

reversible addition fragmentation chain transf
poly(ethylene oxide)

poly[(n-butyl acrylate)-co-(1,4-butanediol
diacrylate)]

poly(acrylic acid)-block-poly(n-butyl agate)
poly(n-butyl acrylate)

poly(acrylic acid)

4,4-Azobis(4-cyanovaleric acid)

1, 4Butanediol diacrylate

Divinylbenzene

Iron (1) acetylacetonate
2-hydroxyethyl-2-methylpropiophenone
Potassium persulfate

Sodium hydroxide

Ammonium hydroxide solution

Poly(N, N-dimethylamino ethyl acrylaje
trithiocarbonate

Sodium dodecyl sulfate
(Trimethylsilyl)diazomethane solution
2-(Dodecylthiocarbono thioylthio)-2-methyl
propionic acid



PISA polymerization induced self-assembly

T™MS (trimethylsilyl) diazomethane
THF Tetrahydrofuran
TEM Transmission electronic microscopy

poly[(n-butyl acrylate)-co-(1,4-butanediol

P(BA-co-BDA
( ) diacrylate)]

TA Thermal annealing process
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Force
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Time

Temperature
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Deformation ratio
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General Introduction

Elastomers are materials composed of long flexdbigin-like molecule. Through a crosslinking
or a curing process, uncrosslinked polymers whixh e€asily change their shape and flow under the
stress, transform into a permanent shape and digderge reversible deformability up to strains of
several hundred percent. Elastomers have beenogeeelnd applied in many applications used in
industry and in our daily life. In order to broadieir usage, many recent publications in this deca
seek to reinforce the mechanical properties ot@tasric materials.

Reinforcing elastomer with reinforcing nanofilldssone of the major approaches to bring the
performance to elastomer. Reinforcing fillers sashcarbon black, precipitated silica and nanoclay
have been well known to give high mechanical retdment to many kinds of elastomers such as
polybutadiene rubber, styrene-butadiene rubbeligmprene rubber, silicone rubber etc. However,
using of filler may also have some limitations omee case, especially at high temperature where the
fracture toughness of filled elastomers always ekes#s. In addition, in high tech or in advanced
materials, fillers have been found the insufficiefitbiocompatibility; some fillers are toxic, and
straining color. To fulfill those specificationgdsely entangled polymers have been developed but
they exhibit very weak mechanical properties. Thasorder to overcome these obstacles many
strategies have been pioneered and most of therg asietwork design strategy.

Interpenetrating polymer networks or IPNs is onssfile network design strategy to toughen
networks but generally has been applied to hydsodBINs have been also developed in elastomeric
materials, however, if the two networks are syriteshk simultaneously phase separation may occur
due to the incompatibility of the two or more etamsers. Recently, novel IPNs have been developed
successfully to reinforce acrylate elastomers bingudwo networks with different mechanical
characteristics: a soft and extensible network, andgid and highly crosslinked network. These
multiple networks based on acrylates exhibits amneexely large increase in toughness and fracture
resistance. The reinforcement mechanism was attdbto the presence of sacrificial bonds or
overstressed bond in the rigid network which wasigieed to break in a distributed way in the entire
material before macroscopic failure occurs.

Inspired from the success of the acrylate IPNsgusacrificial bonds, our objective is to broaden
this effective reinforcement strategy to differematerials, i.e. silicone elastomers and acrylatexla
films. Silicone is an elastomer, which has beenelyidapplied in medical devices due to its
biocompatibility, water and chemicals resistant pemties. In general, silicone elastomers are
reinforced mechanically by filling them with preitgted silica. Developing novel silicone networks
based on IPNs we hope to obtain silicone elastommshanically reinforced without using any
particulate fillers, resulting in high performans#icones, better biocompatible silicones and more
transparent materials. In our study we focus owok design and selected stoichiometric ratio ef th
composition in order to achieve as high a mechapedormance as possible.

In addition, it is the first time to our knowleglghat acrylate elastomers are reinforced by using
a latex film. In our study, we synthesize poly(dicryacid)-block-poly(n-butyl acrylate) or PAA-b-
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General Introduction

PBA highly asymmetric amphiphilic diblock copolyrseinspired by recent work designing PAA-b-
PBA block copolymers by using the RAFT emulsionypwérization induced self-assembly (PISA)
technique. In our work, the PAA-b-PBA latex hasrba®dified by different methods: for example by
introducing ionic polymers or ionic counter ions dreate PAA-shells with physical crosslinks, by
introducing chemical crosslinks to the PBA-core dndincreasing the Mof PAA or PBA etc.
Modified latexes and a standard latex have firehhgrepared before creating double network films by
swelling the film with BA monomer and subsequerflymerizing it by UV. In this study, a PBA
lightly crosslinked network is interpenetratingdabgh the PBA-core of the precursor film due to its
similar hydrophobicity, resulting in a homogenoustribution of PAA shells through the entire

material.

This manuscript is divided into six chapters:

Chapter one is devoted to important backgroundrinébion. The basic concept of elastomeric
material, the continuum theories of rubber elastiaised throughout this manuscript and the

mechanical testing and properties of the elast@reexplained.

The second chapter is dedicated to the silicorstataers. We first provide background information
on the special characteristics of silicone, apgbce, synthesis method and literature review. Then
the specific synthesis of simple silicone netwake multiple networks that we used in this study ar
described in detail.

Chapter 3 is then dedicated to the characterizatidhe physical and mechanical properties of sampl

silicone networks and multiple networks and thelltesare discussed.

In Chapter 4, we introduce first the latex syntidschniques and film formation process. Then the
details of the latex synthesis, either standareixlar modified latexes, are presented and discussed
Finally, the preparation method to prepare dry dilitom the latex and the swelling by butyl acrylate

monomer and subsequent polymerization are addressed

Chapter 5 presents and discusses the mechaniqarpes of the dry films obtained either from the
drying of latex directly or from polymerization biityl acrylate swollen films. The differences ireth
mechanical properties between the films are theoudsed as a function of the changes made to the

latex structure.

Finally, an overall conclusion of all studies isdaan chapter 6 along with outlooks.
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Introduction

Elastomers are extensible polymers with generaliyesviscoelastic nature. During World War I
synthetic elastomers were developed due to thédihgupply of natural rubber in Asia. From ancient
times to the present, elastomers have been colystlaveloped and applied in many products used in
our daily life. In order to broaden their usagegre is a large body of literature in the last few
decades, where one of the major objectives is toharecally reinforce elastomers without using
particulate fillers. Interpenetrating polymer neti® (IPNs) is a possible method to reinforce
elastomers while avoiding filler usage. An IPN&@snposed of two or more polymer networks which
are at least partially interlaced on a moleculatesbut not covalently bonded to each other andaan
be separated unless chemical bonds are broken.

In this introductive chapter, the basic conceptelastic soft materials, either at the single chain
level or the 3D polymer network level, are firswimved. Then the continuum theories of rubber
elasticity used in this manuscript are explainetie Becond part of the chapter focuses on the
mechanical behavior of elastomers: stress-straimecthysteresis behavior and fracture mechanics,
which will be needed to characterize the mateniapprties in our study. The methods of synthesizing
IPNs, which is the technique used to reinforcetetaers in our study, will be described. Finallye th

objectives of the thesis and the general approdsthahas been followed will be exposed.



Chapter 1: The introduction to polymer physics amerpenetrating polymer networks

1. Basic concepts of rubber elasticity

1.1 Elasticity of a single moleculé

Elastomeric materials are composed of long flexiain-like molecules. Before crosslinking,
conventional rubbers are composed of high moleau&ght chains, and can change shape and flow
under stress if the polymer is above its glassstti@am temperature (). Focusing on an isolated chain,
generally the chain moves randomly by Brownian orotluring chain transformation in a stress-free
state as illustrated in Figure 1-1(a). The elastienchain can also adopt an oriented conformation
under an applied force, resulting in a stretchemrchinder the tensile force as presented in Fifjure
1(b). When the chain is relaxed, the average erehtl distance is rwhich increases to r when the
sample is stretched.

() (b)

Figure 1- 1: Polymer chain, (a) Random chain, andtiented cham?

The isolated chain can form a wide variety of comfations, governed by three factdrs
i) The statistics of random processes
ii) A preference for certain sequences of bond arraagtm
iii)  The exclusion of some hypothetical conformatiora thould require parts of the chain to

occupy the same volume in space

The occupied-volume exclusion for an isolated chas been explained by Flory in 1968.
was argued that in the bulk state, the excludedmwelinteraction is balanced by the neighboring
chains. The excluded volume interaction thus caigihered in the melt state. The end-to-end distance
() in the melt state is governed by Gaussiansiiesi for sufficiently long chains, starting frommet
tension-displacement relation as showed in Eq 1.1
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f=Ar (Eq-1-1)

Where f is a tensile force, and r is the averagtadte between the ends of the chain, shown in
Figure 1-1 (b) and A is the inversed mean squackterend distance §9) for the unstressed chain,
derived from the general equation of the Helmhbkke energy as presented in Eq. 1-2 where k is the

Boltzmann’s constant and T is the absolute tempegat

A—3kT Eq.1-2
_roz (q )

In the case where the elastomeric molecule is cefdldy a hypothetical chain consisting of a
large number (n) of rigid segments, the freely teihchain model can be applied with the assumption

that each rigid segment is of lengittiFigurel-2), then:

192 = nl? (Eq.1-3)

In this case # is independent of temperature, because a fullgaan link arrangement is
assumed. The tension f in Eq. 1-1 arises indivigdabm an entropic mechanism; that is, from the
tendency of the chain to adopt conformations of imarm randomness, and not from any energetic
preference for one conformation over another. Témesion f is then directly proportional to the

absolute temperature T.

2

Figure 1- 2: Freely jointed chain motiel

For real chains, a polymer consists of a large rermbof primary valence bonds along the chain

backbone, andcan be determined as shown in Eq.1-4

792 = Ceonl? (Eq.1—4)
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Where the coefficient Cis the degree to which this real molecule depfidm the freely jointed
model (Eqg.1-3). Cis found to vary from 4 to 10, depending on theraltal structure of the molecule
and on temperature. ThuS,.”4 may be regarded as the effective bond length efréal chain, a
measure of the stiffness of the molecule.

Cotton et af. claimed that the tension-displacement relatioprasented in Eq 1-1 is reasonably
accurate only for relative short distances r, ldss about 1/3 of the fully stretched chain length.
Unfortunately, there is no model describing tensioreal chains at larger end separations. Thesefor

the freely jointed chain model is applied to det@ertension as in Eq.1-5

=&/, (Eq.1-5)

Where L' denotes the inverse Langevin function. An expanefdhis relation in terms of r/nl is given
by:?

JNCLLTI [1 +(%s )(r/nl)z + (%175 )(r/nl)4 + (51375 )(r/nl)6 + ] (Eq.1—6)

The relation between tension and end-to-end distdescribed in Eq 1-5 is clearly different from the
Gaussian relation, shown in Eq. 1-1. Thereforethe theory of rubber elasticity, the tension-
displacement relation of a single chain can be amptl by Eg. 1-1 for the polymer at small
deformation and by Eq. 1-5 in large deformation.

1.2 Elasticity of a three-dimensional polymer ne&tork

Generally, an elastomer starts as a liquid-likeemali, called polymer melt, which can flow at
temperatures above its Tg. In order to preventhblsavior and keep the permanent structure, a small
number of intermolecular chemical bonds or crog&sliare introduced into the polymer melt to form a
crosslinked elastomer which behaves as a threerdiomal molecular network structure, as shown in
Figure 1-3.

Figure 1- 3: Idealized structure of a crosslinketymer network

-10 -
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However, without the crosslinker, a high moleculaight polymer has a temporary network
structure. The liquid-flow like properties of unssetinked elastomers are inhibited due to the presen
of entanglements, a sort of molecular intertwinwith a spacing (in the melt state) characteristia o
particular molecular structure. The average mobrculeight between entanglements,(Mf some

polymers, determined by flow viscosity measuremengsesented in Table 1-1.

Polymer M (g.mol?)
Polyethylene 1150

Cis-1,4-Polybutadiene 2000
Cis-1,4-Polyisoprene 6800
Poly (dimethylsiloxane) 12000
Polystyrene 18100

Table 1- 1: The average molecular weight betwe¢angitements (N for polymeric melts, obtained

from flow viscosity measuremerits
The entanglements in elastomers show a behavidlasito the crosslinking points, thus if we
consider the entanglements as temporary crosslinksffective number N of network chains per unit

volume should become the sum of the effective nunobehains between chemical crosslinks)(N

and between entanglements)Ms shown in Eg.1-7 and Eq.1-8

N,
Ne = P"4/y (Eq.1-7)

Nc

N,
P/, (Eq.1-8)

wherep is the density of the polymer,aNs Avogadro’s number, anifl; and M, are the average
molecular weight between entanglements and betemaslinks, respectively. The elasticity of three-

dimensional polymer can be calculated by many ebties, which are described in following section.

-11-
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2. Continuum theories of rubber elasticity

To interpret the physical behavior of the conforigrabf the single chain and the behavior of the
strands in the network, there are many constitutivelels based on different assumptions. The related
models applied in our study are now explained imenttail in this section.

2.1 Affine network model

The affine network model is based on the simplennidéa of the macroscopic deformation of a
polymer network. The assumption of the affine nelwmodel is that the deformation of polymer
chains at the macroscopic scale is directly progoat to that of individual chains and the end afle
individual chain is permanently attached to thestidanonfluctuating backgrourld. The elastic
background in this model is assumed to deform alffimnd the distance between chain endsaf
X,) changes with the same deformation gradient asntheroscopic deformation. The schematic
diagram of this hypothesis is presented in Figude 1

é&@liﬁ

XO"XW X9

Figure 1- 4 : Schematic diagram of the affine nekwnodel’

The elastic free energ¥{) of the single chain is related to the distribatfanction of end-to-end
vectors for the Gaussian distribution as showngrii.

F, = A°(T) + kT ) Eq.1-9
el — 2 (r2)0 q'

WhereA* (T) is a temperature- dependent constéartt), is the average of the mean-square end —to-
end vector in the deformed state as explaineddticgel.1, and r is the average distance betwesn th
ends of the chain

The elastic free energy of the network relativeéhte undeformed state, based on affine network
model(AFg; 4frine), IS calculated by the sum of the free energy dividual chains (Eq. 1-1) and the

result is presented in Eq. 1-10

3kT 2
AFel,Affine = mZ(TZ - (7'2)0 = —UkT <§7” ; 1) Eq.1—-10

-12 -
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Wherev is the number of chains per unit volume in thewoek and(r?) is the end-to-end vector in

the deformed state averaged over the ensemble ahtiins which is
(r?) = (x?) + (y?) + (z%) Eq.1-11

In the affine model all the junction points of thetwork are assumed to be embedded and each
Cartesian component of the chain end-to-end vedtansforms linearly with macroscopic
deformation.

X = Ay X, Yy = 4o zZ = 4,7, Eq.1—12

Therefore,

(x?) = 23(15), (y?) = 25(r§), (z?) = 23(r5) Eq.1—-13

From the assumption provided in Eq.1-13, and suibsth in Eq. 1-10,
1 2 2 2
AFel,Affine = EUkT(Ax + /1y + 17— 3) Eq.1—-14

where k is the Boltzmann constant, T is the absdiemperature ard, A,, A, are the components of
the stretch ratio{ = € + 1).

2.2 Phantom network model

Different from the affine network model, the phamt network model is defined as a network
where the chains are connected to each other bjufiting crosslinks or junctiofisin general, the
model of rubber elasticity is based on the hypathed Gaussian chains and non-fluctuating
crosslinking points. However, there are some argusnadicating that the affine model of rubber
network should be refined to accurately represhet deformation of the rubb&rThe Phantom
network model considers that the crosslinks in kiik fluctuate around their average position as
described in Figure 1-5The magnitude of fluctuations determines the msmmpic deformation of

the network which refer to the deformation of indixal chains.

-13-
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(a) (b)

hs ke

Figure 1- 5 : Schematic diagram of Phantom netwiooklel’

As opposed to the individual chain, the single-obare connected to the elastic background
through the effective chains (see figure 1-5 (e n is an effective chain). The position of the
effective chains are randomly distributed duehtrandomness of the cross-linking process. A
network chain with its two effective chains is aefil as a combined chain (Figure ZbJhus, The
phantom network model is equivalent to the affisenork model of combined chains. The elastic free

energy of the phantom network model is presentégtjinl-15.
1 2
AFei phantom = Eva (1 _6)2/1(21 Eq.1—15
a

Where @ is a functionality of the network crosdinandi,, is a coefficient of network deformation
along the major axis of deformatiom £ X, y, z).

In summary, both models, Affine network model atéftom network model, are based on an
unrestricted network. The difference between thiesemodels is only the front factor. Some studies
show that the Phantom network model is closer &b estomers” ' Thus the phantom network

model has become the basis of further developmethiei theory of rubber elasticify.

2.3 Slip-tube model’

The slip-tube model is a molecular model which wesgeloped to predict the elastic large strain
behavior of networks that are both entangled amdstinked (i.e. low levels of crosslinking). The
assumptions of the slip-tube model are based owedhwination between the slip-link model and the
tube model. In the tube model, which has been deeel for entangled melts, the confining potential,
acting on a given network strand is assumed tmbadd collectively by many neighboring strands. In
the slip-link model, the assumption is that eactamglement is formed by a pair of chains. The

-14 -
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entanglements may be trapped by the crosslinkinggss, and the slip-links allow the chains to slide
along.

In the slip-tube model, the basic concept is th&t permanent entanglements, created by the
chemical crosslinks, act as slip-links connectiegghboring chains. The slip-links are allowed tea
through each other but each of them can slide algngo a limited distance. If this certain fixed
distance is small compared to the average disthrt@een neighboring chains, the model can be
reduced to the affine model. In contrast, if theedi distance is long due to a large sliding, tli sl
links pass through each other and the topologioakitains are locally released. Last, if the fixed
distance is equal to the chain length between lon&ssthe slip-link model transforms into the
phantom network modéf. The topological constraints imposed by the neigimgonetwork chains are
represented by virtual chains attached to theielashfluctuating background at one end and ending
with slip-links at the other as presented in Figlu@

Figure 1- 6: Schematic diagram of slip-tube mddel.

The elastic free energy of the chains calculatethbyslip-tube modelAF,; 5, —tupe) Can be defined

as shown in Eq.1-16.

1 1 g1/2
AFel,slip—tube = AFel,Phantom + EvaL Z ( 1‘;2 + /‘11 - UTS(goc) Eq.1-16
I «

Here, L is the number of slip-links per network iclsaandg, is the redistribution parameter which
depends on the number of monomers along the @xisomponent x, y and z direction) in the
deformed network. The functiofi(g.) is the entropy of the degree of freedom correspantb
different positions of slip-links along the chain.

The elastic free energy of the slip-link model damn calculated and in uniaxial extension the

reduced stress (mooney ratfg1~1) is given by Eq. 1-17.

ffaYH=6 + Ge

- Eq.1-17
0.742 + 0.6117Z — 0.35

-15-
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wheregG, is the phantom modulus which is equal to the madluficrosslinked networlG, is the

entanglement modulus ahds the extension ratio.

2.4 Mooney-Rivlin model

The Mooney-Rivlin model is a phenomenological hgtestic material model which was
proposed by Melvin Mooney in 1940. In uniaxial exd®n or compression, the Mooney-Rivlin model

can be written as Eq. 1-181°*°

2C, 1
0'2(2614'7)(/1—?) Eq1—18

Where G and Gare constant values determined by fitting data.
The Mooney- Rivlin equation, in general, does nqdl@n the physical mechanisms behind the
nonlinear elastic behavior. They are merely curigesff various polynomials to test data which the

coefficients used in mechanical analyses.

-16 -
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3. Mechanical behavior of polymers

3.1 Stress-Strain behavior of polymers

The behavior of polymeric materials can be divid&d three main types; brittle plastic, tough
plastic, and elastomer. Brittle plastics have elasbduli of a few GPa and a linear stress-straive
up to the fracture point with a small deformatiooymally 2% to 5 % elongation (Figure 1-7 (a)).
Polymers showing this kind of behavior are mostlythie glassy state at room temperature or have a
high glass transition temperature (Tg) such as(pwdshyl methacrylate); Tg 110*C polystyrene; Tg
100 °C’, and poly(acrylic acid); Tg 106 *€

However, some glassy polymers such as polycarb@xdibit a tough plastic behavior, this type
of behavior is generally observed for semi-crystalbolymers, with an amorphous fraction above the
T, such as polyethylene, polyethylene terephthalgielytetrafluoroethylene, polyamide-11,
polyamide-12 and isotactic polypropylene (Figuré (b)). The initial modulus or Young’s modulus of
these polymers is typically a bit lower than foe thrittle plastics but remains in the GPa range Th
stress-strain curve shows a yield point and isovadld by extensive elongation and sometimes

necking.

For an elastomer behavior, the initial modulusnistie MPa range, the stress-strain curve is
highly non-linear and the deformation is mostly esible up to elongations at break that can be
several hundred % (Figure 1-7 (c)) and thefTthe polymer is below room temperature. Thiglkirf
behavior can be found in many elastomers such @sahaubber, silicone rubber, styrene-butadiene

rubber, nitrile rubber etc.

Stress

(a) Brittle plastic

(b) Tough plastic

(c)Elastomer

Strain

Figure 1- 7 : Stress- strain curve of three tydgsotymeric materiaf®

-17 -



Chapter 1: The introduction to polymer physics amerpenetrating polymer networks

3.2 Fracture mechanics in polymers

The fracture mechanics approach is based on thetifijcation of the energy per unit area
required to propagate a crack. This approach has Heveloped for small deformations and linear
elastic materials. The fracture toughness can beritied as the value of the energy release @te (
where the crack starts to propagate. The energgselrate is a quantity that can be calculated from
the elastic properties of the material, test geoymetack length and applied stress far from tteekcr
It corresponds to the elastic energy available frira sample to propagate the crack and is
proportional to the square of the applied loadth#& point where the crack starts to propaggte,/
where/ is called the fracture energy. This fracture endygically depends on the loading rate and at
vanishing loading rate or high temperature is dalleeshold valué,,.

For rubbers, several approaches have been developgeantify the fracture toughness, or the
fracture energy, as a material property. Rivlin Zhomaé® and then Greensmithproposed a simple
method to determine the strain energy releasegaighe case of single edge notched specimens with

the following equation:
G=2xXKxXW()xc Eq.1—-19

whereW () is the strain energy density, ¢ is the lengthhef track and K is a strain-dependent
empirical correction associated with the laterahtcaction of the sample in extension. When the
notched sample is stretchedincreases and when it reactgsstretching at the crack propagates and
G="r.

The strain energy densit{/ (1.) is obtained by integration of the stress strairvewf the un-

notched sample up . as presented in Figure 1-8.

(@ (b)
04 15
Notched sample Un-notched sample
03—
g : g
€ 02 : =
z : =
o ; 5 05
01| k
C
W(Xc)
0.0 \ \ \ \ 0.0 =1 T T \ \
1 2 3 4 5 6 2 4 6 8 10 12
A A

Figure 1- 8: The strain energy dengii4/ (1.) calculated by the area under the curve of strieasis

relation in a single edge notched test
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The strain dependence correction factor K deterthiegperimentally by Greensmith can be
approximated by

Eq.1-20

Slw

Thus, by introducing Eg. 1-20 into Eq.1-19, andlgpg the propagation condition we obtain the
relation of the fracture energy given by Eq.1-2f.should be noted that this equation is used i th

study in order to determine the fracture energmaferials.

- 6cW(4,)

NN

Eq.1-21

3.3 Energy dissipation

Energy dissipation is one of the most importanpprtes of elastomers. A fine understanding
of the dissipation mechanisms is the key to op#nile reinforcement of the mechanical properties.
Energy dissipation in large strain which is veryevant for fracture, is normally determined by
loading-unloading cyclic extension. The stresshstcarve of such a test can be analyzed afteresie t
and many properties such as the called Mullinscefitie permanent set, hysteresis, and anisotropy,

can be determined as summarized in Figure 1-9.

= 1st direction
2nd direction

l Induced
J anisotropy

——
Permanent set

Mullins effect
Hysteresis loop

v

="

A

Figure 1- 9: Energy dissipation analysis from tliess-strain curves obtained with the loading-

unloading cyclic extension test.
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3.3.1 The Mullins effect

The strain softening mechanism, the amplitude oicwidepends on the maximum loading

reached in a previous extension, is generally fdnrfdled elastomers, crystalline elastomé&t, soft-

hard block copolymef3 and also in double network g&lsnd elastomets % This behavior, which

corresponds to a change in the structure

of thenmatvith increasing strain, was first investightey

Mullins and TobiR® in filled and unfilled natural rubber, and hasi&aown since then as the Mullins

effect. The Mullins effect is generally ch

aractedzin elastomeric materials in a uniaxial extension

test by a cyclic load-unload step extension as showigure 1-10.

9 —Cydic uniaxial lension lest

o (MPa)
n

/
B — Simple unixdal lension lest /
// !
/
//
s
- _a"/
__—/-l‘
1 1.5 2 25 3 35 4 45
Strekch (AsU/Lg)

Figure 1- 10: Stress-strain curve of a 50

phr (v@06) carbon-black filled styrene butadiene rubber

in simple uniaxial extension with a loading-unlaagistep extension increasing the maximum stretch

every 5 cycle$’

The softening behavior of materials which exhibé Mullins effect can be summarized®as

i) a lower stress can be found at the same appliaith stiter the first cyclic extension

i)  after a small number of cycles at the same extarisiel, the material response is nearly

stationary

iii) the softening increases progressively when inangatsie maximum stretch

The Mullins effect is controlled by the structurfetloe material. In the case of a filled rubber, the

spatial distribution of filler particles and theténactions between filler and matrix are the imaott

parameters. The physical mechanisms behind theindudiffect were summarized by Diani efl.

and are presented in Table 1-2.
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Sketch Physical Source

Bond rupture

Molecules slipping

Filler rupture

Disentanglement

Double-layer model

Table 1- 2: The different possible physical mechiansi behind the Mullins effect
as summarized by Diani ef3l

In the literature, théullins effect was interpreted in many differentygathe most common of
which is by the permanent rupture of chemical boitie idea of this physical mechanism is based on
the bond scission of chemical crosslinks and mhaircbonds of elastomer which can occur both in
filled elastomer® 3" 32and in tough hydrogels (DN hydrogels and multitioral hydrogels¥: 3 34
This breaking of covalent bonds contributes thegnificantly to the irreversible stress-softening
observed upon the initial extension. An alternatiterpretation of the Mullins softening found et

%. 3" and tough hydrog&t * is the disentanglement which can

literature for filled elastomé&
accommodates the induced anisotropy. The removaéntdnglements causes a chain slippage,
resulting in the stress-softening in material.

In filled elastomers, molecules adsorption and gesm was first explained by Houwiftk
who claimed that elastomer molecules can slip tiversurface of the fillers and re-attach elsewhere.
The newly created bonds exhibit the same physioapegsties as the original bonds, but they are
located at different places. This adsorption/desampprocess triggered by deformation causes the
change of material entropy, resulting in the steedtening in filled elastomer. In addition, in tbase

of highly filled systems, the filler can form a pigally connected network and the rupture of the
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contacts between fillers (affecting electrical coctility for example) is another possible mechanism
causing a Mullins effect in filled elastoméfs.

Additionally, another model, was developed to expldhe physical mechanisms of
reinforcement and softening in filled elastomerimied by Montes et af" *’ It is based on the idea
that the filler is surrounded by a glassy layeravpiogressively softens as the temperature changes.
This model has initially been used to predict theamal dependence of the temperature dependence
of the small strain modulus and the softening agegrat very small strains also called the Payne
effect. However, the same physical mechanism cbaldctive in large strain and be responsible for
the Softening in large strain called Mullins effect

Extensions of the model have also been proposegukghori*® 44 23

where filled elastomer

are represented by spherical particles surroungieddouble layer structure of rubber embedded in a
crosslinked rubbery matrix. The inner layer repnesehe polymer in a glassy state, while the outer
layer is made of the constrained polymer. During #xtension, the outer layer gets oriented and
extends, and finally connects with the other outgighbor layers to create a super-network. During
unloading, the super-network is not be able to hbkl stress anit can returns to the previously

extended state and changes to support the sifess the stretch exceeds the extension previously

applied. The entropic forces of super-network asponsible for the Mullins effect recovery.

3.3.2 Permanent set

The permanent set or residual stretéhy(is the remaining extension of the material after
undergoing a cyclic extension test. When elastorasrsubjected to a load-unload cycle, a remaining
residual extension is usually observed, which & fiua permanent or temporary change in structure.

Permanent set has been reported after the firkt ey generally the subsequent cycles slightly
increase its level until the response becomes appately constant after a few cycles (Figure 1-%1).
.47 |n most cases, a permanent set is present afteading elastomers. This was not taken into

account in the initial description of the MullinSesct.
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ala

stress, T,

i B 6 EnG stretch, A
PUEEY FIERR,

Figure 1- 11: loading-unloading mechanical teshwilite presence of residual strain in a filled

elastomer wheregfs the starting point, s a point at maximum loading, Pis a point at complete

unloading (stress = 0),is a time at loading, and'tis a time at unloading

In filled elastomers, permanent set has been regaot have a relation with Mullins softenfig
loading straiff, filler amount?, and the nature of the fille?? The effects of filler on permanent set
have been reported as follofis

i) The permanent set is higher when the filler paticire smaller and the filler has a higher
specific surface area.

i) Stronger interactions between polymer and filleluae the compression set.

iii) Fillers with polar surfaces may give a poor pernmarset because of preferential adsorption
of the crosslinker (sulfur) and creation of a momesslinked layer around the particles.

3.3.3 Hysteresis

Hysteresis in the stabilized cycle is differentniature from the Mullins hysteresis. It can be
found in many elastomers, especially filled elagtmsnwhich have an ability to dissipate a significa
fraction of energy upon deformation. Unlike the Nhd hysteresis which is due to a permanent
change in structure with increasing strain, theibtz&d cycle hysteresis is caused by internalifyit
which resists the extension or contractibhlysteresis of the material can be calculated atergy
in the area between loading and unloading cycbpsoin the stabilized stress-strain curve as shown
Figure 1-12. A shown in Figure 1-10 two types obtieyesis can be characterized: the first or major
cycle hysteresis (Mullins hysteresis) and the §tua or minor cycle (which can be in principle any
of the subsequent cycles but which is normallyséagond cycle).
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hysteresis

v

A

Figure 1- 12: The calculation of hysteresis energy.

The physical explanations of the hysteresis andibueffect have been widely reported in the
literature. Papkov et &f claimed that, the softening can be associated avittlatively slow motion of
chains. After the first deformation, a chain reagament due to slippage of the chains at the sirfac
of the filler is the main reason for the permansoftening. In subsequent load-unload cycles, the
hysteresis will remain the same, as long as tlansttoes not exceed the maximum value reached in
previous cycles. However, mechanisms of hystemagiscrucially dependent on the detailed structure
and are only observed in heterogeneous materialseither undergo a change in structure when
deformed or have an internal friction dissipativeamanism. The reader is referred to the excellent

review of Diani et &° on the subject.

3.3.4 Anisotropy

It should be noted also that the elastomer softemihich is usually observed under uniaxial
loading and is known as Mullins effect is a direnal softening, i.e. during the deformation of the
elastomer, polymer chains can go through re-aligrinte re-orientation which then induce an
anisotropic material behavior in the subsequeniesyd@his has been in particular studied in dédtil
Vacherand and Diani for a model filled elastoffiéf >3
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4. Interpenetrating Polymer Networks (IPNs)

Interpenetrating polymer networks or IPNs are alwoation of two or more polymers in the
network form. In an IPNs, at least one of the neksas polymerized or crosslinked in the immediate
presence of the other®®).%> °® IPNs are in essence a specific type of polymendléThe first
pioneering work was reported in 1914 by Jonas Amgte®* °” who reinforced phenol-formaldehyde
resin with crosslinked rubber. However the terniRils came about much later in 1960, introduced
by Millar who developed PS/PS IPNs to be used aserchange resit. IPNs have been then

extensively studied in the literature. Nowaday$&ydRre classified into 6 mains types.

4.1 Sequential IPNs

In sequential IPNs, polymer network | is synthedifiest to create the base network. Then the
polymer network | is immerged into the monomer bathtaining monomer Il, crosslinker II, and
activator. The swollen polymer | is finally polynieed in situ to create IPRs®% The procedure of

this process is explained kigure 1-13.

Monomer | Monomer I
—_— R E—
oeo Polymerize

Crosslinker | Crosslinker Il

Polymer network |

Swelling process

al
@
EJ
=
=]
a
'
\
i
i I

i

Figure 1- 13: Sequential IPNs process to prepdegganetrating polymer network.

4.2 Simultaneous Interpenetrating Network (SIN)

The simultaneous interpenetrating network metho8Idr is a synthesis method where IPNs are
made by mixing monomers or linear polymers, crogslis, initiator, etc., of both polymers to form a
homogeneous fluid. The two polymer components dren tsimultaneously polymerized by

independent, noninterfering reactions as the prureepresented in Figure 1-14.
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[ EE

Monomer |

Crosslinker | Sitewise and

chain polymerize
EIREEE

Monomer Il

000

Crosslinker Il

Figure 1- 14: SIN process for preparing interpeatgtg polymer networkd'

SIN create IPNs by controlling the rates of polyizegion kinetics of the two polymer systems
which can generally proceed in three way§) the simultaneous gelation of both polymeid, &
sequential polymerization of the pre-polymer migtuand (iii) the introduction of a larger or smalle
number of graft sites between the two polymers.

A major advantage of SINs over sequential IPNshes ¢éase of the process. For example, the
mixture can be prepolymerized until just shortfedé gel point, followed by pumping into a mold or
die, with continued polymerization. The main disachage of the method is however that the structure

is much less well controlled and some level of msacopic phase separation often occurs.

4.3 Latex IPNs

The IPNs created from latexes are referred to @sortiPNs due to the fact that IPNs of both
latexes appear on a single latex particle withm rticro-scale. To prepare latex IPNs, a crosslinked
polymer 1 in latex form is prepared as the seeéxlafollowed by the addition of polymer II,
crosslinker and activator. Upon polymerization,yoaér Il creates the IPNs inside the latex particles
of polymer |, formed as a latex IPN or core-shatek IPNs, presented in Figure 12852 Latex
IPNs contain two kinds of polymer and crosslinksire latex particle.

Another way to create latex IPNs is by InterpenitgaElastomeric Networks (IEN). In this
method, two different latexes are mixed togethéwn@ with crosslinking agents and initiator or
catalyst. Usually a poly(urethane-urea) latex waeethwith one of the polymer latex&sThen the
dried film is created at high temperature in orttegenerate the crosslinking of each polymer. The

final product of IEN is a crosslinked latex withlypmers blending.
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(a) Core-shell latex IPNs (b) latex IPNs

Figure 1- 15: latex-IPNs from the two different paeation process, (a) core-shell latex IPNs prepare

by IEN, and (b) latex-IPNs prepared by seed emulpmlymerization

4.4 Gradient IPNs

Gradient IPNs are another method to create IPNdistinct specificity of gradient IPN is that
heterogeneous IPNs materials are created. Anmgtrexample of gradient IPNs is a material
consisting of a layered or laminated material, witbe gradient in composition is a discontinuoep st
change.”® The crucial advantage of gradual gradient IPNsr mitker IPNs is the improvement of
structural integrity in which the delamination niag avoided.

The preparation step of gradient IPNs involvesiglagwelling of polymer network | with a
monomer Il mixture (including crosslinker Il andtiator), followed by rapid polymerizing before the
swelling becomes uniform through diffusion. Thuse toverall material can be made with polymer
network | predominantly on one surface, and polymetwork on the other surface, with a gradient

composition filling between two plates of polymertworks.

4.5 Thermoplastic IPNs

Thermoplastic IPNs are a kind of polymer blendnfed with physical crosslinking. There are
several distinct types of physical crosslinks swash block copolymers, ionomer formation, and
partially crystalline polymers, used in thermogta#®Ns.>> The employment of a crosslinking system
in these IPNs may be either the same or a diffgghysical crosslinking method. Thermoplastic IPNs
can be synthesized by two general methods; i) nméchiablending of the two polymers in the melt
stage, ii) chemical blending, by the swollen of mmer Il into polymer | or dissolving polymer | in

monomer Il, following the polymerization of polymkiin situ.
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46 Semi-IPNs

Semi-IPNs can be synthesized by a sequential amaltaneous process. However, in this

method, the crosslinker Il (used to create polynetwork Il) is absent. The overall product of semi-
IPNs is a polymer network | with linear polymerstedded as shown in Figure 1-T& indicate the

process used for IPNs product, product IPNs mada bgquential process are called semi-IPNs and

the ones made by a simultaneous process are pHeNdo-

1
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Figure 1- 16: Chemical network structure of senili$Rvhere blue colour represents polymer | and

green colour shows polymer Il
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5. Conclusions and objectives of the manuscript

In order to reinforce and develop toughened elastanmaterials without addition of particulate
fillers and with minimal introduction of viscoeladty, network design is required. In 2014, thestfir
network design of acrylate elastomers based oresialiIPNs was pioneered by Ducrot et’af® By
using the sacrificial bonds of the toughening neknpolymer network I) the IPNs showed significant
improvements in mechanical properties with a siemédbus increase in stiffness and toughness.

Our objective is to develop sequential IPNs comgirsacrificial bonds with two extremely
different materials; i) Silicone elastomers, andpoly(acrylic acid)-block-poly(n-butyl acrylate)r
PAA-b-PBA core-shell latexes. Silicone elastomenrg a@enerally biocompatible non-reactive
elastomers that are stable, and resistant to m&trenvironments and temperatures. Silicone
elastomers are usually reinforced by using nanmbest of filler such as silica. The filler content
changes the dominant characteristics of the elastantroduces a Mullins effetand can sometimes
cause the toxicity. By using a controlled netwoesign, we hope to develop new modified IPNs
silicone network fully reinforced mechanically in analogous way as double network acrylates.

Furthermore, we will develop a new type of IPNsdoh®n PAA-b-PBA core-shell latexes.
Inspiration for this work comes from the work of €fal et al®® °>°? The latexes they synthesized
were prepared by the polymerization induced saléaably method (PISA). A polyacrylic acid (PAA)
RAFT macro-initiator was synthesized first and ugdedinitiate the RAFT polymerization of a
hydrophobic n-butyl acrylate monomer. At the endhaf controlled polymerization, particles with a
core-shell structure were obtained where the ghidkness was controlled by the PAA block length
(typically only a few kg.mot and the core was composed of the PBA block (tylpid®0 kg.mol* or
more). To prepare IPNs, the core-shell latex istfaried to form a latex film under controlled
conditions. Then a sequential polymerization isiedrout by first swelling the dry latex with n-ut
acrylate monomer and then carrying out a UV polynation of the swollen film. To swell the film,
the BA monomer and the hydrophobic crosslinker nditise through the PBA cores and PAA
shells, producing the final latex film as a homagmus IPNs. PAA is a glassy polymer, since its Tg is
around 106 °C® * Thus at ambient temperature, the PAA shells iredit the latex IPNs films act
as a continuous percolating rigid filler throughthe material providing a significant stiffeningttoe
elastomer with a very low volume fraction of fille

The manuscript is divided in 6 chapters. Chapteen@ 3 are dedicated to the silicone IPN
system and describes first the synthesis and deaization method and then the mechanical
properties. Chapters 4 and 5 focus on the latexsIRiNh a similar split between synthesis and

mechanical properties and finally chapter 6 providgeneral conclusion.
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Introduction

Silicone chemistry is the basis of high performamtastomers which have many unique
properties such as a very low glass transition &raipre, outstanding thermal stability, high
hydrophobicity and biocompatibility.> ® However, silicones have weak intermolecular mtéons
between polymer chains which generally resultsoorpnechanical properties. In order to improve the
mechanical properties, the most common strategybban to introduce nanofillers into the system.
Although, fillers have a proven efficiency to rente elastomers, using fillers also impacts thé bul
density, may change a bit the glass transition &atpre, causes energy dissipation, and also may
affect the bio-compatibility properties.

The mechanical properties of silicone elastomensatso be modified without introducing fillers
by simply blending different polymé's, using interpenetrating networks (IPRi$)and synthesizing
copolymeré & These methods use a combination between two ce different polymers to obtain a
synergy of their unique properties. Our study viidtus on IPNs networks. It has been recently
reported by Ducrdt'® 'that by using a prestretched network interperedritto extensible networks,
the prestretched network could randomly break baamt dissipate energy in the bulk before the
material fails, resulting in an improvement in betlifness at low strain and toughness at higdirsst
This mechanical reinforcement technique utilizesriiaial bonds and has been first developed in
elastomeric systems with acrylate elastorffers

In our study, we will attempt to expand this “séicial bonds” technique to silicone elastomers.
The core, or breakable network, will be designed agell crosslinked network and the penetrating
network, as an extensible network. The reinforakdose network will be synthesized by using the
hydrosilylation reaction with a sequential interpgating network technique. The effective
stoichiometric ratio between silicone hydride emdugs (Si-H) and unsaturated vinyl groups grafted
on polydimetyl siloxane (PDMS-V) will be designeadaoptimized independently for the prestretched
core network and for the penetrating network. Tthenselected stoichiometric ratios will be lateedis
to create silicone multiple networks . The synthesethod and the controlled conditions to study the

effect of the stoichiometric ratio and to createeane multiple networks will be exposed now.
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2. Silicones

1.2 General features of silicones

Silicones are a family of polymeric materials whiahe composed of an inorganic-organic
backbone (Si-O). There are two monovalent orgamaidicals that attach to each silicon atom
(R,Si-O)*?, as shown in Figure 2-1. Due to its excellent prtips: thermal stability, chemical stability,
electrical resistance and low surface energy,sikcpolymers have found a variety of applications
such as membrariés* electronic and optical devidés’® sealant§ and biomedical applicatiotfs*®
% In this decade alone, approximately 3000 comraksilicone products were put on the matket
Some examples of large commercial applicationslicbses, divided by category, alisted in Table

2-1.
'?1
{1
R n
Figure 2- 1: General structure of the silicone pwy backbone

From the first commercialization of silicones iretharly 1940’s up to the present time, the most
widely recognized silicone is Poly(dimethylsiloxgror PDMS, a linear chain of siloxane backbone
with R; = R, = Methyl (-CH) as shown in Figure 2-2. PDMS can be preparedwuy deneral
methods, a ring opening reaction of cyclic silicaiigomers and a condensation of linear silicone
oligomers?* PDMS at low molar mass is a viscous fluid at ro@mperature while PDMS at high
molar mass is in a gummy state which shows a mérkestoelastic behavior. However, this material

is able to dissolve in organic solvents such aseto, cyclohexane etc.
(|3H3 ?Hg (|3H3
H—Si—O—Sli—O—Sli—H

CH; CHy CHs

Figure 2- 2: Poly(dimethylsiloxane) structure
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Silicone type

Application

Fluid
- PDMS

- Organo functional siloxane

Greasing hypodermic needles, Breast implants, A
foaming, Release agent, Additive of paint and i

Lubricants, Softening, Processing aids

nti-

Compound (Grease like silicot

- Silica + PDMS

Sealing and lubricant agent, , A-foaming, Insulato

compound

Gel (unreinforced elastom:
- Crosslink PDMS

Cushoning material, Wound interface, Soft mat
for drug release, Silicone gel for scar treatment

Elastomer

Soft and resilient material for medical device, &L

- Crosslinked PDMS Catheters, Finger joints, Fabric coating, Sealat |a

- Reinforced with silica adhesive, Release liner, Cooking mold, Insulator

- Finished cured system

Pressure sensitive adhesive (PSA) Film-former, Silicone PSA tape, Protective film

- Silicate resin in PDMS

Table 2- 1 : Commercial silicone products and apionst %

In order to reinforce the mechanical properties iamgrove the chemical and solvent resistance
of PDMS, a crosslinking process is required to tereanetwork between each polymer chains and
form a silicone elastomer. In this state, a sile@lastomer does not dissolve when immersed into
organic solvents, but it is still able to swellsome organic solvents such as toluene or cycloleexan
etc. However the crosslinked network of a silicetestomer is still relatively mechanically brittfe
Therefore, many publications up to now have focusedhe mechanically reinforcement of silicone
elastomers especially by using nanoparticle filleush as silicd, nanoparticl#, clay”® and mica

flakes?®

1.3 Crosslinking of Silicones

As discussed above PDMS is a fldtiroom temperature and requires a crosslinkerdate a
network between each silicone chain through a wigaag, crosslinking or curing process. There are
several possible manners to vulcanize a silicomevéver the most common techniques@re

1. The incorporation of tri- or tetrafunctional sitmthat can react under ionic conditions.

2. The use of a functional group R in the PDMS polyrgier methyl, vinyl or hydrogen) to

form a network.
Using these 2 techniques, there are 3 main differethods to cure a silicone elastomer.

-39-



Chapter 2: Synthesis of silicone multiple networks

1.3.1 Room Temperature Vulcanization (RTV)

Room temperature vulcanization is a method thagadvantage of the displacement of ligands
of PDMS chain ends. An organosilicon crosslinkingert is used tonteract with siloxanol ends
groups in the presence of a catalyst under anhgdommditions® The reaction occurs at room
temperature, therefore the term of RiBVelatedto the process of curing. The rate of the subsgiitut
reaction depends on the leaving group during thestinking process. In general the selected leaving

groups are oximes, carboxylates and alkoxfdes.

RTV curing can be with a single or duo packageesyét The single package system is more
convenient, since all the components are premiggdther. The system usually needs the use of an
excess of the multifunctional crosslinking agentiriteract with the siloxanol end groups of the
silicone chains in the presence of a catalyst. Tme component system has the drawback of a
relatively long curing time because of the requeemof diffusion of moisture to react with the
residual multifunctional crosslinker. Also the agi silicone rubber from this system possess
multifunctional end groups which could be hydrolgzand condensed when exposed to the
atmospheric moisturé. The duo package system requires the mixing of $emarate components.
One component contains a multifunctional organosile crosslinker and a catalyst while another part
contains hydride-terminated PDMS and filler. Theteyn is prepared with equivalent chemistry, thus

after the two components are mixed, the curinggeds relatively fast at room temperature.

1.2.2 Heat-activated radical cure or High Temperre Vulcanization (HTV)

High temperature radical cure of silicones arisenfiperoxides. Generally, peroxides decompose
at a temperature around 150°C to create the radidalere are two different types of radical cure
commonly used; radical ‘ind vinyl group. In the first, peroxides are usedritiate radicals H
which are abstracted from a methyl group in PDM8 &rm silylmethyl radicals (SiCH). The
silylmethyl radicals crosslink by coupling or byditibn to a small amount of pendent vinyl groups.
This process provides a high efficiency, althoug ¢fficiency drops at high conversion due to the
viscosity of the product.In addition this process produces byprodistteh as phenols that needs to
be removed from the elastomer. In the second metkod/l groups which are more reactive toward
radicals than alkanes (to ‘lHubtraction), can form a crosslinked network at kemperature in the
presence of less reactive “vinyl-specific” peroxifie This system also creates byproducts that need to

be removed either by heat stripping or by titration
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1.2.3 Transition metal catalyzed hydrosilylation oraddition cure

Addition cure by hydosilylation is widely used inetsilicone industrie¥. The reaction is useful
for functionalizing siloxane monomers and polymansl also is good to crosslink polysiloxane. The
hydrosilylation reaction only occurs with the helfpcatalysts; platinum catalyst, palladium, peresid
UV light and azidonitriles to conjugate the endup®f the silicon hydride (Si-H) bond to unsatudate
groups of PDMS (Si-CH=CHor Si-C=CH). The reaction performs rapidly from room tengpere to
high temperature under mild conditicisOne example of hydrosilylation reaction in whichiayl-
terminated PDMS reacts with a tetrafunctional hgdame, tetrakisdimethylsiloxy silane is shown in

Figure 2-3° By this method, the reaction shows a high efficjeand provides a high conversion,
without any byprodud® and is relatively free from side reactidfs.

H
H30\8|./CH3
CHs \ CHs X
| | CH, HsC o CHs
. . M. L /

; Si—O Si + H—IS|—O—SI|—O—S|\—H
H,C | | HC O CHg
CH3 /, CHs /éi\

H3C | CH3
H
Pt cat
i
H3C\S|.,CH3
CH3 CH3 II
| | GHs Q@ LHs
/1 Si—O—Si—CH;—H,C-Si-0-Si-0~Si-H--- —>
| | \
H,C CH; O CHs
CHz ’, CHg &
HsC”~ it “CHa

Figure 2- 3 : Hydrosilylation reaction by Pt catdly

Platinum (Pt) catalystare mostly used to perform hydrosilylation curing dwetheir ability to
solubilize in the polymet One class of platinum compounds used as platinatalysts for
hydrosilylation reactions are Pt(0) complexes. A@amaple of such a catalyst is Karstedt’s catalyst

(Figure 2-4) which is formed by the reaction of idix-tetramethyldisiloxane with chloroplatinic
acid?®
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\ |
7 Si— —ci-0
Ssi S~
4 ) / VN
Vi \Pt\/\ o /\/Pt\<\
G
Z 0 N Y

Figure 2- 4: Karstedt's catalyst structure

The mechanism for the platinum-catayzed hydrogitytaof alkenes (C=C) has been proposed
by Chalk and Harrod" in 1964, as shown in Figure 2-5. At first, thédative addition of the Si-H
bond in PDMS hydride terminated occurs with a megaiter of the catalyst and forms an intermediate
including the H-[Pt]-Si moiety. Then alkenes (C=®)multifunctional organosilicones insert into the
resulting H-[Pt] bond and forms H-C-C-[Pt]-Si. Finally, H-CH®t]-Si subsequently undergoes a

reductive elimination of the adduct of Si-C-C-H guets and returns to the Pt metal catalyst f&rm.

R3Si-H
[Pt] &
)

R3Si H
3 \[Pﬂ/

c=C

Figure 2- 5: Chalk-Harrod cycle

In our study, the technique of the hydosilylati@action will be used to synthesize the polymer
chains of silicone PDMS and also to crosslink tledymer to form the silicone elastomer. The
Karstedt's catalyst will be used to initiate andfpen the reaction. The technique and reaction

conditions which are used in our study will nowdresented in the following section.
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1.4 State of the art in silicone elastomers

As discussed in the introduction of this chapticaie elastomer have distinct properties such as
outstanding thermal stability, chemical resistanogpod dielectric properties, and good
biocompatibility? ®Silicone elastomers are however relatively weaktetaers™3 Fillers are a good
option to reinforce them and are generally added isilicone elastomers. In particular silica
nanofillers are widely used to improve the mechanigroperties of silicone elastomers. These
nanofillers with average particle sizes in the mrg 1-100 nm showed a high performance in
enhancing mechanical properties. For example theotismall amounts of nanofiller (~10 vol%) can
improve the properties of the polymer such as resastance, strength, stiffness, flame retardatcy e
and the small particle size will only slightly aftehe bulk properties of polymers such as deresity
light transmissiori* (note that other nanofillers have been also dgesldor silicone elastomers such
as clay nanolayets * graphen& ® carbon nanotubes (CNT%)* *! nanosilic®, polyhedral
oligomeric silsesquioxane (POS%}*etc.) Silica particles and silicone polymer chdiase a strong
filler-polymer interaction due to the hydrogen bsmeated between silanols on the silica surfade an
oxygen atoms of the polymer chaffiMoreover in order to improve the interaction betwassilica and
polymer there are many publications focusing on thedification of silica surfaces by surface
treatment. Two approaches are normally used fdaseimodification: physical adsorption of some
chemical on the filler surface and permanent serfaodification by passivating part of silanol greup

present on the surface of the partictés.

However, using the filler to reinforce the polymadso carries some disadvantages. Due to the
extremely high surface activity of nanofillers éitfiller interactions between these particles give
them a tendency to agglomerate and aggregatdjngeaicron size filler clusters causing a loss of
transparency® The blending of filler particles into the polymeefbre crosslinking often leads to
inhomogeneitie’ and requires special processes to fabricate filelymer composites. Moreover,
incorporating high volume fractions of fillers alsould affect the bulk density of the polyrfrer
increase energy dissipatfGrand affectbiocompatibility” *® “° which limits their application.In
addition, it has been reported that some typedlef €ould influence the glass transition temperat
of the polymer matrix2°->*

Using polymer blends, co-polymers and interpenaggtolymer networks (IPNs) are alternative
techniques to reinforce silicones without usintefd. These techniques combine the unique propertie
of two or more different polymers to form the netiwith a good balance of properties. The IPNs
technique in silicone networks has been first deyedl in the 1960’s by Sperling and Fridh.
However, silicone based IPNs are less interesting td the incompatibility between silicones and
most organic polymers and having uniquely flexibkeins, it is difficult to trap them in the non-

equilibrium structures of the IPN¥ However the mechanical properties of silicone 8dB&\s have
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been developed with a thermoplastic polymer. In513%amurcu et a° synthesized full- and semi-
IPNs based on PDMS/polystyrene, PDMS/polybutadieared PDMS/poly(glyceryl propoxy
triacrylate) where PDMS was used as a host netwibrkvas found that both IPNs network of
PDMS/polystyrene and PDMS/poly(glyceryl propoxyatrylate) exhibited superior mechanical and
elastomeric properties when comparing with purieaile networks. However, this IPNs networks

showed two separated Tg indicating that a pheysaration occurred.

Furthermore, the thermal and mechanical propeniesDMS were improved by creating
interpenetrated networks with cellulose acetatgrbate (CBA)> It has been claimed that the INPs of
PDMS/CAB were miscible avoiding phase separatiod trey were called true IPNBDMS also
could be combined with two different partner polymetworks using the IPNs architecture. In 2002
Huang et af® studied phase separation of PDMS and polymethateryPMAC). PDMS, blended with
polyacrylate (PAC) was used as the host networl. Séguential interpenetrating network technique
was used to incorporate PMAC into the host netwdirkhas been found that the glass transition
temperature (Tg) of the IPNs materials change d&snetion of the concentration of PMAC and
PDMS, the transition peak at low temperature beimginated by PMAC (Tg )and the transition peak
at high temperature zone dominated by the PDMS (Tg

In our study the mechanical properties of the PDiBwvorks will be reinforced by another
PDMS network, by using a sequential interpenetgatiretworks technique. The introduction of
prestretched chains as sacrificial bonds, a tecenighich has been recently investigated in acrylate
based unfilled elastomers by Ducrot et &.**will be expanded to silicone systems in our stiithe
usage of prestreched chains which can break arsipdis energy before the material fails is the
advantage of the sacrificial bonds technique tofoece networks in stiffness and toughn&ssn our
study, the host PDMS network is designed as a nigitivork to provide the stiffness while the
interpenetrating network designed as an extensiblevork to serve as an extensible matrix. The
incorporation of the same polymeric system avoidasp separation while the different mechanical
characteristics of host and guest network can beddior better mechanical properties.
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3. Method and synthesis

2.1 Chemicals and reagents

Chemical substrates and solvents for the syntltdssdlicone networks are listed in Table 2-2.
All chemical reagents and solvents were used asivext without any further purification.
Poly(dimethylsiloxane), vinyldimethylsiloxy termitead or PDMS-V of different molar masses were
used as silicone oligomeric precursors , while ldglterminated poly(dimethylsiloxane) (PDMS-H)
and 2,4,6,8-Tetramethylcyclotetrasiloxane D were used as chain extender and crosslinker
respectively. Karstedt's catalyst or Platinum-diatramethyldisiloxane complex was used as a
catalyst to cure the silicone elastomers by hydiasion reaction.

Notation Chemical Name Semi-develop formular wM | Purity Origin
(g-mor)
PDMS-V;7 Poly(dimethylsiloxane), (‘3H3 (‘:H3 ch, | 770 95% ABCR
vinyldimethylsiloxy /féSio}PSiJ/
terminated H2C (‘3H3 ; (‘3H3
PDMS-Ve, Poly(dimethylsiloxane) (‘3H3 (‘:H3 cH, | 6000 ABCR
vinyldimethylsiloxy /_ég_o%SiJ
terminated H2C (‘3H3 ; (‘3H3
PDMS-V, 7 Poly(dimethylsiloxane) (‘:H3 <‘3H3 ch, | 17200 ABCR
vinyldimethylsiloxy %SiO}LSiJ/
terminated H2C (‘;H3 . (‘;H3
PDMS-Hyy | poly(dimethylsiloxane) C‘:H3 C‘le C‘3H3 400- ABCR
hydride terminated HSi—O%SiO S‘i*H 500
CH; ' CHz’n CHs
DH 2,4,6,8Tetramethylcyclotetra ?Hs 240.51 | 99.5% | Aldrich
siloxane o/ﬁ'\o
/
Hsc—Si\*H H-Si-CH,
oM _o
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Pt Platinum- ﬁHZ ﬁHz (2.1- ABCR
divinyltetramethyldisiloxane Hsc\s\_ Pt S\_/CHS 2.4%)
| |
complex in xylene H,e” 0" CHs Pt
Toluene Toluene CHj3 92.14 99.5% Sigma,
VWR
Acetone Acetone O 58.08 99.5% Sigma,
)k VWR
HsC CHs3

Table 2- 2: Chemicals and reagents

2.2 Synthesis and reaction conditions

In our synthesis, poly(dimethylsiloxane), vinyldithylsiloxy terminated (PDMS-V) was
crosslinked with 2,4,6,8-Tetramethylcyclotetrasdoge (DH) by the hydrosilylation reaction and
poly(dimethylsiloxane) hydride terminated (PDMS-Mjas used to chain extend PDMS-V. The
Karstedt’s catalyst was served as the initiatarigger the reaction between vinyl (=gHend group
of PDMS-V and hydride (-H) of PDMS-H or,B. The basic principle of sequential interpeneatigti
networks (IPNs) was described in chapter 1. Ingiudy, silicone elastomers were investigated by
using 2 different systems: a highly crosslinkedwuoek which is a rigid network and a loosely
crosslinked network which controls the extensipitf the material. The stoichiometric ratio between
vinyl groups of the PDMS-V chains and the -H of g crosslinker (in the highly crosslinked
system) or the PDMS-H (in the loosely crosslinkgdtam) were optimized separately in order to
obtain the highest modulus (for the highly crodddith system) and the highest extensibility
simultaneous increase in stiffness and extengsibilihen the silicone loosely crosslinked networlswa
interpenetrated into the more crosslinked netwgrkiding a sequential polymerization technique. The

products after this process were called siliconéipie networks.

2.2.1 Synthesis of the silicone highly crosslinkegetwork

Two types of rigid networks of well crosslinketicgine (or £ networks) were used in our study:
a small mesh size and a larger mesh size (Figéje Phese two different*Inetworks were prepared
by using PDMS-V with M, = 6kg.mol* and PDMS-V with N}, = 17.2 kg.mot respectively. The

networks were synthesized by crosslinking PDMS-\thwiD,H crosslinker via a hydrosilylation
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reaction at room temperature. Toluene was addecdtliet system in order to decrease the viscosity of
the PDMS-V and also to decrease the entanglemearsitgdeof silicone chains in the final product as

reported by Urayama et #t°% 7

(a)

N\ PDMS

o Crosslinker

Figure 2- 6: Ideal rigid network of (a) PDMS smaiésh size (b) PDMS large mesh size

In our synthesis, we apply the duo-package tecleigihich is used in the room temperature
vulcanizing method of silicones. In general, tleishnique prepares 2 packages of different ingréslien
before mixing them to produce a cured network anrademperature. The first component of the
reactive mixture consists of multifunctional orgaiicones with the catalyst while the other comsai
silanol-terminated PDMS and fillét.However in our system, in order to increase thmdgeneity of
the network; the first reagent, composed of PDM3M crosslinker and one half of the toluene
were smoothly stirred about 10 minutes. The seceadent, consisted of 20 ppm (part per million) of
Pt Karstedt's catalyst and the other haft of tHeeiwe were mixed well before being introduced into
the first reagents. The two reagents were mixeddminued stirring for a few minutes and then the

solution was injected with a syringe into the preplaglass mold as shown in Figure 2-7.

Figure 2- 7: Glass mold for preparing silicone raivs.*
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The glass mold in our study consisted of two gfdates, steel spacers and a teflon tubing to seal
the mold. In order to avoid the problem of the fisample sticking to the glass mold, the glass
surfaces were covered with a PET thin film befdeeing them into the metal frame. The whole setup
was tightened to ensure a good contact of the glides with the spacers and the tubing. Metallic
spacers were used to control the thickness ofitiaé gilicone network sample, which was about 1 mm.
The Teflon tubing with an external diameter arodm8l mm was compressed and acted as an O-ring
seal. The curing procedure was carried out at rmsnperature for 12 hr. before removing the sample
from the mold, washing, and drying it.

Moreover, we also investigated the same silicoffenétworks synthesized in solvent-free
conditions. In this synthesis, we used only 0.008% of total composition to dilute the Pt catalyst
concentration since the high concentration of Rilgst showed a premature curing after the firepdr
of Pt catalyst. The sample preparation procedurth@fsolvent-free system was the same as in the
presence of solvent; however, the toluene did ntibduce in the both component, the mixed
component was kept at -20 °C before adding thdysatand the reaction was made at -20 °C for 12 hr.
The curing took place at -20 °C in order to avoydrogen bubbles inside the curing samples, which
were produced from the hydrosilylation reactione Holvent free system had a high viscosity during
the curing process that might trap hydrogen gascande the presence of bubbles inside the curing
samples. Thus, in this system a slow reaction wagsired to give the hydrogen gas enough time to

diffuse out of the sample.

2.2.2 Silicone loosely crosslinked network

A loosely crosslinked silicone network was used telkthe silicone rigid network. Based on the
multiple network design optimized for a acrylati important desired property of thi§ Betwork is
its extensibility. The network should be soft andeasible as much as possible but should be only
loosely connected to the first netwdtkPDMS-V MW 770 g.mot was mixed with PDMS-H MW
400-500 g.md’r and in some cases a small amount @l [@rosslinker was also introduced. The
composition was mixed for about 15 minutes and letp20 °C for an hour in order to prevent an
occasional immediate reaction, which happens afteoducing the Pt Karstedt's catalyst to the
system. In this formula, PDMS-H was used to extidredchain length of PMDS-¥, while D,H was
used to crosslink and maintain the stability ofwaek (Figure 2-8). Low molecular weights starting
precursors are needed to be able to swell the yhighdsslinked network {1 network) before

polymerization of this second network occurs.
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' .- = PDMS-V,7,
; -a‘# IY LS CP PDMS-H

Figure 2- 8: Ideal chain of silicone loosely cragsinetwork

The 30 ppm of Pt Karstedt’s catalyst was dilutetbinene to 0.001% V/W of total composition
in order to avoid the flash reaction after addihg tatalyst. The two components were mixed and
stirred for 5 minutes before pouring in to the mdidr this network, we used cylindrical molds of
polypropylene to cure the sample. We found thatltese network always studk the glass mold.
Even when using a PET thin filbo cover the glass, the cured network could notdmeoved intact
from the glass mold. To overcome this problem, msunyaces have been tried to demold the silicone
loosely crosslinked network such as polyethylenkcose and PTFE. Finally we found that the
silicone loosely crosslinked network showed thestidsonding to prolypropylene. The dimensions of
the polypropylene mold are exhibited in Figure Z8r curing, the sample was placed in the oven in
which an oven’s tray was controlled by a tubuldrisfevel, to keep a constant thicknesghe curing
took place at 70 °C for 40 hr. The reaction coodii for the loosely crosslinked network were

determined by a couette viscometer study.

:[ 15 mm

€ 8mm ————>

Figure 2- 9: Polypropylene cylindrical mold forisdne loosely crosslink network

2.2.3 Extraction of the uncrosslinked fraction

The extraction process was performed only for ilieose highly crosslinked network and for
silicone multiple networks. The objective of waghthe samples after completing the curing reaction
is to remove free chains, unreacted componentsilaodccatalysts trapped inside the network.

In silicone multiple networks, the sample was firsinoved from the mold and immediately

immersed into a toluene bath in which the solveas whanged every daifter a day of immersion,
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the sample absorbed a large amount of solvent ecainie much larger and fragile, thus the solvent’s
changing needed to be carefully done otherwisesdéingples might crack and break. We found that by
drying the samples at a room temperature througlow evaporation of solvent, the dried samples
usually break into pieces. This phenomenon has legpfained elsewhere and indicates that the
evaporation process of solvent createsidual stresses inside the polymer sarfple. order to
deswell the samples we used a mixture of a goodpaod solvent in which the good solvent was
toluene and the poor solvent was acetone. After days of washing, the solvent bath was changed
from a toluene bath to a mixed solvent of toluecetfane, 75/25 %V/V and for the fifth to seventh day
we used the a toluene/acetone, 50/50 %, 25/75%/408% V/V respectively.

However for the silicone highly crosslinked netwdrk which the network is not thick, the
deswelling process could start with a solvent mixtioluene/acetone, 50/50 %V/V in day four, then

continue to toluene/acetone, 0/100 %V/V the dagraft

2.2.4 Drying process

After the extraction process, silicone simple neksoand multiple networks were fully dried,
first under a laboratory fume hood for 2 hr anchthieder vacuum at 80 °C for one night. Finallg th

samples were stored at room temperature until leger

2.3 Stoichiometry study of silicone highly crosslinkedetwork (1

network)

In order to create sacrificial bonds and improve thechanical properties of silicone multiple
networks, the % network is designed to be as rigid as possibleprinciple, a fully crosslinked
silicone T' network is expected, if every vinyl terminated gwof PDMS-V can react with a hydride
of D4H crosslinker. In other words, a stoichiometridaaif vinyl (V) and hydride of crosslink (§)
of 1 to 1 or [1:1]. However, because of the lackirdbrmation on the precise amount of vinyl of
PDMS-V and hydride of EH crosslinker, stoichiometric ratios need to belid and experimentally
optimized.

In our system, two parameters to create the n&twere adjusted, i) toluene composition , and
i) network mesh size controlled by the,Mf PDMS-V. The prepared samples and their contiposi
are listed on Table 2-3 for PDMS-V,M 6 kg.mol" and Table 2-4 for PDMS-V M= 17.2 kg.mot.
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Toluene/polymer Stoichiometric rati PDMS-Vis, D,H Pt Karstedt
(%VIW) Vi Hps (9) (@) (ppm)
66.66/33.33 1 1.3 2.395 0.062 20
66.66/33.33 1 1.35 2.395 0.065 20
66.66/33.33 1 1.4 2.395 0.067 20
66.66/33.33 1 1.5 2.395 0.072 20
66.66/33.33 1 1.6 2.395 0.077 20
0/100 1 1.3 2.096 0.055 @
0/100 1 1.35 2.096 0.057 @
0/100 1 1.4 2.096 0.059 @
0/100 1 1.5 2.096 0.063 @)

Table 2- 3: Formulation and stoichiometric ratidldfetwork at PDMS-\M.. 6 kg.moll, @ with a

toluene solvent at 0.005% V/W of total composition

Toluene/polymer Stoichiometric ratio | PDMS-V, D4H Pt Karstedt
(%VIW) Vi7k Hps (9) (@) (ppm)
66.66/33.33 1 1.4 2.432 0.024 20
66.66/33.33 1 1.5 2.432 0.026 20
66.66/33.33 1 1.6 2.432 0.027 20
66.66/33.33 1 1.7 2432 0.029 20
0/100 1 1.4 6.007 0.059 @
0/100 1 1.5 6.007 0.063 @)
0/100 1 1.6 6.007 0.067 @
0/100 1 1.7 6.007 0.071 @)

Table 2- 4: Formulation and stoichiometric raticldhetwork at PDMS-\M. 17200 Kg.mol-1®

with a toluene solvent at 0.005% V/W of total corsigion
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2.4 Stoichiometry study of silicone prepolymer (¥ network without

crosslink)

A silicone loosely crosslinked network d¥ &etwork is introduced as interpenetrating network
in silicone multiple networks. The important feausf this network is its extensibility and loose
coupling with the stiff network. In order to optinei this network we proceeded in two steps. Ins fir
step, we prepared a highly viscous fluid by usinty ®#DMS-V and a chain extender PDMS-H. Then
by modifying this composition with very small amasiof D;H crosslinker, we could tests the effect
of a light but controlled crosslinking. PDMS-V atM= 770 g.mol (PDMS-Vy;) is selected as a
precursor because of its low viscosity and smalleswar size which is an important property to be
able to swell the i network before forming silicone multiple networkghe chain length of PDMS-
V7701 then first extended by using a hydrosilylatieaction with a hydride group of PDMS-H at Mw
400-500 g.mot (PDMS-V,q0). To optimize the properties of this composititive stoichiometric ratio
of vinyl group of PDMS-V, (V770) and hydride of PDMD-kho (Hao0) are systematically studied.

The composition and stoichiometric ratio betweep,¥dnd Ho in 29 network study are
presented in Table 2-5.

Stoichiometric ratio | PDMS-V7 | PDMS-Hyo | Pt Karstedt

V770 Hao0 (9) (@) (ppm)
1 0.5 1 0.292 30
1 1 1 0.584 30
1 1.2 1 0.701 30
1 1.35 1 0.789 30
1 1.38 1 0.807 30
1 1.4 1 0.818 30
1 1.42 1 0.830 30
1 1.45 1 0.847 30
1 1.5 1 0.877 30

Table 2- 5: Formulation and stoichiometric ratioc?8f network without crosslink

2.4.1 Curing time of the silicone prepolymer

The curing time of this silicone network is alsgpiortant. In our study, we were confronted with

some problems in setting the curing time of tAer@twork. At first, the silicone loosely crosslimke
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network was cured at room temperature for 24 Hofohg the reaction condition of Pt Karstedt’s
catalyst. However after the characterization ofrttechanical properties by rheometry, we found that
the viscosity of the loosely crosslinked networled Fsignificantly changed during storage. This
phenomenon came from the higher viscosity of tHen2twork and made the curing process more
difficult to complete. In order to avoid this issube curing time of the loosely crosslinked netavor
was studied.

Seven different stoichiometric ratios between Vvignoups of PDMS-V, (V779 and hydride of
PDMD-H (Hs0) were chosen to study the effect of the curing tiomethe final properties. The
sample’s composition and stoichiometric ratio asdum this study are shown in Table 2-6. First,
PDMS-V;70and PDMS-Hg,were mixed for 15 min and stored at -20°C for anrh@hen another part
composition, 30 ppm of Pt Karstedt's catalyst wisteld to 0.005 % V/W of toluene and stored at 4
°C until used.

The two-part mixture was then mixed and stirradaféew minutes before pouring in into the cup
of a couette viscometer. The method of this rhgplest can be found in Chapter 3. The curing ef th
sample was tested at a temperature of 60 °C whashoentrolled by water circulation passing through
the couette geometry. The test was performed ynardic time sweep test at a control frequency 6.28

rad/s and constant strain rate of 0.1%.

Stoichiometric rati PDMS-V;7o | PDMS-Hy | Pt Karstedt
V770 Hao00 (9) (@) (Ppm)

1 1.350 2.241 1.768 30

1 1.360 2.241 1.781 30

1 1.365 2.241 1.788 30

1 1.370 2.241 1.794 30

1 1.375 2.241 1.801 30

1 1.380 2.241 1.807 30

1 1.400 2.241 1.834 30

Table 2- 6: Formulation and stoichiometric raticttod2™ network without crosslinker for the curing

time study

The rheology test showed that depending on thetsthetry, the %' network had different final
characteristics and also needed different curimgesi (Figure 2-10 (a)). At a stoichiometric ratio [1
1.36]; [V770: Hiod G’ and G” data at long curing time showed tha #° network behaved as a
viscous fluid. After increasing the ratio ofdjto [1: 1.37] the polymer remained a viscous flyel
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with higher values of G’ and G”. Finally at theicafl: 1.38] the polymer became a soft solid as

indicated by G’ > G". The extensive result and eigd stoichiometric ratio will be clearly discussed

in Chapter 4.
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Figure 2- 10: Reaction time of the silicorf Betwork without crosslinker (a) by the couette
viscometer, and (b) the comparison with the dynaméchanical behavior of thé&®hetwork cured in

the oven at 60 °C for 40 hr. and in the couetteorizeter at 60°C, frequency 6.28 rad/s for 30 hr

Passing the gelling point was an unwanted propenty in order to avoid this we kept the
stoichiometric ratio of Y;oto Hygobelow [1:1.38]. Moreover, if we considered the teactime, it was
found that at the lower fghamount, the reaction reached its equilibrium péaster. However as we
focused on the stoichiometric ratio giving materibkelow the gel point, the ratio [1:1.37], which
imposed a reaction time around 30 hr was selected.

Because the curing in the couette viscometer oamillsan applied frequency of 6.28 rad/s, we

speculated that this could accelerate the reaetighresult in a faster time to equilibrium. Therefo
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in order to make sure that the loosely crosslinketivorks were fully cured. We extended the reaction
time to 40 hr when curing at 60°C in the oven ieqoent conditions. The comparison between the
dynamic mechanical properties of th¥ Betwork which cured in the oven at 60 °C for 40ahd
cured inside the couette viscometer at 60°C, at¢guincy of 6.28 rad/s for 30 hr. is shown in Fegur
2-10 (b). The samples cured in the oven were peepaith the same preparation procedure as in
section 2.4 and their linear viscoelatsic propsriiere characterized (in the full cured conditiansd
parallel plates TA ARES rheometer a constant fraqueof 6.28 rad/s at room temperature. The
curing by the two methods did not result in verffestent values of G’ and a little different ones fo
G". Both curing methods confirm the gelling point the 2° network at a stoichiometric ratio
[1:1.375].

2.5 Stoichiometry study of silicone loosely crenk network (2™

network with crosslink)

In the previous section, the studied silicone paymithout crosslinker provides a highly viscous
polymer at the optimized stoichiometric ratio. Hwee if purely entangled networks are used as the
interpenetrating network, they may flow out of #ienetwork over time and without connections with
the first network they may not reinforce mecharjcttie network’® For this reason, in this study a
small amount of crosslinker is added to the loosebgslinked network. As we showed in the curing
time study above, the gelling point of th& 2etwork is at a stoichiometric ratio of,Mt0 Haoo
[1:1.375]. Thus, stoichiometric ratios near thidligg point [1:1.37] were selected in this studyhel
compositions and stoichiometric ratios used in #higly were chosen to maintain the Vinyl/SiH ratio

constant and are shown in Table 2-7.

stoichiometric ratio | PDMS-V,;, | PDMS-Hygo D,H Pt Karstedt
V770 | Haoo Hpa (@) (@) (9) (ppm)

1 | 1.36| 0.01 2.433 1.934 0.004 30

1 | 1.34| 0.03 2.433 1.906 0.011 30

1 | 1.32| 0.05 2.433 1.877 0.019 30

1 | 1.27| o010 2.433 1.806 0.038 30

Table 2- 7: Formulation, stoichiometric ratio andd (W/W) of 2" network
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2.6 Silicone multiple networks

Silicone multiple networks were synthesized by riindtiple sequential interpenetrating network
process. The®inetwork or highly crosslinked silicone, is swolleith the small precursor molecules
of the loosely crosslinked network. One or two sgmes of swelling/polymerization can then provide
the multiple networks of silicone. The procedurgtepare silicone multiple networks is presented in
this part.

2.6.1 Swelling process

The equilibrium swelling ratio of the™Inetwork is a key factor determining the relativacfion
of each network. A first network that is less sabklé is undesired due to the need of carrying out
several sequential swelling and polymerization stép sufficiently dilute the *1 network in the
silicone multiple network to obtain a mechanicahfercement. In order to understand the swelling
behavior, various silicone™Inetworks were swollen to equilibrium with the preors of the %
network.

The 2 network precursor baths of PDMH, PHMS-Hgand O3H were prepared at room
temperature. In this swelling study, the Pt Karssedatalyst was not introduced for better swelling
control. The silicone *Lnetwork was cut in a rectangular shape 2 Zm. and the initial weight was
measuredW;) before immersing the sample into the mixing precurbath. The bath was kept at
room temperature without light exposure. At regufdervals the samples were taken out, cleaned
with tissue paper before recording their wei@ht). The swelling was continued up to 48 hr and the
% swelling could be calculated by using Eq.2-1. Thmposition of T network and ' network used
in this study are shown in Table 2-8.

%swelling = (M) x 100 Eq.2 -1
]/Vl.
(a) 1°' network
Sample Toluene/polymer | Stoichiometric rati PDMS-V D,H Pt Karstedt
(%VIW) \Y Hoas @ ) (ppm)
SN s696T 66.66/33.33 1 1.35 2.096 0.057, 20
SNey 00T 0/100 1 1.5 6.237 0.188 @
SNi7k 60T 66.66/33.33 1 1.5 2.289 0.240 20
SNz 00T 0/100 1 1.6 6.150 0.069 @5
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(b) 2" network

stoichiometric ratio PDMS-Vy7o PDMS-Hyo D H Pt Karstedt
V770 Haoo Hpa (9) 9) (9) (ppm)
1 1.35 0.02 4.482 3.536 0.014 0

Table 2- 8: Formulation and stoichiometric ratiq@f = network and (b) ¥ network used in the

swelling study® with a toluene solvent at 0.001% V/W of total carsition

The equilibrium swelling ratios for eacH fietwork are shown in Figure 2-11. We found that fo
the silicone small mesh size network in which thenktwork was created by PDMSgVthe
equilibrium swelling was approached after 9 hr.t@other hand, the silicone with a larger mesa siz
network, synthesized with the PDMS-V started to reach an equilibrium swelling at 15 Tihis
behavior may be due to a lower collective diffustmefficient of PDMS precursors into the looser
mesh due to entanglements. Moreover, the silicchaetwork made in the presence of toluene
showed a slightly decreased % swelling after threikimum point.

Thus, we set the swelling time of th& detwork for fabricating silicone multiple networks 15
hr. in order to reach an equilibrium swelling anas@b the largest amount of small molecules.
However, since the*Inetwork of PDMS-¥, synthesized in the absence of solvent shows arlowe
%swelling (~100%) which was not efficient for sdize multiple network creation. It was decided not

to use this 1 network to synthesize multiple networks.

700
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—A— SNl7k,0%T

400 —|

300 —
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Time (Hr)

Figure 2- 11: Rate of swelling of silicon& dAetwork
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2.6.2 Synthesis and reaction conditions of the riiple networks

Silicone multiple networks were prepared by firsieling the dry first network (as described
above) in the solution of the precursors of theécmile 2° network and then carry out the
polymerization step in sequence. First, the batihefporecursor solution needs to be prepared. PDMS-
V776 PDMS-H,00 and OQH crosslinker were prepared in a 20 ml tube andestiabout 10 minutes
before storing at -20°C for an hour. Then the Riskalt's catalyst was diluted with a small amount o
toluene 0.001 %V/W of total composition and addedhie cold 2 network solution. The tube was
stirred for a few minutes before pouring it inteantainer and kept at -20°C until needed. A piefce o
1% network, core network was prepared and weightéoréémmersing it into %' network liquid bath
rapidly. The solution was maintained at -20°C foe might to avoid reaction before swelling (about
15 hr following the equilibrium swelling ratio of*'Inetwork). Then the swelled™Inetwork was
removed from the bath and gently cleaned with su@spaper to eliminate the excess of small
molecules. The sample was then placed on a relis&sebefore curing in an oven at 60 °C for 40 hr,
and post cured at 100°C for 2 hr. After curing Haenple was removed and washed and dried as
discussed in the previous section. The final sasnplere stored at room temperature until later use.
These samples were named silicone double netwal. (D

To prepare other multiple networks, which were lgrimetworks (TN) or quadruple (QN)
networks, the same procedure was repeated usirgjlitene (n) networks as the starting material and
carrying out the swelling, washing and drying saspdescribed previously. The final product is then
silicone (n+1) networks which could be TN or QN deging on the starting network. The method to

prepare silicone multiple networks is describecesthtically in Figure 2-12.

Starting network
swell
—_—
at-20°C
silicone (n)network silicone (n+1) network
T re-swell
= PDM5-Vi o171 l
= PDMS-V,, Product
PDMS-Hyy,
o DH

Figure 2- 12: silicone multiple networks procedure.
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The effect of introducing a small amount of cradgdr in the interpenetrating network was also
studied. The stoichiometric ratios and formulatioh silicone f' networks and interpenetrating
network or 2 networks which have been used in silicone multigevork are summarized in Table
2-9.

(@) 1* network

Sample Toluene/polymer Stoichiometricrati | pPpMS-V D,H Pt Karstedt
(%V/W) \% Hos () () (ppm)
SNey 6607 66.66/33.33 1 1.35 2.096 0.05¢ 20
SNy 76607 66.66/33.33 1 15 2.289 0.24( 20
SNi7c0%T 0/100 1 1.6 6.150 0.069 @y
(b) 2" network
stoichiometric ratio PDMS-V;7o PDMS-Hg0 D4H Pt Karstedt
V710 Hao0 Hpa (9) (9) (9) (ppm)
1 1.36 0.01 6.403 5.089 0.010 30
1 1.36 0.02 6.403 5.052 0.020 30
1 1.36 0.03 6.403 5.014 0.030 30

Table 2- 9 : Formulation and stoichiometric ratida) 1™ network and (b) % network used to create
silicone multiple network$?® with a toluene solvent at 0.001% V/W of total casition

To determine the composition of the final silicameltiple networks sample, we calculated the
weight fraction of silicone (n+1) networkz)&?) from the initial weight of the starting network or

silicone (n) networkW;,y) and the weight of the final sample after swell{i#g . 1) by following
the Eq.2-2

Wi
p = 10 Eq.2 -2
YE T Wrman

The prestretching of the chains of the first netw@s) can be calculated from Eq.2-3.

1
A = —vs Eq.2 -3
NCHRE !
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In our study, we prepared multiple networks frohree different 1 networks; Shk e606T
SNi7k 0w @nd SNz eser The compositions of the silicone multiple networkade from each starting
network are shown in Table 2-10. For each systenusee three different crosslinker amounts in the
interpenetrating network were and although thestioker quantity should not in principle affect to
the swelling behavior of the'hetwork, we found that for the silicon&rietwork with short mesh size
(SNek 66967 there was some variation of the equilibrium simgll(Figure 2-13(a)). Moreover, it was
clearly shown that introducing toluene when syrittieg the ' network can increase its equilibrium
swelling ratio as shown by the lower valuedgdi; in the multiple networks prepared from the; QN
s6%T COmparing with the SNk st Unsurprisingly, because of the higher swellingorat the system
SNz es%5 the prestretching of the chains of tienktwork in this system was also higher compared

with that of the others (Figure 2-13(b))

(a)
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+ [ ® ON
g 40
—
: !
&
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20 —| A
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$ [ ]
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6k 33%T | 17k 0%T | 17k, 33%T
(b)
3.0
H DN
A TN
55| ® ON

1.5 ]

1.0
6k, 33%T ‘ 17k, 0%T ‘ 17k, 33%T

Figure 2- 13: Characteristics of silicone multipltworks, (a) weight fraction of thé' detwork in
different synthesis systems, and (b) prestretchingf the chains of the®Inetwork in different

synthesis systems.
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Silicone multiple networks of PDMS-V 6 kg.mof with 66% wt toluene

[0.01 Hb] [0.02 Hby] [0.03 Hba]
sample
Dsno | Pret | Prew2 | Phers Ao Dsno | DPnet | Prez2 | Dhers Ao Dsno | Pnet | Prez2 | Pher23 Ao
SN 100 1 100 1 100 1
DN 44 56 1.31 42 58 1.33 56 44 1.21
TN 21 46 34 1.69 17 47 36 1.81 22 38 40 1.67
ON 13 31 33 23 1.98 11 30 32 27 2.09 9 34 31 2 422
Silicone multiple networks of PDMS-V 17.2 kg.mot with solvent-free system
[0.01 Hbo] [0.02 Hby] [0.03 Hby]
sample
q)SN,O q)netz,l () net2,2 o net2,3 7\{) q)SN,O (Dnetz,l o net2,2 () net2,3 7\{) q)SN,O (Dnetz,l o net2,2 o net2,3 7\{)
SN 100 1 100 1 100 1
DN 48 52 1.28 46 54 1.29 45 55 1.30
TN 25 42 33 1.59 22 41 37 1.67 24 42 34 1.62
ON 11 32 27 29 2.06 10 32 28 30 2.15 12 3( 29 30 05 2.
Silicone multiple networks of PDMS-V 17.2 kg.mot with 66% wt toluene
[0.01 Hb] [0.02 Hby] [0.03 Hba]
sample
Dsno | Prees | Pre2 | Prens Ao Osno | Orezt | Pre2 | Prers Ao Dsno | Onezt | Prez2 | Prers Ao
SN 100 1 100 1 100 1
DN 34 66 1.43 29 71 1.52 32 68 1.46
TN 17 49 33 1.79 13 49 39 2.00 13 49 38 1.97
QN 7 37 28 27 2.39 9 33 31 27 2.24 6 37 31 26 2.51

Table 2- 10: Compositions of silicone multiple netks, prepared from siliconé' hetworks of Table 2-9 (a is showed in percentage (%) abgl,is

volume fraction of silicone™ network in multiple network

-61-



Chapter 2: Synthesis of silicone multiple networks

Conclusion

In this chapter, we have descried the synthesimulfiple intepenetrated networks based on
polydimethyl siloxane. Silicone multiple networkseng created by sequential swelling and
polymerization steps in order to progressivelytstrehe first network strands and create sacrlficia
bonds inside the material to dissipate energy atalydhe macroscopic fracture of the material. The
core network of the PDMS multiple network was desidjto be a well crosslinked stiff network while
the PDMS interpenetrating network was designedet@Xiensible to expand the dissipative volume.
Both types of PDMS networks were synthesized vidwyadrosilylation reaction. The optimal
stoichiometic ratio or effective stoichiometricicafr) was determined for each network separately by
maximizing the elastic modulus and targeting thiepgeént respectively. Silicone multiple networks
were made from 3 differenf"hetworks: a small mesh size network made from PDMSprecursors
in the presence of 66%wt toluene RNs%7), and two large mesh size network made either from
PDMS-V;7 in the absence of solvent (&N o7 or from PDMS-\{7 in the presence of 66%wt
toluene (SN ees%p. Three different amounts of crosslinker have based as the interpenetrating
network in each silicone®network. Now, in the next chapter we will focus tive mechanical
properties of the samples described in this chapter
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Introduction

In our study, we tried to broaden to silicone systehe scope of the reinforcement technique
using interpenetrating networks (IPNs) containiagrgicial bonds. This method has been invented
and first used to reinforce hydrogélécreating tough IPNs of highly swollen hydrogels ateér was
successfully applied to toughen acrylate elastorhéta our study, we synthesized silicone networks
via a hydrosilylation reaction, which is differendm the polymerization reaction used in the adeyla
system (addition polymerization). The details & #ynthesis method was presented in Chapter 2. In
this chapter, the mechanical properties of siliceingple networks (Lnetworks or 2 networks) and

silicone interpenetrated multiple networks willdescribed and discussed.

The silicone 1 network which is a highly crosslinked network waspared with two different
M, of PDMS-Vinyl terminated (PDMS-V), M= 6 kg.mol' (PDMS-Vg) and M, = 17 kg.mof
(PDMS-V;7), creating different mesh sizes of the networke $ticone 2 network which is a loosely
crosslink network that needs to be extensible anddly coupled to®inetwork was synthesized with
a combination of low M PDMS-V (for its ability to swell the®inetwork), multifunctional SiH chain
extenders and crosslinkers. We first determinedirecay the best stoichiometric ratios or called
effective stoichiometric ratio dr for each silicone systems in order to achieveltbst mechanical
performance of the networks. For thHérfetwork we chose the stoichiometric ratio givihg highest
modulus, while for the" network we first determined the gel point withelam chain extenders, then
positioned ourselves just below the gel point athdied small amounts of,B crosslinker to vary the
extensibility of the network. We determined theimpim ratio gof the 4 different systems of silicone
1% network which were PDMS-V V16 kg.mol'(PDMS-V;) in the presence of solvent and in bulk
conditions and PDMS-V M17 kg.moll(PDMS-Vm) in solvent and in bulk conditions. Once the
stoichiometric conditions were fixed, multiple neiks were synthesized in several steps as described
in chapter 2. The mechanical properties of theltiagusilicone multiple networks were characterized
first in uniaxial extension to failure and then hwitep cycle extension tests and fracture toughness

tests on single edge notch samples.

In this chapter we will first describe the testmgthods and then report the mechanical properties
of the silicone multiple networks made from differstarting ¥ network and with different degrees of

crosslink of the 2 network.
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1. Materials and methods

1.1 Rheology experiments

The viscoelastic properties of the silicone loosetpsslinked networks {2 network) were
investigated with an ARES (Advanced Rheometric BEspm System) rheometer from TA
instruments. The testing temperature was adjustddancirculating water bath (Julabo model FS18)
and the experiments were controlled and recordedthiey TA Orchestrator software from TA

instrument.

1.1.1 Steady shear testing

Steady shear testing is used to study the behaituids by using a continuous rotation to apply
strain. When a steady shear rate is reachedhte stresstj is measured as a function of the shear

rate (d/dt). The steady shear viscosit)) €an be calculated from Eq.3-1.

dy
TZUE Eq.3—-1

We used the steady shear testing to charactdreeiscosity and behavior of the silicon® 2
network as a function of stoichiometry. The ARE®&ammeter was set to the steady shear rate sweep
mode with an initial shear rate set at 0.01aad a final shear rate set at 18 Fhe tests were
performed at 25°C controlled by the circulating evdtath with the cone and plate geometry, the cone
angle was 0.04 radians, the diameter 25 mm (Figutéa)) and the gap between geometry and the
sample load was set to 0.045 mm. However, in sases; the viscosity of the sample was too high
and the gap could not be set. The geometry wasciemged to the parallel plates geometry, with a 25
mm diameter and a 1.5-2 mm gap (Figure 3-1(b)).

(@ (®
D D
@ @

Figure 3- 1: Geometry of ARES rheometer, (a) coretfdate with sample loaded, and (b) parallel

plates with sample loaded
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1.1.2 Dynamic mechanical testing

Dynamic mechanical testing involves the applicatbbran oscillatory strain to the sample. The
resulting sinusoidal stress is measured and ctecklaith the input strain, so that the viscous and
elastic properties of the sample are simultaneonsbasured. When it is performed in the linear
regime, the test method provides a complex modijgscally an amplitude and a phase shift between
stress and strain). The stress signal generateal \igcoelastic material can be separated into two
components; an elastic stres3,(in phase with the strain, and a viscous st(€gsin phase with the
strain rate (¢/ dt) or 90% out of phase with the strain. By sapag the stress into these components,
both strain amplitude and strain rate dependeneenwditerial can be simultaneously measured.

The viscous and elastic stresses can be relatedterial properties through the ratio of stress to
strain, or modulus. The ratio of the elastic stresstrain is referred to as the elastic (or steyag
modulus (G"), and the ratio of viscous stress tairstis referred to as the viscous (or loss) maslulu
(G"). The complex modulu$&*) is a measure of the overall resistance of a naterideformation.

Three different operation modes of dynamic medtentesting were applied to study the

mechanical properties of the silicon¥ getwork.

- Dynamic strain sweep
Dynamic strain sweep was performed in order tordetee the limits of linear viscoelasticity
and torque levels. The2network samples were tested with the paralleleglajeometry,
diameter 25 mm with an initial strain 0.01% andafistrain 100%. The testing temperature

was controlled at 25°C and the frequency of thehimecwas set at 6.28 rader 1 Hz.

- Dynamic frequency sweep
The silicone 2 networks were characterized in the linear reginite & dynamic frequency
sweep in order to analyze the frequency dependehavior of the samples. The ARES
rheometer was set with the parallel plates geomdiayneter 25 mm and the frequency was
varied from 0.1 rad’5to 100 rad.3. The testing temperature was controlled at 25t the

constant strain of 0.5%.

- Dynamic time sweep
The dynamic time sweep mode was applied in ourystaicbrder to characterize the curing
behavior of the silicone "2 network. The silicone "3 network compositions;
Poly(dimethylsiloxane) vinyldimethylsiloxy termiret (PDMS-V), Mw 770 g¢.md,
Poly(dimethylsiloxane) hydride terminated (PDMS-W)w 400 g.mof* and Pt Karstedt's
catalyst were introduced into a cup of a Couettergery (Figure 3-2). The blend of reactants

was loaded in the cup until the bob was coveredtla@dest was then carried out at the curing
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temperature of 60 °C. The frequency and the sti@ire set to be constant at 6.28 radis1
Hz and 0.5 % respectively. The dynamic mechanipgnties such as’'3G", G* and tan delta

were recorded every 5 minutes along the experiment.

Figure 3- 2: Experimental setup and dimensionqgtiette geometry with sample loaded

1.2 Mechanical testing experiments

The tensile tests of the cured silicone materiadsewcarried out on a standard tensile Instron
machine, model 5565 fitted with a 10 N or a 100oBld cell. A video extensometer, model SVE was
used to follow the relative displacement of marl@esed in the homogeneously deformed zone of the
sample. The relative uncertainty of the measuremisen by the load cell and the video extensometer
are respectively 0.1% in the range of 0-100 N atd% at the full scale of 120 mm.

The specimens were cut in to a shape and clampeede pneumatic clamps (Figure 3-3) which
allowed a fine control of the pressure in the clartgpavoid slippage or damage of the sample from a
too high or too low compressive clamping force. Alechanical tests were performed at room

temperature which was controlled at 23-25 °C.

(@) (b)

Figure 3- 3: Pneumatic clamps for mechanical tggi) scheme of the clarfgb) picture of the

clamps during the tensile test
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1.2.1Tensile tests

Tensile tests in uniaxial tension were performedhansilicone T network samples, the silicone
2" network with crosslink samples and the silicondtiple networks samples. The specimens were
cut in a dumbbell shape using a die cutter. Theggdength of the central part used for the strain
measurement is around 20 mm. The cross-sectiormmis4n width (w) and a thickness (h) fixed by
the samples themselves between 0.5-2.5 mm, degperadinthe number of sequential swelling/
polymerization steps in the silicone multiple netigo

To follow precisely the relative displacement ie theformed zone of the sample, the sample was
marked in two spots with a white paint in the cemane to allow the deformation measurement via

the video extensometer. The sample dimension Wehmarkers for the tensile test is shown in Figure

3-4.

measuring points for extensometer

ww

20 mm

U"l'fﬂs[lﬂmlllg[mll||I|IIIIIIII|I|IHI|I|I

10 11

Figure 3- 4. Sample for tensile test

Uniaxial extension tests were carried out at a teorisvelocity of the crosshead speed of 500
um.s'and the typical initial strain rate on the cenpatt of the sample was around 0.02 with the
gauge length around 10 mm.

The force (F) and the strain) (measured via the video extensometer, were red@li@long the
experiment. Nominal stressy() and stretch ratid\j were defined as the tensile force per unit dfahi
cross sectional area of the sample and the ratizedength to the initial length as presenteddr3EL,

Eq.3-2 and Eq.3-3 respectively.

Eq.3-2

_F
GN_W.h

A= Eq.3-3

L
Lo

and
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A=¢e+1 Eq.3—-4

True stressd;) was calculated assuming constant volume defoomas shown in Eq.3-5 and the
Mooney stressofnooney, represents the mechanical behaviour of the mateormalized by that of a
neo-Hookean elastomer with an equivalent smalirstr@odulus as shown in Eq.3-6. The Mooney
stress or reduced stress has the physical meanirgstrain dependent entropic modulus and is

independent of strain for a neo-Hookean elastomer.

Oy = Op. A Eq.3-5

ON

Omooney = m Eq.3—-6

In the small strain regime, the initial modulughee Young’'s modulus (E) is the slope of the curve
(Eq.3-7), and can be estimated by fitting at sizdlin ¢=0 to 0.05) and R~ 0.99, Figure 3-5.

oy = E.€ Eq.3 -7

0.04

y =0.6143x + 0.0026
0.03 - R2=0.9961

0.00 0.02 0.04
€

Figure 3- 5: Experimental method to determine tbengy’s modulus from silicone"hetwork,
[V ek:Hpal; [1:1.35] with toluene 66% viw

1.2.2 Stepcycle extension

Loading and unloading cycles at incremental valoésstrain were performed in order to
investigate the viscoelastic properties and theem@l damage in silicone multiple network
elastomers. The samples for step-cycle extensiin teere cut in the dumbbell shape, similar to the
samples in uniaxial extension test (tensile test).
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Step-cycle extension tests were performed at reampérature with a constant velocity of the
crosshead of 500m.s". For the first cycle, the sample was loaded fiom 1 toA = 2 and unloaded
back toA ~ 1 and F = 0.1 N (to prevent the compression jofthree identical loading cycles were
performed for eacth. Then the strain was increasedMo= 3 or in Ay, WhereA; is a previous
extension for 3 cycles. The stretch was incre@getl for each loop until the sample broke. A typica
deformation history for a cyclic deformation testpresented in Figure 3-6. Here again the force (F)

and the stretch\j measured by the extensometer were recordedbaly dhe experiment.

)\cross—head

I I I I
0 500 1000 1500 2000

Time (s)

Figure 3- 6: Applied stretci\) during a cyclic extension test

1.2.3 Fracture in a single edge notch test

To characterize the fracture toughness of silicongtiple networks, tensile tests on notched
samples were performed on the Instron machine .s@hgples were cut into a rectangular strip, with a
total width of 5 mm and a length of about 30 mme Hotch of 1 mm length was made in the middle

of a strip, located at the edge of the sample {Eiq47). The length of the notch (c) was confirmed
from pictures with a gauge using ImageJ.

measuring pomts for extensometer

—
L

"I ll‘llll'llll’llll‘IIH’IIIIIu.
3 4 3

Figure 3- 7: Picture of a typical sample for singtiye notch test, w=5 mm and c=1 mm
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To determine the fracture toughness, the notchetplsawas fixed with pneumatic clamps,
spaced of 20 mm. This will fix the dimension of g@mple: | = 20 mm, w =5 mm. The thickness was
different for each sample varying from 0.5-2.5 nifhe tests were carried out at room temperature
with a crosshead speed of 50@ s similar to the test conditions in the tensile t€strce (F) and the
stretch €) measured by the extensometer were recordecdball dhe experiment.

The fracture energyj can be determined using the Greensmith approinfawith a single

edge notch samplég,is given by

_ 6XxXWXc

L

r Eq.3—8

Where c is the length of the pre-crakkjs the stretch ratio at break in single edge netgteriments
and W is the strain energy density. W can be estidnly integration of the nominal stress versus

engineering strain of un-notched samples ugtfkee in chapter 1).
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2. Effect of Stoichiometry on the mechanical propertis of simple

silicone networks

The properties of the silicon&' and 2“network which are respectively the principal netawand
the interpenetrating network in silicone multipktworks, depend crucially on the stoichiometrigorat
between their reactants. Although in principle A ratio between vinyl and Si-H should give the best
results, an excess of Si-H is often used in praaitd we discuss here how the composition of the 1
and the 2 network were optimized.

For the ' network, we used the uniaxial extension test tosmeathe modulus of the samples
obtained from different stoichiometric ratios. Fesich composition (short or long PDMS-V) and
preparation conditions (in solvent or solvent-frethle stoichiometric ratio resulting in the highest
small strain modulus in the fully cured sample wabed an effective stoichiometric ratiQ)(rThe ¢
of each system will be used further to synthesime ' networks used for the silicone multiple
networks. In addition, to understand better thacstre of networks, the uniaxial tensile curve was
fitted with the slip tube model proposed by Rulegimstand Panyukov (Chapter 1, section 2) and the
respective contribution to the Young's modulus mtfiaglements (& and permanent crosslinksJE
was extracted from the data.

For the silicone ® network, first the stoichiometric ratio between M®-V;-, and PDMS-Hy,
was studied and an optimum (just below the gel hatvichiometric ratio was determined. In other
words, the sample presenting the highest viscagityout actually being a solid, was selected as r
Then, the BH crosslinker was introduced to create silicor® @etwork, while keeping the

stoichiometric ratio between vinyl and SiH constaint.

2.1 Silicone highly crosslinked networks (1 network)

2.1.1 Stoichiometry of siliconesmall mesh size networks, using PDMS+/

Silicone ' networks with different stoichiometric ratios beem vinyl end groups of PDMSgV
[Ved and silane end groups ofy®[Hp4 have been prepared in both solvent- free conustifbulk
condition) and in the presence of solvent (66 %wfwoluene to total reactants). After completing th
hydrosilylation reaction, initiated by the Pt Kadts catalyst, the samples were directly tested in
uniaxial tension at 25°C without any step of eximac of the unreacted free chains. The mechanical
properties of these networks and the determinatibm. for the PDMS-\ based networks are

presented below.
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- Silicone ' network of PDMS-¥ in bulk conditions

In bulk conditions, the *1 network based on PDMSgVshows an increasing modulus with

increasing [H crosslinker and reaches the highest modulus[&tsk: Hpa]; [1 :1.5]. After this point
the initial modulus decreases as shown in Figuge Bhis mechanical behavior was also reported by

Chambon et. 4lin their stoichometric study of PMDS-V crosslidkey tetrakis(dimethylsiloxy)silane
and they founder=[1 :1.5].

0.8

[ Ve : Hpa ]
[1:130] ——[1:150]
06— [1 :135] —[1 :160]
_ —[1 :140]
©
o
S o4 I
bZ |
|
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0.0 0.2 0.4 0.6 0.8 1.0 1.2
€

Figure 3- 8: Uniaxial extension of silicon& detwork using PDMS-¥ in solvent- free conditions

(without passing extraction process)

A slight increase of the initial modulus and strassreak for r <gcan also be observed in the
Mooney plot (Figure 3-9). The strain softening, relaterized by a decrease in Mooney stress with
increasing stretch, is due to the presence of entanglements betwesslinks and can be found for
each stoichiometric ratio, Figure 3-9 (a).

(@) (®)

07 158

0.6 -

0.5+
0.4

0.3

Omooney (MPa)

0.2 4 [
0.1+ .

0.0 00 I I I I
' ' ' ' ' 143 '1:1358 ' 114 ' 115 ' 116

04 05 06 07 08 09 1.0
1/, Stoichiometric ratio [ Vg, < Hp, ]

Figure 3- 9: Mooney plot and Young's modulus dtsite £' network using PDMS-Y, in solvent-
free conditions (without passing extraction prore& Mooney plot with the best fit (black linef) o
the Rubinstein-Panyukov equation, and (b) Youn@dutus obtained from the initial modulus (E),

from the entanglements JEand crosslink contribution (Efrom the model fit
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The best fits of the data with the Rubinstein amady®kov model are shown as black lines in
Figure 3-9 (a). Two parameters are extracted fitwarfit, the respective contribution of entanglersent
(Ee) and permanent crosslinks JHo the modulus. The results of these extractddevand initial
modulus of networks (E) are summarized in Figure@ @&). We found that, the modulus due to
permanent crosslinks goes through a maximum abhd suddenly drops at stoichiometric ratiog> r
which is composed of excess crosslinker. This phmama can be explained by the excess crosslinker
creating many pendant chains and blocking the liné#sy process. Interestingly the value of re=r
giving the highest modulus contains significantaegtements suggesting a very heterogeneous
crosslinking structure, while lower values ghppear to be much closer to perfect networks [oit av
lower overall modulus.

Although, re was determined for this solvent free system, weidgel not to use this system in
silicone multiple networks because of its too laguiéibrium swelling ratio, about 100% (chapter 2,
section 2.6-1). It should be recalled that, a leweléng ratio is not efficient to make silicone rtiple

networks since a low volume fraction df detwork requires too many steps.

- The £'network of PDMS-¥ in the presence of solvent

In this procedure, toluene solvent was introducedng the preparation of the' hetwork of
PDMS-Vg in the ratio of 2/1 (toluene/reactants) or 66 % of toluene. The samples are test without
passing extraction process to determineSimilar to the previous results in bulk conditighe initial
modulus increased with the amount gHcrosslinker until § was reached at y: Hp4]; [1 :1.35] as

shown in Figure 3-10.

05
[Vek:Hpa ]
h [1 :1.30]
0.4 [1 :1.35]
- —[1 :1.40]
& o3{—1I1 :150]
=3
5 02—
0.1
0.0 { {
0.0 0.5 1.0 15

€
Figure 3- 10: Uniaxial extension of silicon&retwork using PDMS-}Yin solvent system (without

passing extraction process)

The entanglements {Fand crosslink (B, contributions to the modulus are shown in Figsie

11. As for the solvent free system, iE maximal at & and continuously decreases for r > The
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addition of solvent into the system had the obyecto reduce the entanglement density increasing
therefore the equilibrium swelling. These phenomaneareflected by the lower value of Eigure 3-
11 (b)) compared to the solvent-free system (Figuee(b)). It is likely that the network is here rao

homogeneous.
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Figure 3- 11: Mooney plot and Young's modulus bésne T network, using PDMS-Y, in the
presence of solvent (without passing extractiorgss), (2) Mooney plot with the best fit (black) of
the Rubinstein-Panyukov equation, and (b) Young@dutus from initial modulus (E), from

entanglements @Eand from crosslinks (E

Although, the same chemical reagents were usqutépare the *Lnetwork in both cases, the
addition of solvent during the synthesis step redube value of.fThis might be because the presence
of solvent may favor the accessibility of the vimglactive sites and therefore reduce the need for
excess Si-H. This difference between bulk synthast synthesis in the presence of solvent may be
even more pronounced for the large mesh size nkfwoade from PDMS-\. The PDMS-\{«
should in principle create more entanglements hadlifference ofsbetween solvent-free conditions

and solvent should become more obvious.

2.1.2 Stoichiometry of silicone large mesh sizetworks, using PDMS-V,7¢

PDMS-V, was selected to be the large mesh size silicdmetivork. This larger mesh size was
designed to increase the equilibrium swelling asashin chapter 2, section 2.6-1 and therefore to
obtain multiple networks with larger levels of gresching of the 3 network. For this PDMS-)
based system, thé' hetwork was also synthesized with two differentimods; in bulk conditions, and
in solvent. To determine the optimum stoichiometgy the same methods used in PDDM&-V
network were applied, uniaxial extension at 25°@ astimate of the £and E by fitting the Mooney

stress curve versis with the Rubinstein-Panyukov model.
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- The #' network ofPDMS-\ixsynthesized without solvent

Similar mechanical properties as in the small mege networks using PDMSgM were
observed in this system. The modulus and strasseak increased as a function of the amountsf D

crosslinker until thegstwas reached at [¥: Hp4]; [1 :1.6] as shown in Figure 3-12.
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Figure 3- 12: Uniaxial extension of silicon&retwork using PDMS-¥ in the solvent-free system

(without passing extraction process)

A clear strain softening can be observed in the Mdgostress plot in Figure 3-13. If the data is
fitted with the Rubinstein-Panyukov modek, Bnd E can be determined. The entanglement
contribution to the modulusct the gpoint is a little lower than what was found for thetwork of
PDMS-Vg in bulk (Figure 3-9), but it is within the uncertey of the model. However the contribution
of the crosslinks Es much lower for the S oorthan for its 6k counterpart.
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Figure 3- 13: Mooney plot and Young's modulus éshe ' network of PDMS-V 17.2 kg.mdlin

the solvent-free system (without passing extraghimtess), (a) Mooney plot with the best fit (black

of the Rubinstein-Panyukov equation, and (b) Yaaingddulus obtained from the initial modulus (E),
from the entanglements JEand from the crosslinks {Fto the Rubinstein-Panyukov fit
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- The #' network of PDMS-V 17.2 kg.nfoh the presence of 66% v/w toluene

The silicone T network of PDMS-V7csynthesized in the presence of toluene, is optitriae an

re [V17x: Hpdl; [1 :1.5] as shown by the results of uniaxialemdion shown in Figure 3-14.
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Figure 3- 14: Uniaxial extension of silicon®rietwork of PDMS-V 17.2 kg.mdlin 66%wt toluene

(without passing extraction process)

A similar effect of the presence of solvent, as i@ tietwork using of PDMS-¥ is observed
here. The Eobtained for the fit to the Mooney stress is lowsan the one obtained in Figure 3.13
with the network prepared in bulk conditions (Fg8-15). The presence of solvent create a more

homogeneous network, resulting in a decrease.of E
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Figure 3- 15: Mooney plot and Young's modulus éshe ' network of PDMS-V 17.2 kg.mdlin

the presence of 66%wt toluene (without passingaektin process), (a) Mooney plot with the best fit

(black) of the Rubinstein Panyukov equation, afdvung's modulus from initial modulus (E), from
the entanglements {Fand from the crosslinks (Econtributions to the modulus
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2.1.3 Selection of the*inetworks: summary

The optimum stoichiometric ratiq for the synthesis of the silicon& hetwork was determined
in 4 different systems by uniaxial extension te$tse respective contribution of crosslinks)(Bnd
entanglements @Eto the Young's modulus calculated from the bistofthe Rubinstein Panyukov
equation are summarized in Table 3-1.

It was found that the presence of solvent durirgsynthesis decreases the entanglement density
of the polymer network resulting in a drop of iB the solvent system, comparing to solvent free
synthesis conditions, meaning that tiengtwork in solvent is more homogenous than the onade
in bulk. Moreover considering the effect of the, bf the precursors PDMS-V, PDMSs)provide a
small mesh network and PDMSR¥ creates a larger average mesh and a more extensitiwork.
This effect clearly shows up in the increase ofdflecting the higher crosslink density of thewtk
made from the smaller Mprecursor.

Interestingly the bulk condition have an optimizetbdulus for a larger excess of;HD
crosslinker, and have consequently a largeatio. We assume that it may be because of theehig
viscosity of the precursor solution, that leadsatmore difficult access of the,® crosslinker to the

vinyl reactive sites.

Toughness E.

st .
1~ networks &[Vyx: Hpd (kd.n) E (MPa) (MPa) E.(MPa)
SNerooer 1:15 251 1.21 0.84 0.50
. 31E
SNesgoer 1:1.35 0.65 0.46 0.15
SNy7romer 1:1.6 455 0.83 051 0.43
SNi7k66%6T 1:15 357 0.35 0.22 0.18

Table 3- 1: Effective stoichiometry(rand Young’s modulus of siliconé' hetwork in 4 different

systems

2.2 Silicone loosely crosslinked network (2 network)

Silicone 29 networks were prepared from a mixture of PDMS-prears; PDMS-VY;, , PDMS-
Ha00, and OH crosslinker. The main reason to use this comiposdf precursors was the need to swell
the ' network to synthetize silicone multiple networksnce silicone %' networks alone should be
barely crosslinked or not crosslinked at all, thatimal stoichiometric ratio .rof [V: H] was
determined by measuring first the viscosity of gwymer after polymerization. To optimize this
system, the crosslinker was initially not introddicEhen a little amount of crosslinker was introgtlic

to determine &for a silicone loosely crosslinked network. Unaxéxtension tests were performed in
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this second stage to characterize the mechaniopkpties of the ¥ networks with a light amount of
crosslinker.

2.2.1 Optimization of the stoichiometry of silicone prepdymer without any
crosslinker

2" networks with different stoichiometric ratios besm vinyl reactive groups of PDMS;) and
Si-H of PDMS-Hoo, [V 770 : Haoq Were prepared and cured at 60°C for 40 hr inn@noThe viscosity
of the prepolymer (without crosslinker) was chagdeed with an ARES rheometer at 25 °C fitted
with the cone and plate geometry, the cone angle @@4 radians, the diameter 25 mm and the
rheometer was used in steady shear mode. Thd stigar rate was varied between 0.0arsd 10 8.

The viscosity of the prepolymer at different stéachetric ratios is shown in Figure 3-16.

At the lower stoichiometric ratio, the prepolymafter 40 hr of curing has a low viscosity,
constant with shear rate. Then the viscosity ofrtésvork increases with [flst] and reaches a highly
viscous state in the range of stoichiometric rgibso : Hiod between [1:1.38] and [1 :1.4]. If the ratio
further increases the viscosity of the network dically decreases and returns to a low viscosity
liquid state again at a stoichiometric ratio,{§/: Hioo= [1:1.58]. Because of the huge differences in
viscosity, the measurement was performed by usimg different plate geometries; cone and plate

geometry for the liquid samples and parallel plgsmetry for high viscosity samples.

10°
10° .
Parallel plates geometry \
10
10°
10 ———7—7—7——7—7—7—777777—777777777—7777777"7 77777777777 — 77777777777777777777777

101 | e 2 4 0

Viscosity (Pa.s)

10°

10 1:05 ‘ 1:0.66 ‘ 1:0.99 ‘ 11 ‘ 1:1.15 ‘ 1:1.2 ‘ 1:1.32 ‘ 1:1.35 ‘ 1:1.38 ‘ 1:1.4 ‘ 1:1.42 ‘ 1:1.45 ‘ 1:1.48 ‘ 1:1.5 ‘ 1:1.58

Stoichiometric ratio of [V;7q : Hagol

Figure 3- 16: Viscosity of the silicone linear pogpner without crosslink in different stoichiomietr

ratio of, [V770 : Haod.

The viscosity as a function of shear rate of thiymers for each stoichiometric ratio can be
found in Figure 3-17. At a stoichiometric ratio [D.5] to [1 : 1.35] and at stoichiometric ratio [1
1.42] to [1 : 1.58] the network shows a newtoniadfbehaviour i.e. the viscosity does not depend o
the applied shear rate (Figure 3-17 (a)). In cehtthe network at stoichiometric ratios between

[1:1.38] to [1:1.4] behaves as a non-newtoniardfla@it these stoichiometric ratios. It is important
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mention that during the test, a significant ersimitroduced by the slippage of the samples, riegult
in the drop in viscosity after a strain rate 0.0{Rgure 3-17 (b)).

Using a rheometer in steady shear mode, we couldatermine thecrof the network due to the
slippage occurring during the measurement. Thus,sthichiometric ratios for the highly viscous

compositions [1:1.36] to [1:1.4] were characterizethe dynamic mode with the same rheometer.

(a) (b)
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Figure 3- 17: Viscosity measurements of silicoffen2tworks with the ARES rheometer at 25°C in
steady shear mode, (a) the measurement with theepdate geometry in flowing samples and, (b) the

measurement with parallel plates geometry in highosity samples.

2.2.2 Dynamic rheology of silicone prepolymer without cosslinker
- Dynamic strain sweep (at 1% strain in the linear rgion )

Dynamic strain sweeps were performed at 25°C aitbnstant frequency at 1 Hz. The strain was
first applied at the start from 0.01% until therage modulus (G’) reduced. The storage modulus (G")
and loss modulus (G") of the samples were obselvdtie linear viscoelastic region, presented in
Figure 3-18. Unsurprisingly, at low stoichiometratios, the network behaves like a high viscosity
liquid exhibiting a higher loss modulus than steragodulus (G" > G'). However, at higher
stoichiometric ratios, starting from [1 : 1.375] b : 1.4] the material shows a viscoelastic solid
behavior with a storage modulus higher than the toedulus (G' > G") and tan delta below 1. This
behavior suggests that some crosslinks are présetite networks which may come from some
variation in functionality of the PDMS-Y, ,the purity being 95 %. The precursor may contain

branched vinyl groups that can crosslink when regatith PDMS-H,q.
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Figure 3- 18: Dynamic modulus of silicon& Betwork without crosslink at 1% strain,

25 °C, and 1 Hz.

To verify the effect of the contamination of the @8-V77,, ATR-FTIR (Bruker tensor 27 FT-IR
with OPUS data collection program) was used toyeaeathe functional groups of PDMSY at
25 °C. The IR absorbance of PDMS;ycompared with PDMS-) is shown in Figure 3-19. We
observed that there were several different FTIRodiasice peaks appearing in PDM&gvand in
particular at 956 cihand 838 cml. These two peaks disappear after the reaction RRMS-Hqo,
indicating the absorbance of vinyl groups (Figw203 while the absorbance at 2127 tamd 907 cm
!indicates the presence of Si-H groups of PDM&:H'% **In other literature it was also reported that
a peak at wavenumber 956 tindicated the presence of vinyl end group of PDW{§-however, the
origin of the absorbance at 838 Tim PDMS-\%+, still unclear which may indicate the presence of

other reactive groups from impurities.
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Figure 3- 19: ATR-FTIR spectra of PDMSsyand of PDMS-VY-.
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Figure 3- 20: ATR-FTIR spectra of PDMSr¥, and of PDMS-H,, and silicone %! chain at

stoichiometric ratiqV 77 : Haog = [1:1.4].

- Dynamic Frequency sweep

In order to characterize the mechanical charatiesiof silicone prepolymers near the self-
crosslink stoichiometric ratio, the effect of ajplifrequency was tested in dynamic rheometry in
frequency sweep mode at constant 0.5% strain. 8teMas performed at 25 °C and the frequency was
applied from 0.1 rad’sto 100 rad:3or 0.016 Hz to 16 Hz. The dynamic properties dtsile 2°
networks near the self-crosslink point are showRigure 3-21.

As expected the applied frequency has an imporgdiigict on G' and G” near the optimal
stoichiometric ratio [VY7o : Haod, [1:1.36] to [1:1.385]. G' and G" both increas&h applied
frequency. The gel point (where both G’ and G” hdke same frequency dependence) can be
observed at stoichiometric ratio {4 : Haoq, [1:1.375] (Figure 3-21 (d)). Beyond this stoiahietric
ratio, [1:1.375] to [1:1.385] the samples turnidgalith a low frequency plateau appearing (G' >.G")
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Figure 3- 21: Dynamic modulus at different stoichédric ratios between vinyl end groups PDMS-V
770 g.mof* and hydrogen end groups of PDMS-H 400 g:mp¥70 : Haog Of silicone 2% networks

without added crosslinker.

In summary, by using dynamic rheometry we couldl fine ¢for silicone made from nominally
difunctional precursors which was at stoichiometatio, [1:1.4]. However, at this stoichiometric
ratio, the polymer was actually lightly crosslinkbg unexpected reactive groups which may come
from the impurity of PDAM-Vfq, resulting in the network being too solid. Thesesslinks were not
easily controllable and would lead to variationsAmsen batches. For this reason, we decided to use a
lower stoichiometric ratio [1:1.37] to serve as twse 2 network. However to be able to vary the
crosslink density of this second network, we afsestigate the properties of a few composition$ wit

a little added D4H crosslinker.

2.3 Loosely crosslinked networks of silicone

A stoichiometric ratio of [VW7o : Hioq] at [1:1.37] was chosen for th& 2etwork in order to be just
below the gel point. At this ratio, the polymeripat will result in a highly viscous fluid. Yet it as
demonstrated that in the absence of coupling betwesetwo networks, a small amount of crosslinker
was needed in the second netwbrklo obtain it, QH crosslinker was introduced in the network. The

effect of this crosslinker on the mechanical préipsrof the 2 network was characterized in uniaxial
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extension at 25°C at a crosshead velocity of G00s*. The stress versus strain plots can be found in
Figure 3-22(a).
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Figure 3- 22: Mechanical properties of standaldlieose 2 networks, (a) uniaxial extension of

silicone 2% networks, at 25 °C and, (b) Mooney stress veksos the 2° networks.

Unsurprisingly, the initial modulus and stress baeak both increase with the amount of
crosslinker in the network while the elongatiorbegak decreases. The Mooney stress plot vergus
Figure 3-22 (b) shows clearly the stiffening whishshifted to lower strains when increasing the
amount of crosslinker, indicating the presence aktwork. Yet the concomitant strain hardening at
low A = 3 and the low modulus suggest a very heterogenstoucture.

Given these resultgje decided to introduce the crosslinker below [Pt63he 29 network since
at this stoichiometric ratio the network still lbigh elongation and low strain stiffening. Sitieo2"
networks with H, [0.01] and [0.02] were also synthesized in oudgtiHowever, because the samples

were too soft and sticky, they could not be cud shape for the tensile tests.
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3. Silicone multiple networks

Silicone multiple networks were now created by gsihe sequential interpenetrating network
technique. The ®L network prepared with,was extracted an unreacted component by extraction
process as described in Chapter 2, section 2h2n, it is first swollen with the precursor molk=u
of the 2% network and subsequently polymerized to creatdlieose double network (DN). By
repeating the swelling step and sequential polyragdn, we obtained silicone multiple networks
which were triple networks (TN) and quadruple nekgo(QN). The three different stoichiometric
ratios of silicone 2 network ; [Vo70 : Hago : Hp4]; [1 : 1.36 :0.01] called as 0.01pK [1 : 1.35 :0.02]
called as 0.02 b}, and [1 : 1.34 :0.03] called as 0.03,Hvere used as the interpenetrating network for
the three different systems of silicon® detwork that we tested:; i) the' hetwork of PDMS-V,
prepared in the presence of solvent SNy, i) the T network made from PDMSY in the bulk,
and iii) the 2’ network of PDMSV,, prepared in solvent. It should be noted that theetwork of
PDMS-Vg prepared in the bulk (ShbeT), was not used in multiple networks due to a levelng
ability which was disadvantage in creating the iplétnetworks.

In this section, the mechanical properties ofditieone multi-networks were characterized with
uniaxial extension experiments, step-cycle exterssiand fracture in a single edge notch test. The

details of the methods and testing conditions @afobnd in section 1.

3.1 Silicone multiple networks based on PDMS-Y, made in solvent

We discuss first silicone multiple networks synthed from the 1 network of PDMS-V; with
66 %w/v toluene. The mechanical properties of SN, DN, and QN with different crosslinker
concentrations investigated by uniaxial extensienshown in Figure 3-23 and in Table 3-2.

The 2° network with[0.01 Hbs] does not seem to provide much reinforcement in geoi
stiffness. However, beyor{@.01 Hy,] the initial tensile modulus (Figure 3-23) and thiaimal value
of the Mooney stress (Figure 3-24), which is theashmodulus, increase with the amountDoH
crosslinker added to thé“network. Moreover, the Mooney stress plot verdtarsin Figure 3-24,
shows clearly the increase in the strain stiffenimthe multiple networks and the shift of the drsfe

stiffening towards lower values @afthat one would expect with increasing pre-stretgtuhains.
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Figure 3- 23: Uniaxial extension properties ofcsitie multi-networks made from th& af PDMS-Vg;
in solvent system with different,Bl crosslinker amount introduced in the interpengtganetwork
(2" network), (a) at [i4,] = 0.01 (b) at [H4] = 0.02, and (c) at [kt] =0.03

[2" network] - [0.01Hp,] [0.02Hp4] [0.03Hp4]
Silicone networ SN DN TN ON DN TN ON DN TN ON
oY (%) 100 | 44 | 21 13 42 17 11 56 22 9
average\g 1 1.31 1.6¢ 1.9¢ 1.3¢ 1.81 2.0¢ 1.21 1.67 2.24
E (MPa) 0.35] 0.35 0.34 0.3 0.43 0.47 0.49 062 80(50.67
Toughnes 112 48C 477 37¢ 35¢ 362 39€ 37¢ 53€ 57¢
(k3/n?)
Omooney,min(MPa) 0.12| 0.13 0.12 0.13 0.15 0.14 0.15 0.13 0/180.2

Table 3- 2: Weight fraction offInetwork, prestretch of'lnetwork chains, initial modulus, toughness

and minimum Mooney stress of silicone multi-netvsblased on PDMS+/and 66 %w/v toluene

In the acrylate multiple networks prepared by satjgk swelling/polymerization steps,

investigated by Ducrot et Athey report that the improvement in mechanicapprties was due to the
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population of stretched chains of the rietwork. The swelling/ polymerization process @ase the
number of stretched chains of th&rietwork, influencing the increase of the initiabailus and the
strain stiffening of the acrylate multiple networks large strains. Moreover, by increasing the
crosslinker concentration of the acrylaté rietwork, the initial modulus increased and thaistr

stiffening was visible at lowek. However in these acrylate networks the loosetysslinked 2

network had a minor influence on the stiffnessgrevented crack propagation
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Figure 3- 24: Mooney stress versusf silicone multiple network based on PDMg\h solvent
system, (a) DN, (b) TN, and (c) QN with differenHD amount

In contrast, in our silicone systems, we found thatswelling/ polymerization process affects the
initial modulus and strain stiffening only on thagples where a relatively high crosslinker amount
was introduced in the"2network, i.e. a stoichiometric ratio of [0.02,4] and [0.03 H,]. For the
multiple network with only [0.01 K], the initial modulus is similar to the SN (Tal8e2 at[0.01
Hp4]; E ~0.35 MPa for DN, TN and QN) and the strain stiffepappears only for the TN. The strain
stiffening of silicone multiple networks in [0.02;5 and [0.01 H4] can be observed at> 2 and

significantly increases in the samples with [0.Q3]Ht A > 1.7 as shown in Figure 3-24.
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These results suggest that our silicofi@etwork was an imperfect network, composed of loops
and dangling chains with many unreacted groupssé&Heee chains may crosslink with thgHD
crosslinker of the " networks during sequential swelling / polymeriaatiprocess and form linked
significant number of connections between thieahd the ¥ network. The increasing of ;8
concentration in the"2 network may increase the chance of crosslinkirtwéen the  and the 2
network, resulting in the increase in the overalhgity of elastic chains increasing therefore Ktiigai
modulus and shifting the onset of the stiffenindawer values of) in the overall multiple network.
However, the resulting network, while benefittirayreewhat from the prestretching of thérietworks
chains, does not have the extensibility neededaftiigh toughness. From this hypothesis, we can
schematically represent the multiple network of PBMy in the solvent system as shown in Figure
3-25.

silicone 1%t network silicone multiple networks
loop conection of 1%
e and 2" network
swell/
N network-
. strand
polymerize
¥ danglin,
glng
end-chain /v 4 chain
with crosslink
— PDMS-V, ~ vinyl group of PDMS-V
—— silicone 274 network O D,H of the 1% network

D,H of 20 petwork

Figure 3- 25: Silicone multiple network of PDMSxWvith 66 %w/v toluene.

3.2 Silicone multiple networks based on PDMS-Y synthesized in the

bulk

Long chain PDMS-Y;, was used to prepare silicon& detworks with an increased mesh size,
resulting in an increased swelling ratio in th&ethe multiple networks. The mechanical properies
the silicone 1 network presented in the stoichiometry study, shthat for the PDMS-) in the bulk
has a higher initial modulus and stress at break th solvent system (section 2.13). However, the
entanglement modulus {fof the network prepared by PDMS-Vin bulk shows the highest which
may indicate to the heterogeneous network. Inghbidion, the silicone®Inetwork of PDMS-\,
made in the bulk (with extraction unreacted compésjewas used to make multiple networks by the

sequential polymerization technique. The mechanmaperties of multiple networks were
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characterized by uniaxial extension experimentsthadesults are shown in Figure 3-26 and Table 3-

3.
(a) (b)
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z | P4
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1.0 15 2.0 25 3.0 1.0 15 2.0 25
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Figure 3- 26: Uniaxial extension properties ofcsitie multi-network made from thé& tietwork of

PDMS-V, 7 in bulk with different Qy amount introduced to interpenetrating network (2twork),
(a) at [0.01 H], (b) at [0.02 H], and (c) at [0.03 H]

[2™ network] - [0.01 H4] [0.02 Hog] [0.03 Hod]
Silicone network | SN DN TN QN DN TN ON DN TN ON
oSN (%) 100 48 25 11 46 22 10 45 24 12
average\o 1 1.28 1.59 2.06 1.29 1.67 2.1b 1.30 1.62 2|05
E (MPa 0.6€ | 0.6z | 0.4¢ | 0.4z 0.67 0.5€ | 044 | 0.7z | 0.5¢ | 0.k
Toughnes
(kJ/n13) 208 372 448 298 447 374 342 511 531 258
Gmooney,min(MPa) 0.21 0.2 0.13| 0.13 0.21 0.18 016 0.22 0.2 1840Q.

Table 3- 3: Weight fraction of*lnetwork, prestretch of*Lnetwork chains, initial modulus, toughness

and minimum Mooney stress of silicone multi-netvgobased on PDMSqY in bulk
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In contrast to our expectations, the modulus ofditieone multiple networks based on th& 1
network of PDMS-\{7 in the bulk decreased after the swelling/polymegzrocess. In general, the
introduction of an interpenetrating network incesathe stiffness of the network by prestretchirgy th
chains of the first network. However, ideal mukiptetworks were not created successfully in this
system. The initial modulus, the stress at breaktha toughness decreased with increasing number of
swelling/polymerization steps, i.e. SN > DN > TNQN. In summary adding and interpenetrating
network to the 1 networks made from PDMS1¥, in the bulk gives the worse mechanical properties.
These results suggest that tiengtwork may contain many dangling chains, loopsfaee chains and
a very heterogeneous structure. During the swelirmgess some chain breakage must occur due to
the osmotic pressure leading to a reduction of toelulus and to the replacement of these lost

crosslinks by entanglements resulting in a decrefsbe initial modulus in DN, TN, and QN and a

lack of reinforcement.
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Figure 3- 27: Mooney stress versusf silicone multiple network of PDMS.V, made in the bulk. (a)
DN, (b) TN, and (c) QN with different /Bl concentrations
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Moreover, the Mooney stress plot versysshown in Figure 3-27, demonstrates that Bhél
amount in the interpenetrating networks has an anpa the mechanical properties of the multiple
networks, when [0.01Hp4] < [0.02 Hpg] < [0.03 Hp4]. However, there is a little evidence of
reinforcement from stretched chains in the multipéwvorks and there is little strain stiffening.

In summary the interpenetrating network does nopmuch with the PDMS-¥ in the bulk
but rather simply swells it. The reduction in madulis less pronounced with the formulation with
more DH but remains softer than the starting SN. Alsoywtle strain stiffening is observed
suggesting that the chains of the first network rase much prestretched and that some chains may
have broken during the swelling step so that tBe @osslinked regions may be highly swollen and
the more crosslinked regions may be less. Thisuiprising given the high level of swelling in
particular in the QN and suggests a very imperfetivork with a lot of dangling chains and loops

By this hypothesis, the®lnetwork of PDMS-V;, synthesized in the bulk and the multiple
networks can be described schematically as presemteéigure 3.28.

silicone 1% network silicone multiple networks
end-chain conection of 1%
loop with crosslink and 2" network
\l r'g
swell/
—>
polymerize
dangling_yr
chain ™~

— PDMS-Vg, ~| vinyl group of PDMS-V,
— silicone 2™ network ® D, H of the 1% network

D,Hof 2% network

Figure 3- 28: Silicone multi-network of PDMSg¥in solvent free system.
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3.3 Silicone multiple networks based on PDMS-Yx made in solvent

In this system, the silicone multiple networks weesigned with a large mesh size, using PDMS-
V17« and the toluene was used to decrease the entagkeiof the network chains. The mechanical
properties of silicone multiple networks comparedthe silicone % network (SN), in uniaxial

extension are shown in Figure 3-29 and in Table 3-4

(a) (b)
0.6 0.6
= SNyz seoer — SNy eeot
0.5 (DN 66061)-0.01 Hpy 0.5 (DNy7¢ 66%1)-0.02 Hpy
(TN17 66961)-0.01 Hpy — (TNy766%1)-0.02 Hpy
T 04— (QNgeen)-0.01 Hoy 7 047 T (QMimeswr)0.02 Ho,
a a
é 0.3 + g 0.3
S &
0.2 — " 0.2 —
0.1 01
0.0 T I I 0.0 : ‘ ‘
1 2 3 4 5 1 2 3 4 5
A A
(c)
0.6
— SNl7k,66%T
054 (DNy7k 6697)-0.03 Hpy
= (TN17 66967)-0.03 Hpy
E 04 = — (QN 7k 66%7)-0-03 Hpy
\% 0.3
&
0.2 —
0.1 — /
0.0 \ \ \
1 2 3 4 5
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Figure 3- 29: Uniaxial extension properties ofcsitie multiple networks made from th&rietwork of
PDMS-V, 4 in solvent system with different;pcrosslinker amount introduced in the interpenigtgat
network (2% network), (a) at [0.01 ], (b) at [0.02 H4], and (c) at [0.03 k]
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[2™ network] - [0.01 H,] [0.02 Hp] [0.03 Ho4]
Silicone network | SN DN TN ON DN TN ON DN TN ON
B3N (%) 100 | 34 17 7 29 13 9 32 13 6
Ao 1 143 [ 1.79| 239 152] 200 224 146 1.97 2/51
E (MPa 022] 02C | 021 | 022 | 024 | 0.24 | 03¢ | 0.2z | 0.37 | 0.32
Toughnes
(i) 462 | 290 | 245| 359 710 380 314 526 297 360
OmooneymilMPa) | 0.06| 0.06| 0.06] 0.07 0.07 0.07 009 0.p7 0/02.1

Table 3- 4: Weight fraction of'Inetwork, average degree of prestretch of theétwork chains,
initial modulus, toughness and minimum Mooney stiEssilicone multi-networks based on PDMS-

V17¢in solvent system

Similarly to multiple networks based on PDM&\(section 3.1), silicone multiple networks
made from PDMS-Y, synthesized in the presence of solvent show amased initial modulus and
strain stiffening. The increase of these propertiss relate to the amount ofjid crosslinker in the
interpenetrating network. Thus, we can summariaettre silicone *Lnetwork in this system is similar
to the one with PDMS-¥ which contains some dangling chains and loopsnaaw crosslink with the
D4H of the 29 network. The large equilibrium swelling relatethe large mesh size creating by long
linear chains.

The strain stiffening of silicone multiple networlssnot as dominant as for the silicone multiple
networks of PDMS-Y in the solvent system as shown in section 3.1yrgi@-23. In this system, the
strain stiffening begins at = 3 in the DN and shifts to lowérin TN and QN forA = 2.5 and 2.2
respectively, indicating that the chains of tienktwork continuously stretch due to the swelling/
polymerization steps (Figure 3-30). The less praowed effect of strain stiffening when using PDMS-
V17« may be because the longer chains length of Threetiwork need a larger swelling ratio to expand
and stretch the chains. The stiffening may be npooaounced if we continue performing swelling/
polymerization steps and decrease the volume éract the 1 network @sY).

In summary for this system, thé metwork chain seem to swell as expected (andibigases

the modulus) but we still see a large effect ofatided crosslinker in the interpenetrating formarat
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() (b)
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Figure 3- 30: Mooney stress versusf silicone multiple network of PDMSVk in solvent system. (a)
DN, (b) TN, and (c) QN with different J3 concentrations
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4. Energy dissipation characteristics of the siliconemultiple

networks

In order to understand the potential dissipatiochmaisms involved in loading and unloading the
silicone multiple networks, step cycle extensiostdevere carried out in some selected samples. The
samples were chosen among 3 systems, PDMS3AVsolvent (section 3.1); PDMS:Y in the bulk
(section 3.2); and PDMS.Y, in solvent (section 3.3), namely those showing ltest mechanical
properties, based on the results of the toughraeskthe stress at break. The stress-strain cufves o

these silicone multiple networks tested with stggecextension are presented in Figure 3-31.

0.6
0.5+
= 0.4 —
o
2 o034
&
0.2 —
0.1 - — (QNy7k g6%1)-0.03 Hpy
' (DNy7 007 )-0.03 Hpy
—— (DNy7y 66047)-0.02 H
0.0 ‘ ‘ ( ‘ l7k,66/T)‘ D4
1.0 1.5 2.0 25 3.0 35
A

Figure 3- 31: Cyclic extension on silicone multipketworks in different systems

It was found that the mechanical hysteresis othal silicone multiple networks in the different
systems are negligible before macroscopic fractwairs. There are no viscoelastic dissipations or
detectable damage of the sample until the finalrosgopic fracture of the samples. Viscoelastic
dissipation usually comes from the loose chainshain connected on one side only. The observed
perfect elastic of multiple networks may be becahsechains are highly entangled with a reduced
mobility and do not have the time to relax durihg thechanical testing in this strain rate at 500spum
1.

Furthermore no evidence of bond scission is dedeate one would expesince there is no
evidence of softening. This suggests that if anybtto network effect is present it must be onlyhat t

crack tip.
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5. Fracture mechanics of the silicone multiple network

The fracture toughness of the silicone simple ndtaicand of the multiple networks was
investigated and analyzed with fracture tests oglsiedge notch samples. The typical stress-strain
curves of notched samples are shown in Figure @Band (b) for silicone®inetwork and silicone
multiple networks respectively. The fracture tougbsrof each samples were calculated based on Eg.
3-8, Greensmith model. The results of fracture megs comparing with initial modulus of the

networks are presented in Figure 3.33.

0.15 0.15
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Figure 3- 32: Stress-strain curves on notched sesgil 25 °C, (a) simple networks in different 3
systems, and (b) multiple networks in different/8tems.
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SN6k1/2 | QN[0.03Hp, = SN17k1/2 | DN[0.02Hp, = SN17k1/0 ' DN [0.03]Hp,

Figure 3- 33: Fracture toughness and initial moslolusilicone simple networks and multiple
networks in different 3 systems; PDMSWith 66% toluene (6k, 66%T), PDMS}with solvent
free (17k, 0%T), and PDMS4 ¥ with 66% toluene (17k, 66%T).

The initial modulus in the multiple networks bassdPDMS-\4, and PDMS-\{;, synthesized in
solvent is higher than for their corresponding dempetwork while no improvement was found in the

multiple network based on PDMSr¥ in bulk relative to its corresponding SN. For thracture
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toughness, the multiple network of PDM%:With solvent (6k, 66%T), and PDMS¥with solvent
(17k, 66%T) show some clear improvement with @alue which is about 180-120% greater than the
simple network alone. However for the multiple netks of PDMS-\{7csynthesized in the bulk (17k,
0%T), the fracture energy was similar to that oé gimple network. The result of the fracture
toughness confirms that thé' hetwork in the bulk system probably formed a veeterogeneous
network which then swells in a very heterogeneoay and does not create the prestretched chains

that would cause strain stiffening and toughenimgugh sacrificial bonds.
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Conclusions

Sequential interpenetrating networks have beemtigcsuccessfully applied in acrylic elastomer
to reinforce their mechanical properties. In owrdgt this technique has been adapted to silicone
elastomers via a hydrosilylation reaction to crio&sbnd create a silicone network, under realistic
conditions; presence of oxygen and humidity.

Silicone T network, used as the principal network in the iplétnetworks was synthesized and
the best effective stoichiometric ratiog) (between vinyl group and hydrogen end group west fi
determined. Then, the silicon& hetwork, used as the interpenetrating network alss studied and
its rowasoptimized before introducing a slight crosslinkiegel. However, in this study we found that
the impurities of PDMS-¥, (the precursor of the siliconé“2networks) showed an uncontrolled
crosslinking effect at the and in order to avoid that, we decided to use ighitmetric ratio between
vinyl groups and hydrogen end groups slightly befgw

The silicone multiple networks were created ushmgé different silicone *Lnetwork systems; i)
PDMS-Vgy, i) PDMS-V, 7 synthesized in the presence of solvent and DiVB-V,synthesized in
the bulk. Multiple networks were then prepared vei#iguences of swelling th& aetwork with the '
network precursors and then polymerize them viahydrosilylation reaction. Three differenyl®
crosslinker amounts were added in the precursorfh lwuring the synthesis. After the
swelling/polymerization process, we obtained silieomultiple networks and characterized their
mechanical properties. It was found that the migtigetworks made from™networks prepared in the
presence of solvent (66 %w/v of toluene) showednharease in initial modulus, stress at break and
fracture toughness. However, due to the presendrimiidity and oxygen during the synthesis and
also may be from imprecise stoichiometric ratiopglng chains and loops are present in tfle 1
network. Since the same crosslinking reaction (bsidirlation reation with pt catalyst) was usedan t
prepare the multiple networks. Unreacted vinyl gnobips can be crosslinked with tH¥ Betworks
chain during swelling/ polymerization process indgc some coupling. Consequently, silicone
multiple networks show an improvement in initial dotus and increase in the strain stiffening after
introducing higher amount of crosslinker in theenpenetrating network formulation.

In contrast, silicone multiple networks made frofmgtwork made in the bulk did not show any
mechanical reinforcement. The properties of thetiplal networks were dominated by the silicofié 2
network. The T network was probably a very imperfect network &eterogeneous, containing less
and more crosslinked regions, resulting in selecsiwelling and a lack of reinforcement by stretched
chains of the Lnetwork after sequential polymerization.
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Introduction

A latex is a stable colloidal dispersion of polymmrticles in water, meaning that the latex
particles will not precipitate or sediment over dinCurrently, latexes are used in many applications
such as in pigments, surfactants, plasticizing aitt$ rheological modifiers? Generally, a latex is
synthesized by emulsion polymerization using staias as colloidal stabilizers. However, this kind
of dried latex usually is sensitive to water uptékditening) and requires a low Tg and low modulus

component to form a film at room temperature.

In order to improve the latex’s stiffness whileogling film formation at room temperature, soft
core - hard shell latexes have been develdgetin 2013, Chenal et &ldeveloped a specific type of
soft core - hard shell latex composed of poly(acrgtid)-block-poly(n-butyl acrylate) or PAA-b-PBA
amphiphilic diblock copolymers synthesized by RAEmulsion polymerization of BA. The latex
could be synthesized without presence of surfatianising the polymerization induced self-assembly
(PISA) technique. It was found that only 3 wt% dadlygacrylic acid) or PAA in the resulting
nanostructured dried films, resulted in a dramatiprovement in initial modulus without reducing
much the strain at break. Inspired by their wouk; idea was to use the soft core - hard shell latex
reinforcing polymeric filler in an elastomeric syst. To achieve that, a sequential interpenetrating
polymer network technique (sequential IPNs) willused to create a latex double network (latex DN).
The mechanical properties of the latex films aneXd@N will be characterized further.

In this chapter, we give an overview of latexegirtlapplications and synthesis methods. In our
system, an emulsion polymerization process andRRET polymerization technique are involved.
The details of the synthesis and characterizatiethads of conventional latexes and the core-shell

latexes are explained here.

-110-



Chapter 4: Synthesis of latex double network films

1. Latex

1.3 General features and applications of latex

A latex is defined as a stable colloidal dispersydmpolymeric particles in water. The polymeric
particles of latex are usually a few hundreds ofamaeters in diameter. Latex was first discovered in
nature from a tree’s gum. Natural latex which comestly from rubber trees (Hevea brasiliensis) is
essentially polygis-1,4-isoprenegmulsified by proteind.In the 28" century, rubber trees planting
increased in several Asian countries to supporrubber industries. However, during World War |l,
the supply of natural latex from Asia was disruptte synthetic latex was invented by using an
emulsion polymerization. The first commercially #yetic latex was introduced by the Glidden
Company in 1984.Since then the use of synthetic latex has ragidbyvn and became a part of our
daily lives at present. The main reasons for thaticaing usage of synthetic latexes are the better
control of particle size distribution characterizgd polydispersity index (PDI), particle morphology
molar mass distribution or dispersity (M M,) and the large variety of available chemical
compositions. These latex characteristics contrelfinal properties and function of latex materfals
The synthetic latex can be synthesized from a rafiggonomers, the typical ones are fabricated from
acrylates (methyl methacrylate, butyl acrylate,yktbxyl acrylate), styrene, vinyl acetate and
butadiené. In addition, latex can be synthesized with twarmre different types of monomers. The
different polymer compositions may lead to the fation of a variety of latex particle morphologies
ranging from plain spheres to core-shell, hemisphesalami, and raspberry-type structures as shown
in figure 4-1!

Applications of latex expand from basic commoditpdgucts and manufacturing aids such as
household paints and varnishes, concrete additinks, adhesives, tapes, gloves, textile finishes,
binders and sealants, all the way to the high valoducts in a biomedical application for example i
drug delivery devices, materials for diagnostis kihd assay$.? * The range of latex’s applications

still continuously grows due to the need of redgainlatile organic compounds (VO&).
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Figure 4-1: Types of polymer latex particles.

1.4 Emulsion polymerization

The most classical way to create latex particlesater is by emulsion polymerization. The main
ingredients for this reaction include water, a nmaro of low water solubility, water soluble initiato
and surfactants. Due to its simplicity, emulsiolypwerization is widely used in industry to create a
large quantity of latex for some applications sashsurface coating (paint, adhesive, etc.) and bulk
polymer (poly(styrene-co-butadiene), polychlorobligae) etc.

In general, a typical process of emulsion polyrmaiin is an ab-initio emulsion polymerization
reaction. According to Harkins, its mechanismssally separated into three intervals and labeted a

Interval I, Il and 111.% % 1t

-112 -



Chapter 4: Synthesis of latex double network films

Interval I:

Interval | is the state of particle formation. Ab-iitio polymerization starts from an emulsion of
monomer droplets stabilized by surfactants and vhaie dispersed or emulsified into a few microns
in diameter. After, heat is given into the systdihe initiator releases free radicals and initidtes
polymerization of monomers in micelles, resultimggrecursor particles which are small colloidal
unstable particles. These particles grow by proj@gyacoagulation and adsorption of surfactant into

colloidal stable particles or mature particfes.

Interval 11:

The interval 1l starts when the entire colloid pdets turn to mature forms. The particle number
density which is the number of particles per unifume remains constant. At this point, the
polymerization continues and new polymer chain emeated in the particles while initiation and
termination processes maintain a balance over weeath radical concentratichThe particles then
continue to grow during this phase by the propagateaction. The monomer droplets serve as a
monomer storage and allow the monomer to diffude ithe particles while maintaining the

concentration of monomer constant inside the partic

Interval 111:
The Interval 1ll takes place when all monomer detplare exhaustédThe remaining monomers in
the particles are polymerized and consequentlyrtbeomer concentration in the particles decreases.

The polymerization continues until all monomers @esumed.

The mechanism of these three intervals could bstithted in figure 4-2.

Interval IT Interval ITT

ez § » % dr\\::o' v *
TR A o
/ e®
% %S o

Figure 4- 2: The mechanism of a typical emulsiolyperization with Interval I, Il and Ill; where

—@ indicates surfactant molecules,

is an itotiaR’ is a radical. The micelles are presented

as a cluster of surfactant molecules within therivdl | and stabilized latex particles exist in the

interval lll.
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1.5 RAFT polymerization

The reversible addition fragmentation chain transfe RAFT polymerization is one of the
reversible deactivation radical polymerization (RBRormally called CRP) techniques which allow
the control over the polymerization by limiting émersible termination reactiof’SRDRP provides
access to target molar mass, low molar mass digparsd defined molecular polymer architectures,
such as block copolymers, gradient copolymers,ss@md brushes efc.'® * The RAFT
polymerization was invented in 1998 by the Commaithke Scientific and Industrial Research
Organization (CSIRO), Australia. The advantage &FR over other RDRP techniques is its
compatibility with a wide range of monomers anddiional groups, such as vinyl acetate and acrylic

acid, and also with a wide range of solvents, idicig water ** *

P, * PmiX Pny * PiX
W W
propagating dormant propagating dormant

Figure 4- 3: Reversible-deactivation radical polyization by degenerative chain transfer.

The RAFT provides control fundamentally by a degetiee chain transfer process, where the
propagating species are in equilibrium with dormspecies (Figure 4-3). The RAFT polymerization
makes use of a thiocarbonylthio species or RAFTnadel in Figure 4-4 ) which provides
polymerization control by swapping of the thiocarblthio functionality (ZC(=S)S-) between growing
polymer chains? The effectiveness of the RAFT agent depends onmitieomer being polymerized
and crucially depends on the properties of the feslical leaving group R and the group®ZThe
structural features of thiocarbonylthio RAFT agears explained in Figure 4-4.

Weak single bond
1
R" + SYS_R R'—SYS—R

Thiocarbonyl / 7 7
bond

Z modifies addition R is free radical leaving

and fragmentation group and must be able

rates to reinitiate polymerization

Figure 4- 4: Structural features of thiocarbongtRAFT agentl) and the intermediate radical

formed on radical additiofS: *’
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The RAFT mechanisth ** *®(Figure 4-5) begins by the formation of an initiatlerived radical
(I). The radical I' then propagates with a monorneecreate a polymeric radical (P In the ideal
reaction of the RAFT polymerization, a polymericdical R must react efficiently with the
thiocarbonyl of the RAFT agent and form an unstahtermediate macromolecular radical, which
fragments to release a macromolecular RAFT ageati@RAFT agent) and a radical R* (devised
from the RAFT agent) and capable to re-initiate gblymerization. However, in practice, the reverse
reaction can occur, resulting in the reformationRyf and RAFT agent. The reversible reaction
depends on the effectiveness of the RAFT agerthéotype of monomer.

I nitiation:
M M M

Initiator — | —> P, ——> —— P,

Initialization/ Pre-equilibrium:

k k
© L SySTR 24 p—s_,_S—R L. PiS S -
P, + = n . _— + R

z K-add ; B 7
Reinitiaion:
M
R 4> R-M > 2 P,
i
Main equilibrium:
. s. _S—p. Kadar KaddP p —g_ _g .
Pm. + Y n o Phnm—S_._S—P,—"m \( n P
M K.addp \|/ K-addp Q")
k, < z z Ko

p

Termination:

. .k
P, + P, — dead polymer

Figure 4- 5: Mechanism of RAFT polymerizatitn'®

The initialization (or pre-equilibrium stef)continues until the RAFT agent is fully consumed.
Then the reaction shifts to the main equilibriunogass, allowing for maximal exchange between
growing chains and giving polymers of low molar mdsspersity. After complete polymerization, the
majority of the chains will possess a thiocarbdmgltend-group. A large polymer chain end-capped
by a RAFT agent is called macro-RAFT agent andhit be activated again for further growth and
subsequently give rise to block copolymers.
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Side reaction of the initiator or initiator-derd/eadicals with the RAFT agent have been observed
in not well controlled polymerizatiort§.Generally, the creation of the dead chains reldiestly to
the number of initiator-derived radicdfs.'® Thus in well-designed experiments, a high ratio of
RAFT/initiator is selected to diminish the creatiohdead chains. The number-average molar mass,
M, (th) , of polymer formed by the RAFT process can tegligted. In the calculation, the fraction of
dead chains should be taken into accotiit: ** **The theoretical molar mass of macromolecules can
be estimated from the concentration of the monaroesumed, the initial RAFT agent concentration

and the number of dead chains produced as presered 4-1.*

[M]o — [M],

Mn(th) = TRAFTT, + df (T (L = %)

XMM+MRAFT (Eq4'_1)

Where[M], and[M], are the concentration of the monomer at t=0 ahd t=
M, is the molar mass of the monomer
[RAFT], is the initial concentration of the RAFT agent
[I] is the initial concentration of the initiator

Mg 4rr is the molar mass of the RAFT agent

df ([Io(1 — e*a%) is the number of initiator derived chains prodycetiere d is the average
number of chains formed from each radical-radieahination eventf is the initiator efficiency, tis a
time in seconds and, is the rate coefficient for initiator decompositioHowever, in a well-
controlled RAFT polymerization, the number of iatbr derived chains is low compared to the
number of RAFT agent derived chains. Thereforeténm df ([I],(1 — e*a%) is usually negligible.
The simplified equation which is used to predia ttumber-average molar mass, ® the polymer
formed by the RAFT process is shown in Eq. 4.2 rorEg. 4.3 where Conv. is the monomer

conversion.

M(th)zMxM +M (Eq.4—2)
n [RAFT], M RAFT q.
or
M, (th) ~ Mo convx My + Mpapr (Eq.4 - 3)
n [RAFT],
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1.4 Block copolymers through RAFT-mediated polymerizaton

The simplest and the most common method to symhesiock copolymers using RAFT
polymerization is through sequential polymerizafibfirstly a polymer chain is generated by RAFT
polymerization possessing a thiocarbonylthio eraigr which acts then as a macro-RAFT agent. The
second step of the RAFT polymerization then comtinim the presence of the macro-RAFT agent. The
monomer in the second polymerization step will ihse the macro-RAFT. The mechanism of chain

extension to create block copolymers is demonstrat&igure 4-6.

SYS—R M, SYSWR M, S\I/S R

yd z z

Figure 4- 6: Synthesis of block copolymers via setjial polymerization, M is monomer.

In this process, the R leaving group and the Zqgrouthe initial RAFT agent must be suitably
chosen to control the polymerization of both monmn{®l;, M,). If the Z group is not appropriate for
one of the two monomers, some control will be |&str example, if the initial RAFT agent has low
activity with My, the macro RAFT agent will have a high molar ndispersity. On the other hand, if
the macro-RAFT agent has low activity with, vh the second polymerization step, the polymeclblo
of M, will have high dispersity and the final product bfock copolymer of MM, will be
contaminated with the homopolymer of, Mue to inefficient transféf. The molar mass of block
copolymers can be predicted using the ratio betvteerconcentration of the monomer in the second
polymerization step or [M and the macro-RAFT agent concentration. The #témml number-

average molar mass of block copolyniér,(cal) piock copotymer iS Presented in Eq.44.

= [Mz]o
Mn(th)block copolymer ~ [macro _ RAFT]O

X Conv.X My + Minacro-rarr  (Eq-4—4)

Where[M,], is the concentration of the monomer in the seqigmerization step (b at t=0
[macro — RAFT], is the concentration of the macro-RAFT agent @t t=
Conv. is the conversion of monomer in the secoep €i4)
M, is the molar mass of the monomer in the secaq st

Mpacro—rarr 1S the number-average molar mass of the macro-Ragent
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1.5 Surfactant-free core-shell latexes by RAFT emulsiopolymerization

In addition to using conventional radical polymatian, latex particles can also be synthesized
by RAFT polymerization which might favor a bettemtrol over the particle size and give access to
specific morphologies such as a core-shell stract®’AFT can typically be applied to emulsion
polymerization and mini-emulsion polymerizationtire presence of a RAFT agent and, sometimes,
surfactants. However, the presence of surfactangslatex has the disadvantage to create a ldtex fi
in which the surfactants can migrate and createngEnsitive regions upon aging. Moreover, theclate
particles stabilized with the surfactant can Idesrtstability during storage because of the dissimn
of the surfactant from the particles. Consequentllye latex particles may coagulate, change their
properties and are not suitable for further USelf-stabilized surfactant-free latexes have been
developed in this decade generally based on thgmeolzation induced self-assembly (PISA)

approach. In our study we used this PISA techniquynthesize surfactant-free core-shell latexes.

Polymerization induced self-assembly (PISA)

In 2002, Ferguson et Aldeveloped the first synthesis of core-shell lgtaxticle by using the
self-assembly of amphiphilic block copolymers, tedaduring emulsion polymerization. In their
study acrylic acid (AA), a water soluble monomerswast polymerized via RAFT in water in the
presence of a RAFT agent (@butylsulfanyl)carbothioyl]sulfanyl)propanoic acidhd an initiator (4,4-
azobis(4-cyanopentonoic acid)) to create an oligarRAFT agent. Then the oligomeric -RAFT was
used to synthesize a block-like copolymer latexhvethydrophobic segment of poly(butyl acrylate)
(PBA) under controlled feed addition of BA to avaige loss over the polymerization control because
of the presence of droplets of BA. After a criticaimber of BA units added, the diblock copolymer
self-assembled to a self-stabilized latex partigidh a small shell of PAA and a core constituted of
PBA. The number-average molar mass of the formedkbtopolymer latex measured by GPC and
estimated by polystyrene standard calibration wagraximately 48 kg.mdl while molar mass
dispersity was approximately 1.5.

Rieger et af® developed self-stabilized core-shell latexes bggipoly(ethylene oxide) or (PEO)
macro-RAFT agents in the polymerization of styréBg and n-butyl acrylate (BA) in an ab initio
batch emulsion polymerization (Figure 4-7). In thetudy the (PEO) macro-RAFT agent was
synthesized by esterification of PEO with a RAFErig Then the macro-RAFT agent was used in the
polymerization of S or BA without avoiding monomeroplets (batch process). They showed that
despite the presence of monomer droplets in thsitem, the diblock copolymer latex presented a
high stability, good molar mass control and low anahass dispersity (MM, ~1.16-1.2).

These days, surfactant-free emulsion polymerizaiiwater batch ab initio conditions according to
the PISA principle has been widely used to syn#eesore-shell latexes. Hydrosoluble macro-RAFT
agents are used, that serve at the same timelakzeta and control agents for the polymerization.
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Many publications reported that, thanks to welligiesd macro-RAFT agents, they could reach
controlled ab initio RAFT emulsion polymerizatioonditions with success without introducing any
surfactant. This technique has been applied to maysyems for example styrene mediated by
poly(acrylic acid)-b-(polystyrene) trithiocarbon#te butyl acrylate mediated by poly(acrylic
acid)trithiocarbonate %, n-butyl acrylate and styrene mediated by POINEN,
dimethylacrylamide)trithiocarbondfe styrene mediated by poly(methacrylic acid-coyfethylene

oxide) methyl ether methacrylate) trithiocarborfatetc.

Step 1: Macro-RAFT preparation in solution

hydrophilic monomer

S. S-R Hydrophilic macro-
Y RAFT agent
Z
Thiocarbonylthio
RAFT agent

Step 2: Ab initio RAFT emulsion polymerization in batch conditions in water

gymhmg
monomer
e 8 9 gMonomer ‘ﬂ

bir '- Ty A
s\- insertion Tus 2 o
M wy © . Selfassembled block-

@ Self- rmcelllza‘non copolymer particle

o3 § ;

Figure 4- 7: Mechanism of surfactant- free emulgiolymerization under batch ab initio conditions
according to the PISA concept.

1.6 Latex film formation process

The film formation process has been reported toehavpronounced influence on the final
polymer film properties. Thus, to create a homogenous latex film, the fittmation process is
crucially important. Conventionally, latex dispersican form a dried film in three sequential step
water evaporation, particle deformation and partatlalescence as presented in the Figuré&4<8.

-119 -



Chapter 4: Synthesis of latex double network films

Latex dispersion in water
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Figure 4- 8. Schematic of the film formation prases

State 1: Water evaporation

The first step of drying (water evaporation) begivigen the latex is deposited on a surface and

subjected to evaporation. The evaporation ratendutiis stage is normally constant® and it is quite

similar to the evaporation rate of liquid medialatex®. In this stage, two possible arrangements of

particles can occur; in the first and preferreceda® evaporation rate is constant and layersosiel

packed particles form through the thickness oflalyer” (Figure 4-8) and in the second case particles
are packed toward the air surface of the latexngueivaporatioff (Figure 4-9). If particles accumulate

on the top of latex, they may coalesce and forrardiguous polymer film during film formation (skin

formation), further drying is then limited by theatesced film and the evaporation rate slows down.

Particles packing on the top layer can be geneodiserved when drying thick layers of latex, faghhi

evaporation rates and in softer polymer latéxes
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Latex dispersion in water

i o0 @0 00 0000

A @
508 099900222%%
T 90 00%00008
L © 0 0099 ©
Soft particle
Accumulation of film-
forming particles l

0000000000000 00
000 00
QOOOOOO g0 © Oo%

Q 0%90%904 o

Figure 4- 9: Skin formation during drying process.

In the evaporation process, generally dispersitaxés do not dry in a uniform manner across the
film. The edges of the film usually dry firsDivry et al? recently studied the drying behavior of hard
and soft particle latexes. They found that soft hartl particles had different drying rates. Thedhar
particle latex almost dried with the same rateres fvater but the soft latex particle dried moosvy.

The slow drying did not come only from skin forngattibut it also came from non-uniform horizontal

drying. The horizontal drying front of hard paré@nd soft particle are presented in Figure 4-10 (a

@ ®)

Hard particles

Dispersion particles Packed particles

Soft particles

Figure 4- 10: Horizontal drying front of dispersilatex, (a) horizontal drying front of hard andtsof
particle$®, (b) The consolidated particles at the edge ofitime

The horizontal drying front occurs through the awatation of particles at the edge of the film.
During the drying process, the height of the laeduces due to the water evaporation. The particles

near the edge begin to consolidate and to formckeohregion. The continued evaporation from the
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packed region, leads to a flux of water with lapexticles from the bulk latex to the edge of tHmfi
(Figure 4-10 (b)}: %°
The observation of skin formation and of the hanizb drying front depends on the latex type,

the particle size, dispersion viscosity, initiairfithickness, evaporation rate and drying meth&d*®

State 2: Deformation of particles

In this stage after most of the water is evapordtezlparticles consolidate into a form of random
close-packing. The patrticles then deform their ephkshape to fill the void space around them.rFou
major methods of deformation have been proposdddimg wet sintering, dry sintering, capillary
deformation and Sheetz’s deformatfdr’°

- Wet sintering *% the deformation of the particles by wet sinteramgnes from the interfacial
tension between the particles and water. When dhiicjes are in the phase of close-packing
(particles pressed together), the interfacial Aetaveen them is eliminated, and the interfacial
free energy is decreased.

- Dry sintering? ' is analogous to wet sintering. This method assuim&isthe particles dry
completely before losing their shape due to deftiona Therefore the deformation of the
particle comes from the particles-air surface @msi

- Capillary deformatioft % is based on the assumption that the evaporatiomatér and the
deformation of the particles are concurrent phem@an€apillary forces which are based on
the air- water surface tension can generate a tagative pressure and compress the film.

- In contrast to the other methods, Sheetz’s defioma accounts for the creation of a skin
effect during the drying process. As we mentionbdva, a skin formation is based on
particle accumulation on the surface and coalesceriich hinders further evaporation. As
the water diffuses through the top surface, it getiee a compressive force to the film and

causes particle deformation after drying.

The deformation of particles is possible with arfiythee 4 processes depending on the physical

properties of the latex dispersion and also thendrgnethods.

For monodisperse particles, after water evaporatin particles can be packed into a face-
centered cubic pattern where each patrticle is riectlicontact with twelve nearest neighbor particles
This twelve-sided geometry is called rhombic dotledaort, of which the appearance is similar to a
natural honeycomb (Figure 4.8).

The deformation process transforms an opaque, ikl into a clear and transparent film. The
lowest temperature to create the optical transpgrdéim is called the minimum film formation

temperature or MFFT which is close to the glasssitin temperature of polymers in wate?’
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State 3: particle coalescence

Coalescence is the term to describe the diffusioiwo particles with the elimination of the
boundary between theth.The deformation of particles in stage 2 causesctiaescence of the
particles with their nearest neighbors. The polyofeins diffuse across the inter-particle boundarie
resulting in a homogenous and transparent film witheased mechanical strengtf®

1.7 State of the art and aims of this study

As mentioned above, Chenal et’af ?* developed a self-stabilized core-shell latex matie
poly(acrylic acid)-block-poly(butyl acrylate), PAB-PBA by using surfactant-free RAFT-mediated
emulsion polymerization in batch conditions. Duritigge synthesis the formed diblock copolymer,
PAA-b-PBA, self-assembles into core-shell latextipbes, where poly(acrylic acid) serves as a hard
shell and the soft core consists of poly(butylykte). The PAA-b-PBA latex was then used to
prepare a film by using a slow evaporation ratergter to obtain homogenous and transparent films.

The mechanical properties of the block copolyméndi were then studied (Figure 4-11) by
elongational rheology. The mechanical propertiesgaked that the film was structured in a well-
defined percolating network of hard shells, (madlePAA) covalently connected to the soft core,
(made of PBA). The existence of such a nanostrectuas also confirmed by SAXS. The block
copolymer film, which only contained less than 3awf PAA (F2), presented a remarkable increase
in both stiffness and toughness compared to a @os&imple of non-structured film, obtained from a
latex of P(AA-co-BA) random copolymer of similar roposition (F-Rf In addition, thanks to the

absence of a surfactant during synthesis, the PABA films were resistant to water whitening even
after 72 hours of immersion in water.

a) - 2005
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& 4004 :
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©
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Figure 4- 11: Stress-strain curve of the structdited(F2), of the same film after annealing at 160
for 3 days (F2-TA) and of the film obtained withamdom copolymer (F-F).
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Regarding these distinct properties of films preddrom drying latexes, it is now interesting to
broaden their application. In our study, a PAA-bAPBanostructured film will be created and serve as
a polymeric filler with a very low volume fractiaf glassy phase (PAA) embedded into a poly (butyl
acrylate) elastomer matrix. The sequential integfrating network technique (described in chapter 1)
will be applied here to facilitate the formationdaguble network film based on a dried latex ags fi

physically associated network.
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2. Methods and synthesis

2.1 Chemicals and reagents

Chemical substrates and solvents for the syntloédlse acrylate latex films and acrylate double
network latex films are listed in table 4-1. Acrylacid (AA) and n-butyl acrylate (BA) are used as
monomers. In general, every purchased acrylateagsent few ppm (parts per million) of radical
inhibitor, a hydroquinone or monomethyl ether hyprmone in order to prevent its self-
polymerization. To synthesize polymers, these iidbib need to be removed from the monomers. In
our study, two methods were used, i) passing thraarg alumina column and ii) distillation under
reduced pressure at room temperature. For the $gtetkesis, the inhibitors were eliminated from BA
by distillation at room temperature. However, foe tdouble network synthesis, the crosslinker; 1,4
butanediol diacrylate (BDA), and BA were passeddlgh an activated alumina to remove the

inhibitors. Acrylic acid and others chemical reagents were usedeceived without any further

purification.
Notation Chemical Name Semi-develop formula Mn Purity | Origin
(g/mol)
AA Acrylic acic 0 72.06 | 99% | Aldrich
s A,
Acpa | HA-Azobis(d-cyanovaleric M coon | 280.28 | 298% | Aldrich
acid) HOOC N 7(CNV
BA rbutyl acrylat 0 128.17 | 99% | Aldrich
S A g e~
BDA 1, 4Butanediol diacrylate 0 198.22 | 90% Aldrich
/\[fo\/\/\oj\/
o]
Di-ether Diethyl ether 74.12 | 299% | ACROS
/\O/\
Dioxane | 1,4 Dioxane [Oj 88.11 | >98% | Aldrich
o)
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DVB Divinylbenzene 7 | \ 130.19 | 80% Aldrich
\ \ —
Fe* Iron (l11) acetylacetonate o o 353.17 | 97% Aldrich
M Fe3+
3
HMP 2-hydroxyethyl-2- o 164.2 | 97% Aldrich
methylpropiophenone
HO
KPS Potassium persulfate ’ ﬁ 270.32 | >99% | Aldrich
KO—ﬁ—O—O—ﬁ—OK
¢} o}
NaOH Sodium hydroxide NaOH 40 100% | ACROS
NH,OH Ammonium hydroxide solution 35.05 Aldrich
) NH,OH
(28-30% NH basis)
PAA Poly(acrylic acid) in wate o OH 5000 50% in | Poly
water | sciences
n
PADAME | Poly(N, N-dimethylamino ethy Hoocms S<_CuiH2s | 3350 LCP lab
n
(MC300) | acrylate) trithiocarbonate d Os
N
VAN
SDS Sodium dodecyl sulfate . 288.38 | >99% | Fisher
CH3(CH2)10CHZO—§—ONa
O
TMS (Trimethylsilyl)diazomethane | 114.22 Aldrich
solution (2 M in diethyl ether) _S|'“\N
2
Trioxane | 1, 3, 5-Trioxane o o 90.08 | 99% Aldrich
L/
TTCA 2-(Dodecylthiocarbono HOOC S. S _Cuty | 364 >99% | LCP lab
thioylthio)-2-methyl  propionic X \[]/ ~
S

acid

Table 4- 1: Chemicals and reagents used in out &itely.
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2.2 Latex characterization method

In this study, latex characterizations were perfmmn two stages; i) in the course of the
polymerization, to characterize the conversion ohomers to polymers and to determine the % of
residual monomer in the reaction medium, and ii¢rapolymerization, to characterize their solids
content, molar mass of the final latex and also ghdicle size. The characterization methods are

described below.

2.2.1Gravimetric analysis

Gravimetric analysis is a quantitative determinatinethod based on the mass of solid. In our
study this method was used to determine the % ssclaitent of the latex and also to determine the
conversion (in %) of volatiie monomers transformied polymers. The method was established
considering that after the latex was dried, theatil@l contents which are water, hidnd volatile
monomers should be removed by evaporation andtbalgolid polymer should remain.

The protocol to define the conversion and the satmhtent was quite simple. Firstly, about 0.2 ml
of latex was dropped into a dry aluminum pan (withinitial weight,,,,,). After addition, the mass
of latex solution in the pafm,,..) was noted and then the sample was dried firsicah temperature
overnight and then at 100°C for 20 minutes. Aftayirty, the cooled down sample was
reweightedmy,,). The calculation of the % solids content can hantbin Eq.4-5. For the calculation
of the monomer conversion, non-volatile compoundshie latex, such as RAFT agent (or macro-
RAFT agent) and initiator need to be taken intooaot, since they do not evaporate but still remain
with the polymer after drying. The calculation dietdegree of conversion (%) of the monomer is
presented in Eq.4-6, whewrey, is the weight of non-volatile compounds (NV) ae timitial state,
Mot 1S the weight of all components at the initialtstand my;,,omer relates to the monomer

weight at the initial state.

m —m
% Solid = <M> x 100 (Eq.4—5)
Myet — Mpan

(mdry — Mpan ) _ ( Mmyy )
Myet — Mpan Mtotal
(mmonomer )

Meotal

% Conv.= x 100 (Eq.4—6)

_ %solid — %NV
" %monomer

-127 -



Chapter 4: Synthesis of latex double network films

The residual latexes with coagulation or preciptatwere collected using filtration with a silk
membrane. The weight percentage of latex coagulg#é coag.) can be obtained by gravimetric
analysis as showed in Eq.4-7 whetg,,, is the mass of dry coagulate angl,, is the mass of total

compositions at the initial state.

Mcoag
% Coag (% Solid x mtotal) . |

2.2.2Nuclear Magnetic Resonance (NMR)

NMR is used to identify and analyze molecular tites of organic compounds based on a
magnetic nuclear spin dH, **C, N, *°F, **P and so fortf® In our study,"H NMR was used to
evaluate the conversion of acrylic acid to PAA-TiM@cro-RAFT agent and also to identify its purity.

For NMR analysis, the sample was firstly dissoliedNMR tube series 200 by using deuterated
DMSO as the solvent at room temperature. Thentulhe was loaded into the NMR chamber (Bruker
Avance 200 MHz) with an observed spectrum at -#&@pm and residual DMSGH, 2.5 ppm) as an
internal reference standard. All the NMR spectraults were treated with TopSpin processing

software.

2.2.3Size Exclusion Chromatography (SEC)

SEC is currently the most commonly used method rtalyae the molar mass of synthetic
macromolecules and biopolyméfs.3® Through the special chromatography column useds it
assumed that there are no enthalpic interactionselee the analyte and the stationary phase, the
analyte molecules are only separated accordingeio hydrodynamic volum¥&. However, in reality
the analyte compounds containing functional graysh as —SH, -OH, -NH and —COOH need to be
discussed in more detail. These functional groupgeta tendency to form intermolecular hydrogen
bonds and can thus interact with the column packiatgrials of the SE&. In our study, the latex is
composed of acrylic acid and therefore containbaaylic acid groups (-COOH). These groups need
to be eliminated in order to prevent adsorptionh® SEC column. The methylation technique was
used to replace an active hydrogen of the carboxatid group by a methyl group (-gHinto

carboxylic acid group as described befBw.

Methylation

The latexes composed of acrylic acid were modiftigd methylation, using (trimethylsilyl)
diazomethane (TMS) as described by Couvreur eha003* In this way, 5 mg of sample was
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dissolved in 10 ml of a mixture of THF and wate®:(20, THF: water in volume). The proportion of
water was increased when there was a large amdwdrgic acid in the sample. Then, the sample
solution was adjusted to pH 2 by using a small amhot hydrochloric acid (HCI 1 M) and stirred for
2 hours. In this state, the solution must be traresgt without any coagulation. In case of cloudy
appearance, THF and water were added until thei@olturned transparent and clear. Then, the
yellow solution of TMS was added dropwise in théuson while continuously stirring at room
temperature. Upon addition, bubbles of & peared and the yellow color of TMS slowly turried
colorless. The TMS was continuously added until sodution remained yellow and no bubbles
occurred. The reaction mechanism of TMS with thebaayl group is shown in Fig 4-12.The
solution was constantly stirred at room temperatord-6 hours before drying in the aluminum pan at
room temperature overnight. After that, the dry mpkstted sample was dried again at 100 °C for 1
hour in an oven in order to remove all excess wagéore dissolving in THF for the SEC analyses.

0o H/_\ TMS—OMe
J TMS—CHN, )J\ O ™S CH2N2 -t o CH3N2 )J\ o
R o MeOH
+ MeOH

)OJ\

CHs
s + N
R (@] 2

Figure 4- 12: General mechanism for the methyladocarboxylic acids by
(trimethylsilyl)diazomethane (in our study MeOHéplaced by wateff

Size exclusion chromatography (SEC) in THF

The methylated sample was dissolved into THF stleentaining toluene as a flow-rate marker
at the approximate concentration of 5 mg:mThen, the sample was filtrated with a Q@ pore-size
membrane and placed into the SEC sample chambaufosinjection to the column. In our study, the
SEC was equipped with an integrated solvent ancgkeadelivery module (Viscotek, GPC max). It
was operated at a THF flow rate of 1 ml.thimith the two columns set at 40°C (PLg@h% MIXED-

C, 7.5 mmx 300 mm), and a refractive index (RI) detector {diek VE3580) and an Ultra violet
(UV-vis) detector (Shimadzu PD-20A/20AV) were uskd detection. The data were treated by
OmniSEC processing software from Viscotek and thalrer-average molar mass {Mind dispersity

(M./M;) were estimated using a polystyrene standardredilim (from polymer laboratories).
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2.2.4Dynamic Light Scattering (DLS)

DLS is a technique that can be used to measurdiimeter of latex particles. In our study, a
NanoZS90 by Malvern Instrument was used to analyealiameter of latex particles at 90 degree of
scattering by using a laser at 633 nm wavelengtie Manosizer has the capability to measure the
particle size from 0.3 nm to 5000 nm diameter.

After the synthesis of the latex, a small amourate#x product was diluted in distilled water. The
sample was loaded into the DLS testing tube ancedlin the sample cavity of the machine. The test
was performed at 25 °C within 3 repetitions. TheSDanalyzer was controlled by DTS processing
software. The average diameter (Z averaggpbthe particle size distribution (PDI) of latparticles
is defined as the intensity weighed mean hydrodyoatiameter of the total distribution of the

particles.

2.2.5 pH-meter

For latex synthesis, the pH of the latex is an irtgpd factor and needs to be controlled. A pH
meter (Mettler Toledo DL50 Graphix) with a glassmelectrode (Mettler Toledo) was used to adjust

and measure the pH of all solutions and latexed umseur study.

2.2.6 Transmission Electronic Microscopy (TEM)

TEM observations were performed by Patricia BeauaidJPMC with a JEOL 100 CXIl TEM
instrument operated at an accelerating voltage ff BV. Samples for TEM analyses at room
temperature were prepared by depositind. ®f the aqueous solution on TEM grids and air wigyi

2.3 P(BA-co-BDA) crosslinked latex synthesized ladical emulsion

polymerization

For comparison, a latex of poly[(n-butyl acrylate)}{1,4-butanediol diacrylate)] or
P(BA-co-BDA) was synthesized by conventional ratliemulsion polymerization in batch
conditions. Therefore, a small amount of 1,4-butliwlediacrylate (BDA) was introduced into
the system in order to crosslink the PBA chainsthe particles and to prevent the
disintegration during the swelling in BA monomeffdre creating double network films. At
first, distiled n-butyl acrylate (BA) monomer, 1btitanediol diacrylate (BDA) as a

crosslinker, sodium dodecyl sulfate (SDS) as aastaht and potassium persulfate (KPS) as
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an initiator were mixed in distilled water. The &iédd composition is presented in Table 4-2.
The mixed solution was then stirred in an ice hatter argon atmosphere in order to remove
oxygen for 45 minutes. After that, the polymerinattook place in an oil bath at 60°C for 3
hours and 30 minutes under a constant stirrin@@trm. Before stopping the reaction with
an ice bath and oxygen, a small amount of latexptamas taken by a syringe (about 0.2 ml)
to check the conversion of the monomer. The comver®o Conv.) and solids content (%
solid) of the resulting P(BA-co-BDA) latex were dahined by gravimetric analysis as

described in section 4.6.

TLLO1
Name lateXao-shel
Temperature, °C 60
Reaction time, min 210
mol% BDA? 0.5
BA conc., mol.[* 2.84
KPS conc., mol.l! 33.4x10°
BDA conc., mol.L* 14.2 X10°
SDS conc., mol.t 22.1x10°
% conversion 95
% solids content 26
% coagulation 0
D,, nm 106
PDI® 0.04

Table 4- 2: Reaction conditions and characteristid3(BA-co-BDA) latex,
?molar percentage of BDA mol% BDAmg, (crosslinking agents)/n,(BA) x 100, ° polydispersity

index obtained from DLS

The P(BA-co-BDA) latex was filtrated by a silk merabe to collect the coagulated latex and
define the weight percentage of latex coagulatkncpag). The final P(BA-co-BDA) latex solution
was stored at room temperature and any contactWitight was avoided. To characterize the latex
particles, dynamic light scattering (DLS) analysese used to determine the average diameter of the
latex particles (B). Unfortunately, we could not measure a molar maEs®BA chains inside the

particles since they are crosslinked. The restil% €oag. and Dof the latex can be found in table 4-
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2. The P(BA-co-BDA) latex was named as RB&.: The latex was synthesized with controlled
conditions, resulting in a latex without coagulund dow PDI, as measured by DLS.

2.4 PAA-b-PBA core-shell latex synthesized by RAFTemulsion

polymerization

The core-shell latex composed of poly(acrylic aditiyck-poly(n-butyl acrylate) diblock
copolymers or PAA-b-PBA, has been synthesized byeRsble Addition-Fragmentation Transfer
(RAFT) polymerization. As explained above, RAFT yuokrization needs a chain transfer agent,
called RAFT agent, which containstl@ocarbonylthio compound to control the polymetiza and

chain’s growth.

In our study, the macro-RAFT agent (see sectiop w&® synthesized with acrylic acid (AA) to
create a hydrophilic macro-RAFT agent named PAA-TTRen, in the second polymerization step,
the block copolymer PAA-b-PBA was synthesized by BAA-TTC. The macro-RAFT agent was
chain extended by a PBA block in the formerly dibset aqueous emulsion polymerization process,
using batch conditions. By this methamphiphilic block copolymerBAA-b-PBA formand beyond
a critical length of the PBA block, core-shell batgarticles are created. As explainadsection 1.5,
this approach is called polymerization induced-asfembly or PISA. (The structure of the PAA-b-
PBA latex particle is schematically shown in Fig3-in which the PAA is the shell while PBA is the

core.

=pn PAA
N PBA

Figure 4- 13: The structure of PAA-b-PBA core-shetiéx particles

Different sizes of latex shells and latex cores evewestigated in our study. Thin shells
containing short PAA segments (2.5 to 6 kg.Woand large core containing long PBA blocks (100-
200 kg.mot). Particles were typically synthesized and the/pelrization conditions were optimized.
Moreover, we also synthesized latexes with a drdssdl core by using two different crosslinkers; 1,4

butanediol diacrylate (BDA) and divinylbenzene (DVBhese latex particles structures are shown in
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Fig 4-14. The used methods and synthesis conditibitisese latexes are explained in the following
section.

= PAA
A PBA
—— Crosslinker

Figure 4- 14: The types of structures of PAA-b-PRfex particles, which were synthesized. (a)
normal soft core-hard shell latex, (b) soft cdhgek hard shell latex (darge soft core-hard shell latex

and (d)crosslinkedsoft core-hard shell latex

2.4.1 PAA-TTC macro-RAFT agent

In order to synthesize PAA-b-PBA amphiphilic bloo#polymers, a poly(acrylic acid) was first
synthesized in solution with a RAFRAgent (TTCA) to create the PAA-TCC macro-RAFT. Dwerall

procedure is schematically described in figure 4-15

1,4-dioxane
HOOC S. _S. _CyH + OH —— > HOOC S.__S._CiiHxs
20 G P *ﬁ L
S o O S
OH
TTC AA PAA-TTC

Figure 4- 15: Synthesis of PAA-TTC macro-RAFT agent
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Experimental section

At first, theRAFT agent2-(dodecylthiocarbono thioylthio)-2-methyl propioracid (TTCA,M -

364 g.mof"), 1,3,5-trioxane and 4;4zobis(4-cyanovaleric acid) or ACPA/{t= 150 min at 80°C)
were dissolved in 1,4-dioxane. After mixing welldatissolving all compounds, acrylic acid (AA) was
added to the solution and stirred for a while uthté solution was homogeneous. Then, the solution
was deoxygenated with bubbling of argon for 30 @swnder cold conditions using an ice bath. The
polymerization was carried out at 80°C with contins stirring at 275 rpm. To verify the conversion
of AA monomer, samples were taken during the reactind dissolved in deuterated DMSO for
measuring by'H NMR. The signal of 1,3,5-trioxane as an interrefierence peak (5.1 ppm) and
vinylic proton signals of AA (5.5 ppm) were checkadthe initial time @ and also determined at
different times () during the reaction. The monomer conversion wefindd by the molar ratio of
1,3,5-trioxane and AA af tcorrelated to their ratio ag with the assumption that 1,3,5-trioxane was

not decomposed or polymerized with other ingredient

After the desired conversion was reached, the iragtas stopped by oxygenating and cooling
down the solution simultaneously. The PAA-TTC maRAFT agent in solution was precipitated
dropwise into a diethyl ether (Di-ether) bath aimotemperature with a high speed stirring in otder
remove unreacted monomers. Upon precipitation, HAS- macro-RAFT sedimented in a yellow
precipitate and after the last drop was applieel;stbdge was left for the sedimentation for 30 r@au
The sludge of PAA-TTC was then removed from theetier bath by vacuum filtration with a sintered
disc filter funnel grade 4 (10-1%m) and re-dissolved into 1,4-dioxane for a secardipitation. The
final PAA-TTC sludge (after 2 precipitations) wased at room temperature overnight and then under
vacuum at room temperature for 24 hours. The fimatiuct was analysed B NMR (Appendix A-

1) and methylated before analyzing by SEC/THF. Reaconditions, % conversion, number-average
molar mass (M and dispersity (M/M,) of the PAA-TTC macro-RAFT agent synthesized i ou
study are listed in Table 4.3.

Results of the synthesis

Table 4.3 reveals that several PAA-TTC macro-RAF&nas could be synthesized in a controlled
way. The differently sized macro-RAFT agents, knging from 2.5 to 6 kg.md] showed a
dispersity (M/M;) < 1.2, and the IMexp) was very close to jth) which indicated the good control

of the polymerization.
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AA-TLO1 AA-TLO2 AA-TLO3 AA-TLO4 DGO3
Temperature, °C 80 80 80 80 80
Reaction time, min 95 70 106 75 95
AA conc., mol.L* 1.6 1.5 1.5 1.5 1.5
TTCA conc., mol.l* 14.7 x 10° 16.2x10° 37.1x10¢ 36.7x1C¢ 36 x 10°
ACPA conc., mol.[* 1.5 x 10° 1.7 x 10° 4x10° 47x10° 3.1x10
[AA] o/ [TTCA], 108 95 40 40 41
% conversion 67 53 69 72 60
M,(th)? kg.mol* 5.6 4 2.4 2.4 2.1
M,(exp) °, kg.mol* 5.9 3.9 2.6 2.5 2.6
My/M, 1.2 1.2 1.1 1.1 1.1

Table 4- 3: Polymerization conditions and charasties of PAA-TTC macro-RAFT agentsM(th)
calculated by Eq. 4-2 M, (exp) was determined by SEC in THF with a PS calibrafindicated by
index PSpg and recalculated to designate the non-methylaiess ofM,, = [M(AA)/(M(MA)] X

M, ps], © polydispersity obtained from SEC using PS calibrat

2.4.2 PAA-b-PBA latexes

To synthesize the PAA-b-PBA core-shell latexes,eimeilsion polymerization of n-butyl acrylate
(BA) was performed using the PAA-TTC macro-RAFT mgesummarized in Table 4-3 as a control
agent and stabilizéf. The mechanism of the PAA-b-PBA polymerizationésctibed in Figure 4-16.

HOOC S._S._CyH — H20 HOOC S._S._CiiHzg
. \n/ ~~- -tz 4>:O f A m\n/ ~
O S O ACPA o oS
Base

0]
PAA-b-PBA
PAA-TTC BA
b
z
’

0

Figure 4- 16: Synthesis of PAA-b-PBA latexes

-135-



Chapter 4: Synthesis of latex double network films

Experimental section

At first, the PAA-TTC macro-RAFT agent was dissalvimto distilled water before adding a
specific volume of a stock solution of 4arobis(4-cyanovaleric acid), ACPA4t= 150 min at
80°C), prepared by dissolving ACPA in waterd with a small drop of NJOH. Then the PAA-TTC
solution was stirred for a while and the pH wasusjd with a 30% ammonium hydroxide (M}HH)
solution. The pH of the PAA-TTC solution was setatspecific pH, generally between pH 6.0 to 6.8
depending on the size of the PAA-TTC macro-RAFTnag®,). After fine tuning the pH, BA was
added into the solution and stirred at room tentpesdor a night.

The solution was then deoxygenated with argon boglxh an ice bath for 30 minutes. Then, the
polymerization was carried out at 70 °C at a stgrspeed of 275 rpm. During the polymerization, the
reaction medium turned from a transparent solutmm whitish liquid, which was the sign of the
particle formation by the polymerization of the BAo monitor the conversion, samples were
collected with a syringe and analyzed by graviroeamalysis. After the polymerization reached at
least 85% conversion, the polymerization was queti¢h an ice bath and oxygenated by opening the

septum. The white finished latex solution is présémn Figure 4-17.

S | =S
PAA-b-PBA latex

Figure 4- 17: White solution of the final latexes.

To characterize the size and morphology of latetigles, dynamic light scattering (DLS) and
transmission electron microscopy (TEM) were perfedmThe M and molar mass dispersity of
polymers (M/M, = D) were characterized by SEC/THF after methylation.

After polymerization, the PAA-b-PBA latexes wergokat 4°C until used. To distinguish easily
latexes, they were named as (AA +,BA + M,), for example (AA2.6k, BA100k) meaning a latex
synthesized with a PAA-TTC macro-RAFT agent of 2.6 kg.mof* and the final M of the latex is
~100 kg.mof* (we assume that the Mf the final latex ~ M of BA due to the small of PAA-TTC,
considered as negligible).
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Results of the synthesis

Latexes with different thicknesses of the PAA shell

The shell thickness of PAA-b-PBA latex is contrdlley the molar mass of the PAA block, hence
PAA-TTC of different M; 6, 4 and 2.6 kg.m'dl were used to polymerize BA via RAFT-mediated
emulsion polymerization. The polymerization coratis were kept constant, 70 °C, 275 rpm, under
argon gas and using 30% BH for pH adjusting.

We found that the molar mass of the PAA in the m&dRAFT agent had an influence on the
control of the polymerization. To achieve latexethwa low molar mass dispersity (M,=D) and a
small particle size distribution (expressed as ghbydispersity index, PDI) the pH of the reaction
needed to be finely adjusted. Thus, we decideduidyshe effect of the pH in the range of 5.5 t0 7.
on the control over the emulsion polymerizationB& for the different PAA-TTC macro-RAFT

agents by maintaining the other conditions constEime results, analyzed by SEC/THF, are shown in
Figure 4-18.

(a) PAA-TTC, Mn 2.6 kg.mol"! (b) PAA-TTC, Mn 4 kg.mol™ (c¢) PAA-TTC, Mn 6 kg.mol!

PAA-TTC 2.6k

PAATTC 3.8k PAA-TTC 5.8k
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Figure 4- 18: The impact of pH on the PAA-b-PBAebasynthesis using (a) PAA-TTC,,\.6
kg.mol*, (b) PAA-TTC, M, 4 kg.mol* and (c) PAA-TTC, M 6 kg.mot*

In general, the SEC shows that the pH must be g@lciuned to obtain a good control over the
BA polymerization. For the smallest PAA-TTC of ,M2.6 kg.mof (Figure 4-18 (a)), a good
polymerization control can be reached, reproducilidy pH values between 6.1 - 6.3 with the
reasonably low molar mass dispersity{M;) 1.7 - 2.0. The medium size PAA-TTC of ,Ml kg.mol
! (Figure 4-18 (b)) shows also an optimum pH ranfé.8 - 6.4 that has a low impact on the
polymerization with a low molar mass dispersity,{M,) around 1.7 - 2.0.
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In contrast, the longest PAA-TTC of M kg.mol" (Figure 4-18 (c)) was difficult to use
successfully in emulsion polymerization of BA. létthanges in pH had a high impact on the control
of the polymerization. For this macro-RAFT, a pldward 6.7 yielding a low molar mass dispersity of
1.6 was chosen for further synthesis. However,bgaemed in the SEC in THF, some of the macro-
RAFT did not react and remained in the latex (eigfigcat high pH). Similarly, Wong et &f: *?
reported for the polystyrene-b-poly(N,N-dimethyldamide), (PS-b-PDMA) via RAFT
polymerization that the length of the polystyrenacno-RAFT agent had an effect on the block
copolymer synthesis. The macro-RAFT agent with ghhM, (> 9 kg.mol") led to a bimodal
distribution of molar masses, a broadened molarsntiéspersity and some remaining free macro-
RAFT agents after polymerizatioiithe authors proposed that the length of the maéBIRagent
limited the accessibility of the thiocarbonylthindegroup and delayed the polymerization reactfon.
Chenal et af? also studied the influence of pH on the RAFT paidyization of the PAA-TTC macro-
RAFT agent and BA to create a PAA-b-PBA latex. Thegorted that at higher pH (pH 6.7), the
efficiency of the macro-RAFT agent was reduced, mamd to pH 5.4, due to a stronger ionization
level of the PAA-TTC macro-RAFT agent. The confotima and partitioning in the different phases
of strongly ionized macro-RAFT agents is pH dependend consequently, the propagating chains
might hardly meet and react with the macro rafhagdowever, in their study, the impact of the pH o
polymerization on the resulting Mvas not clearly elucidated. Considering the highuysed for the
high M, PAA-TTC macro-RAFT agent, it might be less reaetdr partially degraded and some PAA
chains may consequently remain in the serum aftigmperization.

In order to study the effect of the PAA shell thieks on the properties of the film made from
PAA-b-PBA latex (using PAA-TTC of different \1 the M, of the PBA block should be kept as
constant as possible (~100 kg.folln a controlled polymerization, the \f the PBA block can be
adjusted by tuning the [BJ&/ [PAA-TTC], feed ratio. Here, because of the different efficies of the
macro-RAFT agents for different molar masses, B&]{/ [PAA-TTC], ratio must be adjusted for
each PAA-TTC molar mass in order to reach a finabMPBA close to 100 kg.mdl As expected the
longer PAA-TTC macro-RAFT agent of M6 kg.mol' needed a lower [BRY [PAA-TTC], ratio than
the shorter macro-RAFT agents to achieve the shpe 100 kg.mot due to the lower efficiency of
the macro-RAFT, (Figure 4-19).
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Figure 4- 19: The effect of initial molar ratio BAA-TTC on the resulting ylof the PAA-PBA

latexes, dashed lines are a guide line for eyes

The latexes were also analyzed by TEM showingsaierical particles (Figure 4-20 a) and (b)).
It seemed that some residue of PAA-TTC macro-RA§&na could be observed in the latex solution
with the PAA-TTC M, 4 kg.mol* (Figure 4-20). In the latex with PAA-TTC M6 kg.mol', TEM
imaging was difficult probably due to a high contration of residual macro-RAFT. In our study we
did not remove the residual macro-RAFT agent. \WWa eissumed that it should be negligible due to its
low quantity compared to PBA, some experiments va#se performed where free PAA was added to
the serum in order to observe its impact on tha fibrmation and properties (section 3.3). Thus, all

the latexes synthesized from macro-RAFT agents ditierent M, were used without any further

purification.

(a) PAA-TTCMn 2.6 kg, mol*! (b) PAA-TTCMn 4 kg, mol!

Figure 4- 20: TEM images of latex synthesized wifferent PAA-TTC (a) The latex TL38 (equal to
TL 85) with PAA-TTC M, 2.6 kg.mot', and (b) the latex TL23 with PAA-TTC Mt kg.mol*
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The final latexes with different PAA shell thickses were called (PAA2.6k, PBA100K),
(PAA4k, PBA100K) and (PAA6k, PBA100K) for the latsynthesized with PAA-TTC M2.6, 4 and 6
kg.mol* respectively and a Mbf PBA close to 100 kg.mdl The characteristics of the different PAA-
b-PBA latexes and their polymerization conditions summarised in Table 4-4. Overall the synthesis
of these latexes occurred with acceptable contrdithe M, of final latexes was comprised between
100 to 110 kg.mdland dispersities were below 2.0. It was found Wit increasing M of PAA-TTC

(from 2.6 to 6k), the particle diameter slightlgiaased from80 nm to~115 nm.
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TLO5 TLO6 TLO7 TLOS TL85  TL103 TL19 TL23 TL29 6Ll TL22 TL34
Name (PAA2.6k, PBA100K) (PAA4K, PBA100K) (PAABK, PBA100K)
Temperature, °C 70 70 70 70 70 70 70 70 70 70 70 70
Reaction time, min 360 220 320 240 272 270 202 160 200 195 190 200
pH? 6.15 6.26 6.26 6.28 6.17 6.01 6.40 6.31 6.33 6.66 6.66 6.67
M, of PAA-TTC, kg.mol* | 2.6 2.6 2.6 2.6 25 2.5 4 4 4 6 6 6
BA conc., mol.L* 2.4 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.3 2.3 2.3

PAA-TTC conc., mol.l*
ACPA conc., mol.r*

% conversion

% solids content

% coagulation

M, (th), kg.mol*

M, (exp¥, kg.mol*

My, /M,

wit% PAA’

D,, nm

PDF

2.8x10° 2.7x10° 2.8x10° 2.8x10° 3.1x10° 3.1 x10°
0.7 x16° 0.7 x10° 0.7 x10° 0.7 x10° 0.7 x10° 1.1 x10°

88 96 93 95 92 95
21 22 22 22 22 21
0 0 0 0 0 0
96.8 107.3 97.3 103.9 88.9 91.5
104.4 102.4 93.1 99.4 106.4 107
17 17 1.9 18 2.0 24
2.6 2.3 25 24 25 24
82 73 76 80 85 66
0.06 0.06 0.05 0.05 0.08 0.08

42 x10 4.6 x10° 4.4 x10°
0.6 x10° 0.9 x10° 0.9 x10°

88 89 91
21 22 22
0 0 0
65.6 63.5 66
1135 101.2 107
2.0 1.7 1.7
5.7 5.9 5.7
101 97 97
0.06 0.08 0.0

51x10 5.2x10 5.1 x1C°

1.4x10° 1.1 x10° 1.1x10°
93 87 82
23 22 21
0 0 0
0 .361 555 53.9
1.8105.5 99.2 95.5
1.6 1.50 1.60
10.3 11.0 11.4
113 120 117
6 0.03 0.05 0.06

Table 4- 4: Polymerization conditions and charasties of PAA-b-PBA latex with different Mof PAA, ? pH of the solution adjusted with a NBH 30%
NH; basis before polymerizatiofiM ,(th) calculated from Eq. 4-IM,(exp) was determined by SEC in THF with a PS calibratind recalculated to
designate the non-methylated mads; = [M (AA)/(M(MA)] X M, ps]., 4 poly(acrylic acid) conterftowt PAA = my(PAA)/(my(BA) x conv.) x 100], ©

polydispersity index obtained from DLS.
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Latexes with different core size of PBA

After the study of the effect of changing the timekses of the PAA shells in the former section,
we were also interested in investigating the eftédathanging the PBA core size while keeping the
PAA shell constant. To synthesize the latexes wifferent PBA core sizes, a PAA-TTC of \2.6
kg.mol* was used, and latexes were synthesized by chalginénitial [BA],/ [PAA-TTC], ratio
(Figure 4-19). Th¢BA]o/ [PAA-TTC], ratio was increased from 750 to 1750 while the/mp@rization
conditions were kept constant at 70 °C with stgrat 275 rpm. The characterization of the latexes a

the polymerization conditions are presented in &&bb.

TL83 TL104
Name (PAA2.5k, PBA150k) (PAA2.5k, PBA200k)
Temperature, °C 70 70
Reaction time, min 240 300
pH? 5.87 6.04
M, of PAA-TTC, kg.mot* 2.6 2.6
BA conc., mol.[* 2.3 2.3
PAA-TTC conc., mol.[* 2.4 x10° 1.4 x10°
ACPA conc., mol.[* 0.7 x10° 0.9 x10°
[BA] o/ [PAA-TTC]o 975 1715
% conversion 92 91
% solids content 22 21
% coagulation 0 0
M, (th)°, kg.mol* 117.0 202.6
M, (expf , kg.mol* 148.3 200.1
M, /M, 3.0 3.0
wt% PAA 1.9 1.1
D,, nm 89 95
PDI® 0.13 0.07

Table 4- 5: Polymerization conditions and charésties of PAA-b-PBA latexes with different PBA
core sizes? pH of solution adjusted by a NBH 30% NH basis before polymerizatioiM,(th)
calculated by Eq. 4-TM,(exp) was determined by SEC in THF with a PS calibratind
recalculated to designate the non-methylated nfass,0= [M(AA)/(M(MA)] X M, ps]. , d
poly(acrylic acid) conterflowt PAA = mq(PAA)/(mq(BA) X conv.) x 100], ® polydispersity index
obtained from DLS.
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Latexes with a larger Mof PBA had quite a high polydispersity (MM, ~ 3), indicating some loss of
control over the polymerization. However, the(&kp) of the latexes measured by SEC/THF were
close to the theoretical MM, (th), especially at the hidiBA]o/ [PAA-TTC]o, = 1715. The SEC/THF
results (Figure 4-21) showed a bimodal distributairthe beginning which is also an indication of
some loss of control. The increase of thedfithe PBA had some effect on the particle siz#h the

higher M, of the PBA resulting in a larger particle size.

TL83

Normalized RI

TL 104

T T T T T T T T 1
10 12 14 16 18 20 22 24 26

Retention volume (ml)

Figure 4-21: SEC in THF of PAA-b-PBA latex with fdifent core size of PBA.

2.4.3PAA-b-PBA latex with a crosslinked PBA-core

In this study, the PBA core of PAA-b-PBA latex wa®sslinked by two kinds of conventional
crosslinkers 1,4-butanediol diacrylate (BDA) andmyjlbenzene (DVB).

Experimental section

To synthesize these latexes, BDA or DVB was intoeduin the PAA-TTC and ACPA solution.
After stirring, the pH of the solution was adjusteith NH,OH to a pH close to 6. Then, BA and the
crosslinker (BDA or DVB) were added to the solutionder stirring at room temperature for one
night. The polymerization was carried out at 70°@hvetirring at 275 rpm under argon. After the
conversion reached 85%, the reaction was stoppe@rbgerature quenching and oxygenating. The
morphology of the latexes with a crosslinked PBAecavas characterized by DLS measurements and
by TEM. However, M of the crosslinked latexes could not be analyzgdSEC/THF since the
dissolved latex did not pass through the @2 filter used before the SEC analysis which indidat
that the crosslinking was indeed efficient evemgsa low concentration of crosslinker such as 0.3
mol%. A TEM image of a crosslinked PAA-b-PBA latéx displayed in Figure 4-22 and the
polymerization conditions of the latexes can bentbin Table 4-6.
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Figure 4- 22: TEM image of PAA-b-PBA latex with (1% of BDA crosslinker,
(PAA2.6, PBA100) 0.3% BDA.

Results of the synthesis

Crosslinking the PBA-core of latex particles shoirldrease the stiffness of the particles and
make interdiffusion of polymers between particlesder. In contrast to the uncrosslinked particles,
individual particles of spherical shape could beadly observed by TEM, (Figure 4-22 ). The particle
diameter did not change much after crosslinking aadcoagulum was observed, using 0.1-0.5 mol%

of crosslinker.
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TL41 TL43 TL59 TL95 TL9O TL91

Name (PAA2.6K, (PAA2.6K, (PAA2.6K, (PAA2.6K, (AA2.6K, (PAA2.6K,
PBA100k)0.1%BDA PBA100k)0.3%BDA  PBA100k)0.5%BDA PBA100k)0.1%DVB  PBA100k)0.3%DVB  PBA100k)0.5%DVB

Crosslinker BDA BDA BDA DvB DVB DvB
Temperature, °C 70 70 70 70 70 70
Reaction time, min 240 240 180 270 330 280
pH? 6.24 6.24 6.25 6.14 6.20 6.24
M, of PAA-TTC, kg.mot* 2.6 2.6 25 25 25 2.5
BA conc., mol.[* 2.3 2.3 2.4 2.4 2.3 2.3
PAA-TTC conc., mol.l' 2.8 x10° 2.7 x10° 3.1x10° 3.0 x10° 2.9 x10° 3.0 x10°
ACPA conc., mol.[* 0.5 x10° 0.5 x10° 0.9 x10° 0.8 x10° 0.7 x10° 0.7 x10°
%mol of crosslink 0.1 0.3 0.5 0.1 0.3 0.5
% conversion 95 94 88 92 94 98
% solids content 22 22 21 22 22 23
% coagulation 0 0 0 0 0 0
wt% PAA° 2.2 2.2 25 2.3 24 2.2
D,, nm 83 86 104 74 77 72
PDI 0.01 0.09 0.07 0.01 0.01 0.08

Table 4- 6: Polymerization conditions and charasties of PAA-b-PBA latex with crosslinked PBA cofgH of solution adjusted by NJ@H 30% before

polymerization? molar percentage of crosslinking agents, BDA ofBD¥n, (crosslinker) /ny(BA) x 100 , © poly(acrylic acid) content

%wt PAA = my(PAA)/(my(BA) x conv.) x 100], ¢ polydispersity index obtained from DLS
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2.4.4APAA-b-PBA latex with Na™ counter ion

Experimental section

The effect of adding Nacounter ions in the PAA-b-PBA latex was analyzgdbjusting the pH
of the PAA-TTC solution with 50% w/w sodium hydrdei (NaOH) solution instead of NBH. The
NH,OH addition yields a counter ion of IlyHn the latex solution but during the drying prasesH;

evaporates and results in a clean latex film witlremoving salt (see section 3.1). On the contrary,

NaOH cannot evaporate during the drying procesdemds Nacounter ions in the dried latex. The

polymerization conditions, using NaOH for adjustihg pH were similar to the latex synthesized by
using NHOH; at 70°C and stirring at 275 rpm under argore Tharacteristics of the PAA-b-PBA

latexes with Nacounter ion and their polymerization conditions suenmarized in Table 4-7.

TL78 TL106
Name (PAA2.6k, PBA100k)Na (PAA2.6k, PBA100k)N&
Temperature, °C 70 70
Reaction time, min 300 270
pH? 6.04 6.06
M, of PAA-TTC, kg.mof* 2.6 2.6
BA conc., mol.L*! 2.3 2.3
PAA-TTC conc., mol.[! 3.3 x10° 3.1 x10°
ACPA conc., mol.l! 0.8 x10° 0.9 x10°
% conversion 96 91
% solids content 23 21
% coagulation 0 0
M, (th)°, kg.mol* 91.1 88.0
M, (exp¥, kg.mol* 111.7 106.4
My / M;, 1.8 2.5
wi% PAAY 2.3 25
D,, nm 84 80
PDI° 0.08 0.02

Table 4- 7: Polymerization conditions and charasties of PAA-b-PBA latex with Nacounter ion?

pH of solution adjusting by NaOH 50% w/w beforeymérization > M, (th) calculated by Eq. 4-1,

M, (exp) was determined by SEC in THF with a PS calibratind recalculated to designate the non-
methylated mass o#f,, = [M(4A)/(M(MA)] X My, ps], 4 poly(acrylic acid) conterftowt PAA =

my(PAA)/(my(BA) X conv.) x 100], ® polydispersity index obtained from DLS.
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Results of the synthesis

Stable latexes presenting no coagulum were obtaiidan average diameter80 nm, similar

to the latexes where the pH was adjusted by addingOR#H Comparing with the standard conditions,
the polymerization in presence of NaOH remainedrotiad to a certain degree. The,(eixp) from
SEC/THE was quite close to the theoretical(M, (th)).
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3. Latex film formation

3.1 Drying process and conditions

In our study, PAA-b-PBA latex particles are disgersin aqueous solution. To create a
homogeneous and transparent film, the surface deaistic of the supports are important. In our
study silicone cooking molds were used to casfithees. However, due to the different characteristic
of our latexes different drying behaviors were obsé. In some types of latexes such as the latéx wi
a high M, of PAA some dewetting is observed during dryimgtHis case, the silicone mold needed to
be modified to use another silicone base plate witlhigher wettability. The dimension and
characteristics of the silicone cooking mold andlified silicone mold are presented in Figure 4-23
(a) and (b).

(a) (b)

silicone cooking mold
ﬁ silicone cooking mold /7

%

silicone plate

e

Figure 4- 23: Dimension of the silicone cooking dwfor drying latexes (a) rectangular silicone mold

and (b) modified square silicone mold.

Experimental section

A certain amount of latex solution was poured ithte prepared silicone mold and all air bubbles
were eliminated. Then the mold was placed in aeda®s/en at ambient temperature (< 25°C). The air
circulation was put to the lowest level in orderdgcrease the water evaporation rate; in additfan,
horizontal surface of the oven was leveled to &ssuconstant thickness of the dried film. During
drying, the latex particles slowly align and paclcteate the film. The drying process took aroumel o
week to completely dry the film. After that, theiedt latex film was further dried at 100°C under
vacuum for a night in order to eliminated ammonia @onvert carboxylate groups into carboxylic

acids. The dried films were stored in betweenailized paper at room temperature and further used
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to create latex double network within 3 days ineortb avoid any possible aging effect. In our sfudy
we observed that the drying temperature had andtrgrathe mechanical properties of the resulting

films, the details can be found in appendix A-2.

Characteristics of the dried films

For all latexes, transparent films were obtaineguie 4-24(a). The transparency of the films
comes from the deformation of the particles fillithg inter-particle voids, resulting in a closekiag
where light is no longer scattered by heterogesiin the refractive indexThe light yellow color
present in most of the film comes from the trit@idwonate group due to the use of a PAA-TTC
macro-RAFT agent. The PBA-core crosslinked latgese also transparent films, presented in Figure
4-24(b). These films after drying are less adheane stiffer.

(@) (b)

(AR LS, PRA To0l)gy

PAR 2.5 W, PBA 100, )
Yosv BhA SN

Figure 4-24: PAA-b-PBA films (a) transparent filrhlatex (PAA 2.5k, PBA 100k), and (b)
transparent film of crosslinked latex (PAA 2.5k,A#2B00k) 0.5% BDA.

During this thesis, we did not focus on the mianadture of the films. However, it has been
reported that PAA-b-PBA core-shell latex particlEsould create a network similar to a natural
honeycomb structure.Chenal et. &° used wet-Scanning Transmission Electronic Miapgqwet-
STEM) technique to observe the film formation oé tRAA-b-PBA latex. They found that by a slow
drying process, PAA-b-PBA latex particles formedamostructured film, made of soft PBA domain
and a hard hexagonal PAA network (Figure 4-25).
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(@ (b)

Figure 4-25: Nanostructure of dried latex film. {&gt-STEM image of a thin film made by drying a
drop of latex (PAA2.8k, PBA110k)Nastudied by Chenal et &l.

and (b) schematic of dried latex film.

For the statistically crosslinked P(BA-co-BDA) latésynthesis in section 2.3), we used the same
drying process as for the PAA-b-PBA latexes. Thtsx showed clearly a skin formation in which the
latex particles on the top of the solution coalds€onsequently, the latex needed a long time,naou
2 weeks in a closed oven, to dry completely. Theveational latex film had a rough surface and was

less transparent comparing to the core-shell lagshown in Figure 4-26.

sl T

Figure 4-26: Film obtained with crosslinked P(BABDA) latex synthesized by conventional

emulsion polymerization.

In addition, it should be noted that all latexe®ur study, core-shell latexes and the statisticall
crosslinked P(BA-co-BDA) latex, showed a differstructure at the edge of the sample after drying in
which the edge of the film was more opaque andes@ad) light (Figure 4-27). The edge of the films
was always trimmed before using in latex doublevodt in order to have a homogenous thickness.
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Figure 4-27: Horizontal drying front of latex filnfs red arrows).

3.2 PAA-b-PBA film with added PADAME

Experimental section

In this study the (PAA2.5k, PBA100k) latex was stdd to observe the effect of ionic
interactions with a cationic polymer, poly(N,N-dithglamino ethyl acrylate) trithiocarbonate or
PADAME-TTC, M, 4.58 kg.mol. Before using, PADAME-TTC was purified by removirm
observed insoluble part after dissolving it in idlestl water, passing through a Qu filter membrane
and drying at room temperature. The amount of @aiPADAME-TTC was dissolved in distilled
water and the pH was adjusted with 30%49H to pH ~ 8. Then the PADAME-TTC solution was
introduced into the latex TL103 (Table 4.8), the gHvhich was also adjusted with 30% MBH to
pH ~ 8 and stirred over night at room temperattiveo different molar ratios of ADAME units to AA
units of the latex, namely 0.2 and 0.65 equivalemése investigated.

The pH adjustment of the PADAME-TTC solution wasfpened in order to inhibit the
protonation of the amino groups (pKa value of PADBM 6.5, To create dry films, latexes with
PADAME-TTC were filled in the prepared mold andedtifollowing the drying process in section 3.1.
During drying, NHOH evaporates and the resulting protonated amioopg of PADAME-TTC
interact via ionic interaction with the negativellyarged carboxylate groups of the shell of PAA. A
network which is crosslinked by ionic interactiomstween PAA shells and PADAME-TTC is then

formed as shown in Figure 4-28.
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Structured film
NH,0H

A -'-*ﬁ Drying
* T<TgPAA

Figure 4- 28: Schematic of core-shell latex withigocrosslink where is PADAME-TTC.

The latexes used in this study and wit% of PAA aADRME in each systems are presented in
Table 4-8.

Name (PAA2.5k, PBA100k) 0.2eq.  (PAA2.5k, PBA100K)
PADAME 0.65eq. PADAME
Latex, batch TL103 TL103
[ADAME] / [AA] ° 0.2 0.65
Wt% PAAC 2.4 2.4
wt% PADAME 1.1 3.4

Table 4- 8: PAA-b-PBA films with ionic crosslinksSynthesis conditions and latex characteristics of
TL 103 are presented in Table 4-4 section 2.4 Bolar ratio of ADAME to AA =n,(ADAME)/
ng(AA from PAA — TTC), ® poly(acrylic acid) content%wt PAA) = my(PAA)/(my(BA) X
conv.) x 100], ® PADAME content%wt PADAME = my(PADAME — TTC)/[mo(PAA — b —
PBA) X (%solid/100)] x 100].

Characteristics of the dried films

After drying, a transparent film was obtained asvah in Figure 4-29. It was found that
introducing PADAME-TTC to the film did not have &ible impact on the film formation. The latex
film remains as transparent as the film without BME-TTC (Figure 4-24). This film shows also an

opaque region near the edge which needs to be &thimafore using in double network.
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Figure 4-29 : PAA-b-PBA latex film containing PADABATTC.

3.3 P(AA-co-BDA) and PAA-b-PBA film with added PAA

homopolymer

Experimental section

In addition to studying the addition of a polyami(BADAME-TTC), a low molar mass
homopolymer of poly(acrylic acid), 50 wt% in waté;, 5 kg.mot*, pH 3, was added to the P(BA-co-
BDA) statistical crosslinked latex and to the PAARBA core-shell latexes. PAA is a water-soluble
polymer. After introducing the solution in the P(BA-BDA) latex, the PAA should dissolve in the
water phase and should not diffuse into the corehef latex. After drying, if the mixture is
homogeneous, these free PAA chains should surrthnBBA particles and increase the thickness of
the PAA shell in the core-shell latex films (Figure30). These latexes with additional PAA will then
be compared to the PAA-b-PBA core-shell latexestmgized with the PAA-TTC macro-RAFT agent
of 6 kg.mol*, containing 11wt% PAA (in the polymer, see in BBcR.3). For the mixtures with PAA,
we therefore targeted a total of 11% of PAA indhied samples.

Structured film

k] *# ST OS%\E@QE@

water

Figure 4- 30: Schematic of core-shell latex witked PAA, where are PAA chains
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A PAA solution (pH 3) was slowly added to the sttitially crosslinked latex (TLLO1, see section
2.3) and to the core-shell latexes (TL85 (PAA2BBA100K) and TL104 (PAA2.6k, PBA200K), see
section 2.4.3) and the latexes were stirred ovhtnfigter the addition of the PAA solution, therasv
some coagulum found in the latex (~1.5%). The chegwas removed from the latex by decantation,
before the drying process which followed the protquresented in section 3.1. The characteristics of

the latexes used in this study are presented ife#ab.

Name (PBAy-ne) 1196AA PB&?Q&Z)QE:’Z:PAA PBA(zpo/?)ﬁ)zigok/LPAA
Latex, batch TLLOY TL8S’ TL104

% solids content 26 22 21

% coagulation 0 1.2 1.6

Wt% PAAqa® 0 2.5 1.1

Wt% PAAyggtiona; 11 9.3 10.8

Wt% PAAj. 11 11.8 11.9

Table 4- 9: P(BA-co BDA) latex and PAA-b-PBA latexith addition of PAA? The synthesis
conditions and latex characteristics of TLLO1 arespnted in Table 4-2 section 23JL85is
presented in Table 4-4 section 2.4.8.104 is presented in Table 4-5 section 2. 4&ly(acrylic
acid) content at initial state before adding RAS6 wt PAA initiat = Mo (PAA)/[my(BA) X
Conv.] x 100, ®Additional poly(acrylic acid) from PA% wt PAA qqqitionar = %Wt PAAfinqg —

% wt PAA iniria1 - POly(acrylic acid) content after adding PAA
%wt PAAfing = [mo(PAAigtex) + m(PAAgy)]/[mo(BA) X Conv.] X 100.

Characteristics of the dried films

After drying, the formed latex films containing @ilohal PAA chains were less transparent,
probably because too much PAA was added. The P&RBA core-shell latex film changed from a
transparent appearance to a frosted appearancedHEe31 (a)) which may come from the insertion of
clusters of free PAA chains in between particlegctviare large enough to scatter light. In contfast
the P(BA-co-BDA) latex, the addition of free PAAahs might fill the voids between particles,
resulting in a smoother film surface (comparedhe teference sample). The observed frosted to
opaque appearance (Figure 4-31(b)) might againxpéieed by the formation of PAA clusters
possessing a different refractive index than theigd@ copolymer and resulting in an opaque

appearance through light scattering.
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(b)

Figure 4- 31: Latex films containing free PAA chgifa) PAA-b-PBA latex of (PAA2.6k, PBA100K)
with PAAsa 11 wt%, and (b) P(BA-co-BDA) latex or lat@xnenwith PAAsna 11 wt%.

3.4 Thermally annealed latex films

Experimental section

Thermal annealing (TA) was applied to core-sheiéXafiims dried formerly under standard
conditions at 160 °C for 72 hours. The annealimgpterature was set to be higher than the Tg of PAA
(~110°C) in order to reach a thermodynamically Istahicrostructure of the film. Chenal et*8lhad
indeed reported that the increase of the temperaibove the Tg of the PAA-b-PBA latex shell
triggered a phase inversion and led to the loghefinitial honeycomb-like network structure of the

film into spherical micelles with a very small PA#re and a large PBA shell (Figure 4-32).

Latex particles Structured film

_ L L )
Drying
— 2 5
T<Tg PAA

L L LT T T
* YBeSEESS
water l T Tg PAA

PAA

Figure 4- 32: Schematic of core-shell latex, thenation of the honeycomb-like structured

network film, and phase inversion into micelleeathermal annealing
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Characteristics of the dried filen

Latex films after TA showed a change in aspect. ifit@ally transparent film were yellowish but
became orange; especially for latex films contajnfree PAA chains the color turned to brown
(Figure 4-33). The effect of the TA process ondbbr of the films is currently not fully undersidio
the change of color may come from some side readtioesidual NH during the annealing process.

The aspects of different films are presented inf&gt-33.

(@) (b) ()

Figure 4- 33: Latex films after TA synthesized fro@) latex TL85 (PAA2.5k, PBA100K) (b) latex
TI103 (PAA2.5k, PBA100K) with 3.4wt% PADAME (0.6%eand (b) latex TL85 (PAA2.5k,
PBA100K) with additional PAA solution.
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4. Latex double network films

In our study, latex films have been synthesizeseiwe as reinforcement to extensible elastomers
as a polymeric filler. Poly(n-butyl acrylate) elaister was selected as a standard network becaisse it
the same polymer as the core of PAA-b-PBA partjckeamiding any problems arising from phase
separation due to polymer incompatibility. Thuseaéwelling the latex film in BA monomer, the core
of the latex particles should be swollen by BA mwmeos, and in the course of their photo-
polymerization, PBA chains should interpenetrate ttore of individual PAA-b-PBA particles,
without breaking the initial structure of the firBlm obtained from the latex (Figure 4-34). This
technique was called a sequential interpenetratitgmer network techniqu¥: *> “¢ *"The resulting

PBA elastomers with latex reinforcement were natatzk double networks (latex DN).

PAA shell

Latex film Double network (DN)

Figure 4-34: Swelling process of core-shell laiéx to create latex DN.

Experimental section

The latex DN was synthesized in the glove box umiteogen atmosphere, with less than 5 ppm
of oxygen (MBraun Unilab) to avoid side reactioAd. reactants and monomers used to create the
latex DN inside the glove box were deoxygenatediiybling with nitrogen for 45 minutes to avoid
oxygen contamination in the glove box and stored fneezer at -20°C. After swelling of the dried
latex film in BA bath (containing BA, BDA and HMPHe polymerization of the samples was carried
out in the glass mold, similar to the one used hajer 2 (Figure 2-7) and exposed to UV light
(Vilbert Lourmat lamp (model VL-215.L), centered 865 nm) in order to create radicals, from the
UV-initiator (hydroxyethyl-2-methylpropiophenone d&iMP). A low power UV irradiation (10
uW/cm?) was selected in order to decrease the numbehains growing simultaneously and to
decrease the number of termination reactfén3o perform this, the UV intensity was decreasgd b
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covering with PET sheets and the power was measuittda radiometer (VLX-3W from Vilber

Lourmat). The details to create the latex DN arttbotelated studies are presented in the following

sections.

4.1 Swelling study of the latex films

According to the sequential interpenetrating nekatechnique, the double network is created by
swelling a principal network (latex film) with alstion of the interpenetrating network monomer, a
crosslinker and an initiator, and subsequently mpelyzation occurs in situ. In order to control the
swelling ratio we need to understand the swellielgavior of the latex film..

As an example, a latex film (TL104; PAA2.5, PBA20@s cut into a piece and immerged into a
monomer bath of BA without introducing any croskéin (BDA) and initiator (HMP). The bath was
left at room temperature without light exposureribg distinct time intervals, the sample was taken
out, wiped with tissue paper to remove the excezsaomer and weight was recorded. The %swelling

of latex film can be calculated as in Eq. 2-3 dmel iesult of the swelling behavior of the film TI4L0

is shown in Figure 4-35.
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Figure 4- 35: Swelling behaviour of the film TL1(RAA, sb-PBAxq), Y%swelling = (%) x 100

We found that the swelling of latex film TLO4 isryerapid, and after less than 1 hour, 600%
swelling is reached. Afterwards the swelling raéeréased and an equilibrium swelling is reache at

hours. Therefore, in order to create latex doulelevarks, we decided to swell the latex films for 2

hours corresponding to the swelling equilibriumrpoi
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4.2 PBA elastomer, serving as an interpenetrating netwé to DN

PBA elastomer was used as an interpenetrating mletincour study. In addition to BA, a little
amount € 0.05 mol%) of 1,4-butanediol diacrylate (BDA) cstisker was introduced in order to
maintain the physical properties of elastomershsag shape, degradation and solubility properties
after immersing in solvents. In order to study tiechanical properties of the interpenetrating ngtwo
alone, some simple PBA networks were created bypdWmerization in the bulk, with different

concentrations of BDA crosslinker.

Experimental section

A set amount of BA, BDA crosslinker and HMP UV-tiator were mixed until homogenous in
the glove box. Then, the mixture was transferretho glass mold, in which the glass plates were
covered with a thin layer of PET in order to avtlid adhesion between the glass and polymer (Figure
2-7, in chapter 2). The thickness of the sample soasrolled by the gap between the glass platds wit
1 mm metal slides. The mold was subsequently expbtas&lV irradiation (LQuW/cm?) for 2 hours to
complete the reaction. The concentration of eadhpasition can be found in Table 4-10.

After 2 hours of polymerization, the PBA networksrhed and they were removed from the glass
mold and from the glove box. Unreacted monomer ftbensample was then removed by drying at
80°C under vacuum for a night. The samples weré¢ &kepoom temperature until uniaxial extension
tests were performed. The mechanical propertieh®fPBA networks in uniaxial extension were

analysed with the Rubinstein Panyukov mdtiahd they will be presented and discussed in the ne

chapter.
Name [BDA]? [HMP]° mo(BA) Vo(BDA) Vo(HMP)
(mol%) (mol%) (9) (ul) (i)
PBA 0.01%BD/# 0.01 0.01 7 1.0¢ 0.8¢
PBA 0.03%BDA 0.03 0.01 7 3.09 0.83
PBA 0.05%BDA 0.05 0.01 7 5.15 0.83

Table 4- 10: Formulation of the PBA interpenetrgtiretwork swelling batH,is the molar percentage
of BDA = ny(BDA)/n, (BA) x 100, where gis a number of initial mole&,is the molar percentage
of HMP = ny(HMP) /n, (BA) x 100, where gis a number of initial moles.
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4.3 Latex double network synthesis

Experimental section

To create latex double networks, first a monomeh lpeas prepared in a plastic box by mixing
BA monomer with a 0.01 mol% of BDA as crosslinkerdaHMP as UV-initiator. The chemical
composition of the monomer bath is presented ilerékl 1. Then a piece of dried latex film (with the
edge trimmed) of a known initial weight was swoliernthe monomer bath, which was tightly closed
to avoid the evaporation of monomer. In this stdlge,molecules of the bath swell the core of latex

particles as PBA is soluble in BA.

[BDA]? [HMP]® mo(BA) Vo(BDA) Vo(HMP)
Name
(mol%) (Mol%) (9) () (i)
PBA network 0.01 1 15 2.2 178.4

Table 4- 11: Formulation of the PBA interpenetratiretwork swelling batlf,Molar percentage of
BDA = ny(BDA)/ny (BA) x 100, where gis a number of initial mole§,Molar percentage of HMP
= ny(HMP)/n, (BA) x 100, where gis the initial mole number.

The swelling to equilibrium of the PAA-b-PBA coskell latex films took about 2 hours,
however, for the P(BA-co-BDA) conventional latexiyp30 minutes were applied in order to prevent
the re-dispersion of the latex particles. This nefee latex is therefore swollen to a set amoufierA
swelling to equilibrium, the swollen film was candy removed from the bath and the excess
monomer was eliminated by a wiper. The swollen fil@s then placed in between the glass plates
covered by a PET sheet. The glass mold was gegtijehed and exposed to UV light for 2 hours.
After polymerization, the latex DN was removed frtime mold and from the glove box. The sample
was weighed and dried under vacuum at 80°C fomigite. The final DN latexes were stored at room
temperature until performing mechanical tests.

The swelling ratio (%), the weight fraction of lat@biae,) and the prestretching of the chains of

the latex film fy), assuming that the densities are equal, wererdigted by the weight of latex in the
initial stateW,[L], the weight of the swollen latex after polymeriaatwith UV irradiationWs[DN]
and the weight of the DN latex after vacuum dnyitig[ DN] as shown in Eq.4-8, Eq. 4-9 and Eq. 4-
10.

We[DN] — W,[L
%Swelling = sl W][L] ol 100
S

(Eq.4—8)
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WolL]
Diatex = W, [DN] (Eq.4—9)
Ao = ; (Eq.4 —10)
(Bratex)*’?

The results of latex DN synthesized in our stugysarmmarized in Table 4-12.
P(BA-co-BDA) conventional latex

Sample name Latex (batch % swelling @ex (%) Ao
(lat€Xo-she)on TLLO1 446 18 1.77
PAA-b-PBA latex with different PAA-shell thickness

Sample name Latex (batch % swelling @ aex (%) Ao
(PAA2.6k, PBA100k)y TLO8 409 20 1.70
(PAA2.6k, PBA100k)y TL85 397 21 1.68
(PAA4k, PBA100k}y TL23 293 26 1.57
(PAA6GK, PBA100K}y TL22 Incapable to do DN
[(PAA2.6k, PBA100K) TAb TL99 781 11 2.09
PAA-b-PBA latex with different PBA-core size

Sample name Latex (batch % swelling @ex (%) Ao
(PAA2.6k, PBA150k)y TL83 601 15 1.88
(PAA2.6k, PBA200kyy TL104 669 13 1.97
PAA-b-PBA latex with PBA-core crosslink

Sample name Latex (batch % swelling ®jqex(%) Ao
[(PAA2.6k, PBA100k)0.1%BDA]y TL41 342 23 1.63
[(PAA2.6k, PBA100k)0.3%BDA]y TL43 236 30 1.49
[(PAA2.6k, PBA100k)0.5%BDA]\ TL59 167 37 1.39
[(PAA2.6k, PBA100k)0.1%DVB]y TL95 319 24 1.61
[(PAA2.6k, PBA100k)0.3%DVB]y TL9O 297 26 1.57
[(PAA2.6k, PBA100k)0.5%DVB]y TL91 220 32 1.46
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PAA-b-PBA latex with counter ions

Sample name Latex (batch) % swelling @ex (%) Ao
[(PAA2.6k, PBA100K)Na+}y TL106 362 22 1.66
[(PAA2.6k, PBA100K)Na+(TA) TL106 342 23 1.63
PAA-b-PBA latex with ionic crosslink

Sample name Latex (batch) % swelling ®)ex(%) Ao
[(PAA2.6k, PBA100K) 0.2eq PADAME) TL103 294 26 1.57
[(PAA2.6k, PBA100K) 0.65e
PADAME] oy TL103 309 25 1.59
[(PAA2.8k PBAL00K) 0.65¢ TL103 Incapable to do DN
PADAME(TA)] on
PAA-b-PBA latex with PAA adding

Sample name Latex (batch) % swelling ®)ex(%) Ao
[(PAA2.6k, PBA100K)9%PAA} TL85 329 24 1.61
[(PAA2.6k, PBA200k)10%AA}N TL104 566 15 1.88
(lateXosheil LY6AA )N TLLO1 366 22 1.66

Table 4-12: Characteristic and composition ratitatgx DN films.

Most of the latex films could be used to create filids. However some latex films, namely
[(PAA2.6k, PBA100K) 0.65eq PADAME(TA}L, and (PAA6k, PBA100k)\ could not be used to
create the double network because the swollen fifere too fragile and it was not possible to remove
them intact from the bath after swelling in the Bfonomer. Moreover, the thermally annealed film
[(PAA2.6k, PBA100K) TAbn could be swollen without dissociation, but aftefymnerization, cracks
were observed and the film was curly, and thususable for further mechanical testing.

The results of the equilibrium swelling ratio (%edling) and the weight fraction of lates e
presented in Table 4-12 show that different lateéhas different swelling behaviours as summarized
on Figure 4-36. From the results in Table 4-12 Rigdre 4-36, it can be concluded that

i) A larger PBA-core size in the latex (highd, of PAA-b-PBA) results in a higher %
swelling and ultimately in a smaller weight fractiof the first latex networkdf.xof a
large core latex d,ex0f @ small core latex).

i) The increase of PAA-shell thickness,.iusing a higher MPAA-TTC macro-RAFT agent
in latex polymerization, decreases the swellinditgland leads to higher weight fractions

of the first network in the resulting DND(ye, Of a thick shell latex D, 0f a thin shell
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latex). A high PAA wt%% in the latex film restrictsrobably the deformability of the
particles which causes a lower swelling ratio.

ii, iv) As expected, the presence of a PBA criogglr inside the particles leads to a lower
swelling ratio, and eventually higher fractiongloé first network.

v, vi), vii) Adjusting the pH with NaOH instead NH,OH, and addition of PADAME or PAA
results in a slightly lower swelling ratio, whichight indicate a reinforcement of the

interactions between particle shells.

i i iii vi v Vi vii
800
a .
40— o . ; - 600
H %]
b3 o * ¢ E g
% o o . o N o ° * o ‘o * o o 400 5
S 20 ¢ . * * ¢ o 4 o ® ‘e L o S
* o o . o S
. o : - 200
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100k 150k 200k O 26k 4k O 01 03 05 0 01 03 05 NHoHNaoH O 02 065 0 = 9%
b d .
Mn PBA Mn PAA BDA (%mol)® DVB (%mol) Baseused®  PADAME" % PAA adding®

Figure 4-36: Effect of different latex compositiams the volume fraction of latex in the respective
DN films,  BDA crosslinker in latex (PAA2.6k, PBA100R)DVB crosslinker in latex (PAA2.6k,
PBA100K),° different bases used to adjust the pH of lateriiegholymerization in latex (PAA2.6K,
PBA100k),” Equivalent number of PADAME in the ionically créisked latex (PAA2.6Kk,
PBA100k),® % PAA solution (M 5 kg.mol") added into the latex (PAA2.6k, PBA100k)

4.4 HMP consumption effect

During the first polymerizations of DN using a iy@ bath composition used before for other
system&'(BDA 0.01mol%, HMP 0.01mol%), we found that theyokrization was not complete and
very low conversions were reached, about 30% asdtet! by the weight loss of up to 70% after
drying under vacuum. The incomplete polymerizatizay come from the reaction of HMP with the
reactive end group of PAA-b-PBA.

In order to determine the HMP concentration neamgs complete the polymerization within 2
hours, we studied the impact of the amount of HWMPHhe latex DN polymerization. The HMP
concentration was incresed from 0.01 mol% to 1 mal8d the latex double network was created
following the procedure described in section 4.8e Thonomer conversion can be calculated by the
weight of swollen latex after being exposed to Wdiation for 2 hour§Ws[DN]) and the weight
after vacuum drying for one nigli/,[DN]) as shown in Eq. 4-10. The detail of monomer bath

composition and the latex film characteristicsarmmarized in Table 4-12.
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% monomer conversion = [1 - (WS[DN] — o [DN])] 100 (Eq.4—11)
Ws[DN]
Latex film [HMP]® | [BDA]® | mo(BA) | Vo(BDA) | Vo(HMP) | % monome
(mol%) | (mol%) | (9) (uh) (uh Conv.
TLOS 0.01 0.01 20.1 3.0 2.4 28
TLOS 0.03 0.01 7.4 11 2.6 53
TLO6 0.05 0.01 7.4 11 4.4 56
TLO6 0.1 0.01 7.4 11 44 97
TLO7 1 0.01 7.4 11 88 98

Table 4- 13: Formulation of the PBA interpenetratiretwork swelling batf, Molar percentage of
BDA = ny(BDA)/ny (BA) x 100, where gis the initial mole number®,Molar percentage of HMP
= ny(HMP)/n, (BA) x 100, where gis the initial mole number.

By increasing the concentration of the initiator ANh the monomer bath up to 1 mol%, we
found that monomer conversion became quasi quawttdt should be noted that with 1 mol% HMP
the concentration was 100 times larger than theuameeeded for the normal BA network (Figure 4-
37 ().
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Figure 4- 37: The result of HMP consumption stydy,% monomer conversion versus the
concentration of HMP, (b) stress-strain curve oARB° network with different HMP concentration.

It was thus necessary to check that the high caraten of HMP did not affect the mechanical
properties of the PBA"2 network. The PBA % network was synthesized alone with two different

concentration of HMP, 0.01mol% (normal conditiomdalmol% (latex DN condition) respectively
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(Table 4-14). The mechanical properties of both H&t&xes were checked with a tensile test at the
cross head velocity of 50 um/s and the stressastraives of these two PBA networks are presented in
Figure 4-37 (b). It can be observed that the emeeof HMP did not impact the mechanical properties
of the PBA network.

[BDA]? [HMP]P mo(BA) Vo(BDA) Vo(HMP)
Name (mol%) (mol%) (9) (ul) (i)
PBA 0.01%HMP 0.01 0.01 7 1 0.8
PBA 1%HMP 0.01 1 7 31 85

Table 4- 14: Formulation of the PBA"hetwork swelling battf:Molar percentagof BDA=
no(BDA)/ny (BA) x 100, where gis the initial mole numbef,Molar percentagof HME
ny(HMP) /ny (BA) x 100, where gis the initial mole number.
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Conclusions

In our study, we used for the first time a nangdtrred latex as the polymeric reinforcement filler
for an elastomeric system. A P(BA-co-BDA) crosséidklatex and a PAA-b-PBA core-shell latex
were used to reinforce PBA elastomers. Variousxéstenvere synthesized in different conditions.
Conventional emulsion polymerization was used tatlsgsize the P(BA-co-BDA) crosslinked latex
and RAFT-emulsion polymerization in batch conditiomas used to create PAA-b-PBA a core-shell
latex with different PAA shell thicknesses (vidfelient M, of PAA) and different PBA core sizes
(different M, of the PBA). In addition the particle’s core wassslinked with BDA or DVB, whereas
shell interactions were reinforced via the uséNaDH (instead of NFDH vyielding ionized PAA
shells via carboxylate formation), or the additadn PAA or PADAME (promoting shell crosslinking
through supramolecular interaction). From thesé&edht latexes formulations nanostructured films
were prepared by slow drying at room temperat@®ylting in a percolating network.

The P(BA-co-BDA) crosslinked latex film showedaugh surface and cloudy appearance, while
the PAA-b-PBA core-shell latex films were transpdéreHowever, when PAA homopolymer was
added before film formation, the films turned clguddicating the presence of large PAA clusters,
while thermal annealing led to yellow-orange discation.

To create latex double networks (latex DN), thieXdilms, which are insoluble but swellable in
BA monomer, were swollen in a monomer bath untilildgrium, and subsequently polymerized under
UV irradiation, following the sequential interperaging network technique. By controlling these

synthesis conditions, latex double networks coeldiccessfully created.
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Introduction

In chapter 4, we explained the procedure to syimbamstructured P(BA-co-BDA) crosslinked
latexes and PAA-b-PBAore-shelllatexes, by conventional radical emulsion polyaegion and by
RAFT mediated emulsion polymerization, respectivéipr the unstructured reference P(BA-co-
BDA) latex, PBAw.shei it Was necessary to copolymerize BA with 0.5% BDIA as a crosslinker, to
prevent the dissolution of the resulting film in BAonomer during the creation of the double
network. For PAA-b-PBA core-shell latexes, variaithesis conditions and compositions were

used to create different core-shell latexes, ssch a

i) varying the M of the PAA block to create core-shell latex witlfif@lient thicknesses of
the PAA-shell,

ii) Varying the M, of PBA block to increase the size of the PBA-core,

iii) using NaOH and not NJ@H as the pH controller to leave ions in the shélhe core-

shell latex after drying and/or promote ionic i@igtions.

iv) introducing two different effective crosslinkersPB and DVB to crosslink the PBA-

core.

For a better understanding of the different stmasty all latexes synthesized in this study are

summarized in Table 5-1.

Type of latex Abb. name Latex structure

P(BA-co-BDA) crosslinked latexes

lateo.
(synthesis chapter 4 section 2.3) ( oshel

(PAA+M, PAA, PBA+M, PBA)
- (PAA2.5k,PBA100K)
- (PAA4k, PBA100K)
- (PAAG6k, PBA100K)

PAA-b-PBA core-shell latex with
different M, of PAA-shell

(synthesis chapter 4 section 2.4.2

PAA-b-PBA core-shell latex with (PAA+M, PAA, PBA+M, PBA)
different M, of PBA-core - (PAA2.5k, PBA100K)
(synthesis chapter 4 section 2.4.2 - (PAA2.5k, PBA200K)
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. (PAA+M, PAA, PBA+M, PBA)+ %
PAA-b-PBA core-shell latex with crosslinker)

crosslinked PBA-core
- (PAA2.5k, PBA100k)0.3%BDA

(synthesis chapter 4 section 2.4.3
- (PAA2.5k, PBA100k)0.3%DVB

PAA-b-PBA core-shell latex with +
Na’ counter ion (PAA+M, PAA, PBA+M, PBA)Na

(synthesis chapter 4 section 2.4.4) (PAAZ2.5k, PBAL0OKINa

¥

Table 5- 1: Latex structures and names synthesiztids study, wher ™" is PB Wt is PAA,

anc = s a crosslink mol% BDA used are 0.1, 0.3 and 0.5%,
#mol% DVB using are 0.1, 0.3 and 0.5%.

Latex single network films (SN films)

The latexes (generally at solids contents aroundv®®) were slowly dried at a controlled
temperature below 25°C for a week to form simpkeXasingle network films (SN film) with a
thickness about 0.3-0.5 mm.

As shown in Table 5.1 (last line) we were alsoriegéed in reinforcing the interactions between
PAA-shells during the drying process. AlternativEelpADAME, a tertiary amine functional polymer
(M, = 4.5 kg.mol) was introduced at pH 8 into the core-shell lai@AA2.5k, PBA100k). Upon
evaporation of Nkland wateduring film formation and drying, the tertiary aragybecome partially
protonated (pKa ~ 6.5), and the ionic bonds forimetiveen the ammonium groups of PADAME and
the carboxylate groups of PAA should result in ptaisionic crosslinks between the PAA-shells. The
resulting core-shell latex films were called (PAB2. PBA100k) 0.2eq PADAME and (PAA2.5k,
PBA100K) 0.65eq PADAME. The details of the preparadf the films with PADAME addition can
be found in chapter 4, section 3.2.

Moreover, a certain amount of PAdmopolymesolution (M, (PAA) = 5 kg.mol') was added to
the PAA-b-PBA latex, (PAA2.5k, PBA100K) to thickéme PAA shell of the latex. The % of PAA in
the dry film was determined by weighing the PAA-TTRAFT initiator (my,(PAA)) and the
polymerized BA monomém,(BA)) as presented in Eq. 5-1. Note that because ntiieaPAA-TTC
will initiate the BA polymerization the %wt PAA ithe film is larger than the %wt PAA in the PAA-
b-PBA block copolymer.
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%wt PAA) oy = mo(PAA) x 100 Eq.5—1
(%ow Isn "~ my(BA) X conv. (Eq. )

The overall % of PAA was increased by PAAomopolymerto 11.5 wt% (original latex is
about 2.5 wt% of PAA, see in Chapter 4; Table &4) the blend was named (PAA2.5k, PBA100k)
9% PAAg, (“9” wt% PAA added, meaning the quantity of PAA was increased factor of 4). The
mechanical properties of the resulting films anel BN prepared afterwards will be compared with
films made of a PAA-b-PBA latex with a high,Mf PAA, (PAA 4k, PBA100K), containing 6 wt% of
PAA (see Table 4-4). Unfortunately, we could noimpare these PAA loaded films with the latex
(PAA 6k, PBA100k), containing 11%PAA as was outialiintention since we found later that we
could not prepare DN films from the core-shell Xatéth a high M of PAA.

Figure 5-1, summarizes the different types of |&&kfilms and their proposed nanostructures,
as synthesized in our study. The mechanical priggedf the latex SN films were characterized in
uniaxial extension. Once the films are preparedd@sribed in Chapter 4), the testing method and

conditions are similar to those used for the silEzaetworks and can be found in chapter 3.

Crosslinked P(BA-co-BDA)
film (section 2.1)

S |

Increasing M, of PAA Increasing shell
(section 3.3)
PAA sohution

crosslink

Crosslinked PAA-shell
(section 3.1)

Coees <G
OOOCO Sec lj/)n A

Adding P.AA solution Crosslinked PBA-core
(section 3.5) (section 3.2)

Increasing M, of PBA
(section 3.4)

Figure 5- 1. Schematic of the latex films and tm@inostructure
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Double network films from latex precursors (DN f8in

The dry films made from the synthesized latexesewesed as a polymeric filler to reinforce a
PBA elastomer and will be called in the followirgidx SN films. We introduced these films into
PBA by the sequential interpenetrating network némphe, where the latex SN films are first swollen
in a BA monomer and BDA crosslinker mixture, anteigpolymerized to form an interpenetrating
double network film (DN). We assumed that the P/ohtent in the SN films(%wt PAA)gy, was
the same as that in the latex which could be caledl from Eq.5-1 and for latex DN films, we

calculated the % PAA conter{&wt PAA)py , as shown in Eq. 5-2.

(%Wt PAA)SN X Q)latex
100

Where m(PAA) is the mass of PAA macro-RAFT ageniy(BA) is the mass of BA monomer used
for latex synthesis anflye«iS the weight fraction of latex in the DN film.

The standard mechanical properties of the latex fiMds were characterized in uniaxial
extension until failure and also with single-edgech fracture tests (method described in Chapter 3,
as used for silicone elastomers). However, sinesehDN films are much more extensible and
viscoelastic elastomers than the silicones, it \a&® interesting to characterize their energy
dissipation properties by using loading-unloadinpglic extension tests as described in chapter 3.
However, due to the high extensibility of the latek films, each step of extension needed to be
adjusted to. = 3. A typical deformation history for a cycliefdrmation test can be found in Figure
5-2.

10 —

)\cross-head
(6]
|

[ I I I I I
0 1000 2000 3000 4000 5000 6000

Time (s)

Figure 5- 2: Applied stretch ratié)(during a cyclic extension test for the latex D§.

In this chapter, we will present the mechanicalpprties of the films made from the latex SN
and of their corresponding DN films in two parts.dart I, we will expose in detail the mechanical
properties of the latex SN and latex DN films foffetent modified systems. In Part Il, we will
summarize and compare the mechanical propertiegdified DN. Finally, the DN, which shows the
best properties based on the volume of glassy paigrfiller, will be highlighted.
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Part I:

Mechanical properties of latex films
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1. Mechanical properties of the PBA, serving as an

interpenetrating network for DN films

A PBA elastomer is used as the interpenetratingvort in latex DN films, (i.e. the swelling
network). As a mechanical reference, PBA films winerefore also fabricated as standalone single
network films with different BDA crosslinker condeations, 0.01 mol%, 0.03 mol%, and 0.05 mol%.
The polymerization of BA and BDA was initiated wilm HMP UV-initiator inside an oxygen-free
glove box. The detail of the PBA synthesis candun@l in Chapter 4, section 4.2. The mechanical
properties of the PBA networks were characterizedriaxial extension as described in chapter 3,
section 1.2.1.

Unsurprisingly, increasing the amount of BDA croggtr resulted in an increase in stress and
modulus at high strain, and in a reduction in esitafity (Figure 5-3(a)). The Mooney stress plot
versusk in Figure 5-3 (b) (read from right to left) shoas obvious strain softening of the network
beginning atA™ = 0.9. The decrease in Mooney stress albhgs due to the presence of chain
entanglements in the networks. The strain stifigndue to the finite extensibility of the chaingnc

be easily detected faf' < 0.2.

(@ (b)
0.6 0.20 1
0.5 —
;_cv? 0.15 —
= 0.4 — s
D_ ~—
2 03 g 010
c
& S
0.2 1S
PBA 0.01% BDA ©  0.05- PBA 0.01% BDA
0.1 —— PBA 0.03% BDA —— PBA 0.03% BDA
—— PBA 0.05% BDA —— PBA 0.05% BDA
0.0 T T T T 0.00 I I I I
2 4 6 8 10 00 02 04 06 08 1.0
A YA

Figure 5- 3: Stress-strain curve and Mooney pld®BA interpenetrating networks containing
different concentrations of BDA, (a) stress-strainve and (b) Mooney stress plot with the best fit

(black line) of the Rubinstein-Panyukov equation
In addition, by fitting the Rubinstein-Panyukov nebtb the Mooney plot (black line in Figure 5-

3 (b)), the contribution of the Young's modulusifirentanglements ¢k and from crosslinks (Ecan

be estimated as presented in Table 5-2.
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Sampl E (MPa E.(MPa E.(MPa;
PBA 0.01% BD/# 0.3C 0.0¢ 0.2¢
PBA 0.03% BD/# 0.2¢ 0.0¢ 0.2¢
PBA 0.05% BDA 0.32 0.11 0.23

Table 5- 2: Young's modulus of PBA networks witffetent crosslinker concentrations. Measured
from the initial modulus (E), or from fitting in §ure 5-3 (b) the entanglements)(Bnd crosslinks

(Ec) contribution

It was found that by increasing the crosslinkercemrration, Eof the networks slightly increases
while E; of the network remains approximately constant. Theeliable value of the Eontribution
for the 0.01% BDA material may be due to visco@aselaxation. In the concept of the
interpenetrated networks, the interpenetrating osdtwis the loose network which provides
extensibility, while the core or the host netwaskhe stiff network which creates the sacrificiahtls
in the overall network. For this reason, PBA 0.0BZA which shows the best performance in terms
of extensibility was selected to create latex deutdtworks and will be the reference elastomerrbefo

reinforcing it with the latex film. .
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2. The differences between P(BA-co-BDA) latex films ahPAA-

b-PBA core-shell latex films

In our study, two different methods, conventioredical emulsion polymerization, and RAFT-
mediated emulsion polymerization, were used tohmgite simple and core-shell structured latexes,
respectively. This resulted in a simple crosslinkatgx of P(BA-co-BDA), called PBA.sney and a
series of core-shell latexes constituted of amphip®PAA-b-PBA diblock copolymers, . In this
section, the mechanical properties of these twex|&étms and their corresponding DN films will be

characterized and compared.

2.1 P(BA-co-BDA) crosslinked latex films (0.5 méb BDA)

The simple P(BA-co-BDA) latex film, also named (PBAwe)sn, and its DN network (PBA.
shellon, Were first characterized by uniaxial extension #ime results are shown in Figure 5-4. The
(PBAo.she)sn, crosslinked with 0.5 mol% BDA, shows a poor toogss, low stress at break and
extensibility. A disappearance of the strain stiiifg in the stress-strain curve of (PBAne)sny Which
generally comes from the entanglements betweemmaslghain belonging to different latex particles,
reveals that latex particles are probably poorlglesced. The PBA chains have fewer entanglements
with chains of neighboring particles due to thespree of crosslinks, resulting in a low toughndss o
the films and the presence of free surfactant wapansible of the cloudy aspect of the films, which
we have already reported in chapter 3.

However, after introducing the PBA interpenetratiegwork to create DN films, the mechanical
properties of (PBAvsnejon dramatically change. The initial modulus of (PBAe)on increases
slightly relative to that of (PBf.she)sn @nd the strain hardening can be clearly observédzuntil
fracture occurs and the nominal stress at breakases significantly from 0.1 to 1.1 MPa. Suchirstra
stiffening in the DN is obviously due to the presef crosslinks in the PBA latex. By the sequéntia
interpenetrating network technique, the polymeriZ2BA linked the crosslinked latex particles
together resulting in significant mechanical refcament of the PBA network. It is interesting tdeno
however that the extensibility of the PBA originBlm (red curve) has been reduced by the

introduction of the chemically crosslinked latextdes.

-182 -



Chapter 5: Structure and Mechanical propertidatek films and DN made from latex films

(a) (b)
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1.0 - I (PBAno-sheII)DN P
— PBA 015 E=0.42MPa’ .,
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Figure 5- 4: Stress- strain curve of PBA.ilatex films and the DN network film where the e
represent a reference PBA elastomer with 0.01wt% Bf2e in section 1) In figure (b), the dashed

lines represent the fits to the initial modulus.

2.2 PBA-b-PAA core-shell latex films

The PBA-b-PAA core-shell latexes showed a distyndifferent mechanical behavior from the
PBA.shenlatex films. The stress-strain curve of a coreislagex (PAA2.5k, PBA100k), shown in
Figure 5-5 (a) and (b) as a light yellow line, slsoavhigh initial modulus while maintaining a good
extensibility. Generally, in rubber compounds theréase in modulus at low deformation, which
induces the nonlinear behavior, comes from fillbesf interactions- 2 In our study, the SN films of
PAA-b-PBA latexes also show this behavior, theiahimodulus of the film is much higher than that
of the pure PBA (red line) untél = 0.2 which is certainly related to interactioretviieen PAA-shells.
After this point, the PAA shells are broken int@ges and the material softens very markedly. The
mechanical behavior of the films after the brealifid?AA shells is dominated by the PBA core and
the extensibility of the latex films is relatedttee M, of the PBA block.

-183 -



Chapter 5: Structure and Mechanical propertidatek films and DN made from latex films

(@) (b)

1.5 020
(PAA2 5k, PBAT00K)gy

(PAA2.5k, PBAT00K)py
— PBA

0.15 —

0.10 —

05— :
005~ /7

E=0.28 MPa

o (MPa)
o (MPa)

(PAA2 5k, PBA100K )y,
(PAA2 5k, PBA100K)gy

— PBA
Gl | I T | {00 | | | I
2 4 G 8 10 12 0o 02 0.4 0.6 08 1.0
A g
Sampll Diatex (Wt% PAAsy (Wt% PAApN
(PAA2.5k, PBA100k 2C 2.5 0.t

Figure 5- 5: Stress- strain curve of PBA-b-PBA eshell latex films, type (PAA2.5k, PBA100k) and
their DN network films where the red line represeméference PBA elastomer with 0.01wt% BDA

(see in section 1)

The result for the latex DN film is shown as anngialine in Figure 5-5 (a) and (b). Compared to
the SN, the initial modulus of (PAA2.5k, PBA10gkXecreases as it is now interpenetrated with PBA
(Figure 5-5 (b)). This decrease is expected siheeshell structure is now diluted from 2.5 wt% to
0.5wt% of PAA (Figure 5-6). Yet the presence of ldtex stiffens the pure reference PBA elastomer
(red line in Figure 5-5) by almost a factor of 2180% strain and increases markedly the strain at
break with a pronounced strain stiffening staréug~6 and increasing until breakat11.

Remarkably, this increase in modulus and stredsestk with only 0.5%wt of dispersed PAA
shells, occurs without any reduction in extendipiland may be due to a combination PBA
entanglements and the interaction between PAAsHalling deformation.

PBA-b-PAA latex film (SN) PBA-b-PAA latex DN film

Figure 5- 6: Proposed nanostructure of PBA-b-PB&xaimple film (SN)
and PBA-b-PBA latex DN film.
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2.3 Differences between crosslinked latex, P(BA@DA), and core-

shell latex, PAA-b-PBA

To understand better the mechanical differencesdsst the chemically crosslinked latex P(BA-
co-BDA) film and the core-shell latex PAA-b-PBATfik, latex SN films and latex DN films are

plotted in the same stress-strain curve in Figdre 5

2.0
(PBAno-sheII)SN
I (PBAno-sheII)DN
15 (PAA2.5k, PBA100K)gy
. (PAA2.5k, PBAL100K)py
S — PBA
2 10
pd
o
%7 /
f—
0.0~ w w w w
2 4 6 8 10 12
A
Sample Dpaex (Wt% PAAYN (W% PAARy
(PAA2.5k, PBA100Kk) 20 25 0.53
(PBAno-sheID 18 0 0

Figure 5- 7: Stress-strain curve of PBAwifilm and PAA-b-PBA film, SN and DN network, and the
PAA composition where the red line represent aregfee PBA elastomer with 0.01wt% BDA (see in

section 1)

In SN films (dashed lines), the two films show dedim differences. The core-shell latex film
(PAA2.5k, PBA100K),shows significantly higher mechanical performancmpared to films made
from plain crosslinked latex particlas previously reported in the study of Chenal ebala series of
similar latexes. Thanks to the unique properties of PAA, which reman the glassy state at room
temperature (Tg = 106 "€y and creates physical crosslinks (through hydrdgemding or ionic
interactions) with other PAA chains, the films caneate a relatively continuous network and stiffen
the material.

After creating DN films, the mechanical propertiefsthe films (full line) show significant
improvements in modulus, stress at break and efmmgat break relative to the PBA film alone or to
the SN films. The (PBAsnhepon ShOWS a very steep strain stiffening at relativiely deformation
probably due to the limited extension of the ch&iesveen crosslinks of the PBA particles embedded
in the material. On the other hand, the DN film mddom the PAA-b-PBA latex film shows a

decrease in the initial modulus relative to thefliN (Figure 5-8) and the strain stiffening is b to
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very high deformations. The decrease of the initiadulus of the PAA-b-PBA latex in the DN film
indicates a dilution of the structure but in thzse PAA shells do not have any intrinsic finite
extensibility and the structure may even be paytdisrupted by the swelling process, as proposed i

Figure 5-6.

1.0
0.8 — *
<
o 0.6
>3
w 0.4 — P'S * *
0.2 — & SN
¢ DN
0.0
(atXoeme)en | (aXanadon | (PAA2.5k, PBAL00K)gy (PAA2.5K, PBAL00K)oy

Figure 5- 8: Initial modulus of PB#sheifilm and PAA-b-PBA film, SN and DN network.

Fracture toughness of latex films

Latex SN films and latex DN films were cut intotasand a single notch (1-1.5 mm) was cut in
the center edge of the specimens. The detailssdhgeconditions and the sample dimensions can be
found in Chapter 3. The fracture toughness of timegehed latex films was characterized in mode |
(extension) at 500 pm.séat room temperature. The fracture energy of thepses was determined
by using the Greensmith approximation (Chapterd 3n However, as we found some variations in
the properties of our DN films, the strain energgnsity W{. ), used for the fracture energy
calculation (Eqg. 5-3) will be calculated from thedgral of the area under the stress-strain cuf/es

the actual notched samples. As a result the valuésnay have been slightly underestimated.

_ 6cW ()

L

r Eq.5-3

where I'is fracture energy in J.mc is the initial length of the crack aid is the stretch ratio at the

maximum stress before the crack propagation.
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Figure 5- 9: Stress-strain curves of notched (iiodls) and unnotched (dashed lines) samples of

(PBAno-sne) and (PAA2.5k, PBA100K), (a) SN and (b) DN

In the latex SN films (Figure 5-9 (a)), it is obumthat the core-shell latex of (PAA-b-PBA)
has a much better fracture resistance than thelicrksd P(BA-co-BDA) or (PBAy.she)sn. Due to the
nanostructure of the film and the glassy naturthefPAA, the (PAA2.5k, PBA100k) with a single
edge cut does not show a significantly differeritdséor from that of an un-notched sample (shown as
a dashed line). The sample can absorb and distribell the stress around the crack tip and prevent
the crack propagation very effectively. It shoulibted here that such a core-shell film withowt an
chemical crosslinks is able to flow at high straarsd undergo significant plastic deformation, a
desirable feature to reduce stresses a the crpckuti also source of irreversible and permanent
deformation after removal of the stress.
After creating DN films (Figure 5-9 (b)), in thBAA2.5k, PBA100ky)y, the nanostructure of the
PAA shell remains but the PBA network creates nowoatinuous lightly crosslinked network
throughout the film which suppresses most of theversible plasticity of the SN. This increase in
elasticity while reducing the fracture propertiesnpared with the viscoplastic SN.

For the crosslinked latex, P(BA-co-BDA), the nadksample of (latg@¥she)on ShOWS an
obvious increase in fracture energy by a factob dfFigure 5-9 and Table 5-3). This increase in
fracture toughness in the DN films may come frora thternal fracture of covalent bonds in the
particles at the crack tip analogously to what hagn observed in acrylate double network

elastomers.
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Sample I (kJ/nf)
(PBAns-shesn 0.07
(PBAw.she)on 0.63 +0.04

(PAA2.5k, PBA100ksy 3.95+ 1.5
(PAA2.5k, PBA100K}y 2.53+0.36

Table 5- 3: Fracture energy of SN and DN of (RBAx) and (PAA2.5k, PBA100K)

Energy dissipation

Understanding the energy dissipation mechanismsa ohaterial is a key to optimize the
reinforcement of the mechanical properties andantiqular the toughness. It is therefore intergstm
verify the nature of the dissipative propertiedha# latex DN films, which possess a high toughness.
The dissipation properties of the DN films wererelsterized with loading-unloading cyclic extension
tests at increasingly large values of strain. Thpeemental method and testing conditions are

described in Chapter 3 and the applied strain tyissathe one shown in Figure 5-2.

1.5
I (PBAno—shell)DN
[(PAA2.5k, PBAL0OK)]y

= 1.0
o
=
&

0.5 —

0.0 T x x x x

2 4 6 8 10 12
A

Figure 5- 10: Step-cycle extension tests of latBkfilms of (PBAnshep @and (PAA2.5k, PBA100K).

Figure 5-10 shows the data for the (RB&ejon in green, and (PAA2.5k, PBA10Qk)in orange.
Clearly, these two kinds of latex DN films have welifferent dissipative behaviours. The DN made
from the crosslinked latex, (PB&sedon, Shows very little bulk hysteresis suggesting tihatre is
very little bond breaking of the crosslinked netkin the particles. In contrast, in the core-sta#x
films, (PAA2.5k, PBA100k)y, dissipation is found both in the first cycle (ehiwe will call the
major loop) and in the stabilized cycle (the mitmop). The dissipation energy of each loop (major

and minor) in each step extension are then analyzbdthe method described below.
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Analysis method for energy dissipation

The dissipated energy for each step extension eacaltulated by integrating the area of the
stress-strain curve of each lobp.The analysis of the dissipation of energy was attarized for the
major loop (the Icycle), Hys,,, and for the minor loop (thd@2repeating loop), Hys, for each step
extension. In general, the major loop of each &epelated to irreversible damage to the internal
structure of the material. The hysteresis of theaamiloop or repeating loop is due to viscoelastic
dissipation at fixed structure, the hysteresis shtve effect of pendant chains and free chains. The
normalized hysteresis (Hyg'W) which is the ratio of a major hysteresis tmtak work done to the
system is also characterized as described in Fipl'e The input work of each extension loop can be
determined by the area under the stress-strairecurv

Moreover, the residual deformation or permanentdeeach major loop which shows the
viscoelastic effect also can be analyzed and stasvdef,s The initial modulus of each major loop,
Enq IS also the key to characterize the damage toéfwork. The K4 can be determined by fitting

the loading curve at low deformation (Figure 5-11).

12 [(PAAZ.5k, PBA100K)]py

oN (MPa)

Figure 5- 11: The calculation of the hysteresithefmajor loop (Hyis,), relative hysteresis
(Hysmaf W), and initial modulus of major loop &)

The evolution of the dissipated energy of the (PAX2PBA100kyy as a function ok is shown
in Figure 5-12. The dissipated energy, shown as.flgsid Hys,, increases markedly with applied
strain along with the residual deformation (gfwhich reached i, = 2.25 in the last cyclé\fax =
11) before breaking. The Hyg which is characterized in a hysteresis loop byualwading curve
shows significant softening. This behavior is knoas the Mullins effect and it is mostly found in

filled elastomers. The origin of the Mullins effect filled elastomers was described by two main
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approaché$, i) the hard rubber phases are transformed irftasbber during unloading and ii) the
damage corresponds to breaking of polymer chains.

In our study, we filled a soft PBA elastomer witblymeric fillers (PAA-b-PBA) in which PAA
forms a network of harder shells. The hysteresitheflatex fromiynax= 0 t0Ana= 2.5 (interval 1)
slightly increases and then a dramatic increasebeafound in interval Il. The hysteresis at low
deformation (phase I) may be due to the progredsigaking of PAA shells and to the breaking of
connections between them while the hysteresisght tieformation (phase 1) may be more related to
the disentangling and breaking of PBA chains. Thef.Dof the latex DN film also increases
monotonously with applied maximus The Def.s was observed to correlate with the softeHiramd
we found clearly this effect in our latex DN. Thariation in initial modulus observed in the major
hysteresis loop is shown in Figure 5-12 (b). A daindecrease of ; can be clearly observe aftet 1
cycle Qumax= 2.5). This confirms that the damage of the nekwamrcurred, especially in the beginning
of the loading td.,ox= 6 due to the breaking of the network of PAA shéllhe effect of breaking the
PAA-shell also can be seen by plotting the norredlizysteresis Hyg/W, which is highest for the™L
and 2¢ cyclic extension, where more energy is needdit¢ak the PAA-shells.

(@) (b)
1.0 4.0 . :
- - HySpmq STD film : HYS e/ W STD film
—~ 08 HySy STD film 3.5 R 0.6 1 L & Enyfim
= Defes STD film = i
2 | — 3.0 0 !
< 0.6 — i % i
2 [ —25_> 3 :
5 i 2 £ !
o 0.4 . _¥ S = ;
2 : - ¥ 2.0 g
= 1 - — =
T 02 ) - =
-2 - ¥ L
-~ - 15
_ ¥
0.0 =1 w w w 1.0
2 4 6 8 10 12 12
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Figure 5- 12: Energy dissipation analysis of edep extension of the standard latex film (PAA2.5k,
PBA100k}y
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3. Mechanical results of PAA-b-PBA core-shell latex fms

with modified compositions

3.1 PAA-b-PBA latex film with a crosslinked PAA-SHell

In this section, the objective was to reinforceititeractions between PAA shells of the PAA-b-

PBA core-shell latexes. Two methods were used:

i) Creating physical crosslinks by introducing a aaitgpolymer (PADAME) in the water
phase, creating therefore ionic bonds with theaarate group of PAA-shells.

ii) Introducing ionic interactions between carboxylgteups of PAA (COO-) and cations
generated by NaOH (Ng which were used for the pH adjustment duringgiethesis

of the core-shell latexes.

The impacts of these ionic interactions in the Pgk&ll on the mechanical properties of the films are

reported in this section.

3.1.1 Crosslinked PAA-shells by added PADAME

To create physical crosslinks between PAA-shelBABAME cationic polymer was added into
the PAA-b-PBA latex solution before drying to ceedle films. The step by step preparation of the
PADAME addition was described in Chapter 4, secBah In this study, two different amounts of
PADAME were added to the latex solution (0.2 eql @ré5 eq., corresponding to 1.1 and 3.4 wt% in
the dried film respectively). The effect of the gtity of PADAME on the mechanical properties of
the latex films is presented in Appendix A. Here wil only present the results for 0.65 eq.
PADAME addition and compare the mechanical properof the resulting films with those of the
unfilled PBA or those of the standard latex filmA@2.5k, PBA100K)y .

3.1.1-1 SN films of PAA-b-PBA with added PADAME

The mechanical performance of the dried films of AHAPBA latex films with additional
PADAME were tested in uniaxial extension. The sstsain curves are shown in Figure 5-13 in
comparison with the standard PAA-b-PBA latex films.
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Figure 5- 13: Stress-strain curve of PAA-b-PBAXaBN film with PADAME addition, and standard
latex film

The initial modulus of the latex simple films with65 eq. PADAME addition is remarkably
increased (E =25 MPa). The physical crosslinks iteplaby the PADAME/PAA interactions to the
PAA shells result in a better organization of thiek particles. The particles can form a tightlygkl
structure. The extensibility at break of the cdrelklatex films appears to be mainly controlledtbg
M, of the PBA. However, a slight difference in exiensat break can be found when comparing with
the standard latex films which could be due to alkudifference in M of PBA, M, of the standard
latex being lower than of Mof latex used for the latex with the PADAME additi(see the details in
chapter 4, Table 4-4 for TL103 was used for crgatinatex film with PADAME addition, and TL85
for the standard latex film).

In addition, considering the overall mechanical dabur of the latex films, latex films with
PADAME addition are qualitatively different fromehstandard latex film. At low deformation, the
modulus of the latex simple films with 0.65 eq PARE addition is very high and beyond the values
expected from entropic elasticity, until a criticitess 4.) is reachedg. = 0.4 MPa. After this point,
the specimens undergoes a yield process and adafgamation with a small increase in the applied
load. Presumably in this regime, the PAA shell relwis broken irreversibly and the behaviour is
then dominated by the rheology of the PBA coreimilar result was also reported by Chenal éal
% In addition the latex film with 0.2 eq PADAME wasported to form a necking during the tensile

test.

3.1.1-2 DN films based on the PAA-b-PBA with adst PADAME

DN latex films were synthesized from the formerigadissed nanostructured SN, containing 0.65
eq. PADAME. The mechanical properties of the DNn8&l were then characterized in uniaxial
extension, strain controlled step-cycle extensiuth single edge notch fracture tests. We will staet

analysis with the results of uniaxial extensioslagwn in Figure 5-14.
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15 (PAA2.5k, PBA100K)py,
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Figure 5- 14 Stress-strain curves and wt% of PAAHAA-b-PBA DN films with 0.65 eq.
PADAME, standard DN films, and reference film (SRAfilm).

Intuitively we would have expected that the diffege in stiffness and yield stress of the latex SN
films (Figure 5-13) should also result in differeadn the DN. Unfortunately little difference caa b
observed in the stress-strain curve and the PADAddEed films result in even lower stresses at a
higher volume fraction of PAA. This is particulasyrprising given the large difference in moduli in
the SN and suggests that either the swelling psobes significantly disrupted the PAA structure
formed by the ionic interactions or the PADAME wdissolved in the BA bath during the swelling
process. Since particles need to swell to form dioeble networks, the shell should not be
mechanically too strong to be able to deform t@mawnodate the change in volume without breaking
apart. The collapse of the shell decreases signifig the toughness of the latex film. Moreover, we
did not test the solubility of PADAME in the BA momer; PADAME may dissolve and leave from
the film during the swelling process, resultindass effect of PADAME on the DN.

Fracture toughness

Fracture tests on notched samples studied withesedge notched DN latex films are shown in
Figure 5-15. The fracture energy calculated byGheensmith equation using the strain energy density
calculated in notched sample, presented in Talle 5-
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Figure 5- 15: Stress-strain curves of notched sesnpll (PAA2.5k, PBA100k) latex DN with 0.65 eq.
PADAME addition, and standard latex DN films

We observe slight differences in the stress-stcanve of the notched samples in fracture tests
compared with the tensile test in un-notched sasnfliee core-shell latex with 0.65 eq. PADAME
added shows a better stress at break and lowegatlon at break, while the initial modulus is sianil
to that of the standard latex film (E = 0.33 MPd &34 MPa for standard DN and 0.65 eq. PADAME
DN respectively) . These small differences may be t ionic interactions between PADAME and
PAA.2 ® The fracture energy has a variability for the Difi§ made from the latexes with PADAME,
however, it seems to slightly increase relativheostandard film, as shown in Table 5-4

Sample I (k3/nf)
(PAA2 5K, PBA100K)y 2.53+0.36
[(PAA2.5k, PBA100K)0.65 eq PADAME], 3.16+0.15

Table 5- 4: Fracture energy of (PAA2.5k, PBA10GkKEek DN with 0.65 eq PADAME addition,
and standard latex DN films

Energy dissipation

The dissipative properties of the PAA-b-PBA lateX Bilms with PADAME addition, were
characterized by step-cycle tests, and comparetl thi¢ standard latex DN films, (PAA2.5k,
PBA100Kk)}y (Figure 5-16).
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Figure 5- 16: Cyclic extension of (PAA2.5k, PBA1)0&tex DN with 0.65 eq. PADAME addition,

and standard latex DN films

Again, the DN films prepared from latexes with PAME addition do not show significant
differences from the standard DN film. All latex DiNns show obviously the Mullins effect, which is
the presence of strain softening under unloadingdition. The dissipative properties of each DN
films were characterized as explained in Chaptese8tion 1.2.2 and analysed as explained in the
analysis method of energy dissipation, section &.®lot of the evolution of the major and minor
hysteresis, permanent set, relative hysteresisiratidl modulus of the major extension loop as a
function of the applied.x are shown in Figure 5-17.

Overall, the dissipation energy of the latex DNnfilvith 0.65 eq. PADAME does not show
significant differences from that of a standar@xabN film. A slighly higher Hyg; can be found in
DN PADAME film which may be due to the free PADAM#ter the breaking of physical bonds with
the PAA-shells. In Figure 5-17 (b), we found thia¢ iinitial modulus of the *Llmajor loop in DN
PADAME film was a bit lower than for the standaateix DN film. The relative hysteresis (HygwW)
is slightly lower at low deformations.€5). These results indicate that the PADAME chalasnot
perform well as physical crosslinks in the latex Bih. PADAME may act as free polymer which
diminishes the homogeneity of the film, resultingai lower energy to break the PAA bond (lower in

Hysna/W) and lowering the initial ,modulus of the films.
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Figure 5- 17: Energy dissipation analysis of edep extension of (PAA2.5k, PBA100k) latex DN
film with 0.65 eq PADAME addition relative to theaadard latex DN film

In conclusion, the addition of PADAME to PAA-b-PBAtex significantly reinforces the latex
SN film, especially the initial modulus of the filllowever, it has little positive effects on reirdimg
PBA in the DN films. The swelling process to cree film probably disturbs the physical crosslinks
between the PAA-shells or PADAME may dissolve in B#&h during swelling.

3.1.2 lonic interactions through PAA deprotonationwith NaOH instead
of NH,OH

Leaving residual ions in latexes to form ionic bemsl another way to create physical crosslinks
between PAA-shells. Cationic ions can form physiomaids with carboxylate ions (CQGn the PAA-
shells, and may create different types of physwalsslinks relative to those created between
PADAME and COQ

In our standard latex synthesis, MM was used to adjust the pH of the monomer mixed
solution according to former studies by Chenallet%ithe acrylic acid units in latex film are in their
acid form since NHlis evaporated during film formation and also bgmration at 100 °C. Now, in
order to play with the degree of ionization of WA (i.e. to transform at least partially the PARAa
carboxylate anion), NaOH was used instead of,Qil The latex synthesis using NaOH for pH
adjustment released residual Nuring the film formation process, while waterrfad through acid-
base reaction (OH- with H+ from PAA) evaporatedhwhe serum water and leaves C@fions and

Na' cations in the latex film, which can form physitedosslinks” through ionic interactions.
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3.1.2-1 SN films of PAA-b-PBA with N& counter ions

The mechanical properties observed in uniaxialrestte at room temperature of PAA-b-PBA
latex films with Ndcounter ions are shown in Figure 5-18. Similarlywthat was observed with
PADAME crosslinked PAA-shells (see in section 3Hg initial modulus of the films significantly
increases at the beginning until it reaches acatitressd.), o. = 0.2 MPa. Then the deformation of
the specimens continues to deform up to 2.8 before breaking without observing any negkifhe

stress at break of latex films with Neounters ions is around 0.4 MPa.

0.7

[(PAA2.5k, PBA100K) NH,'Tsy

0671 [(PAA2.5k, PBA100K) Na' ey

0.5 —
0.4 -|E=10.44 MPa

0.3

Oy (MPa)

0.2 —

O.lJ

Figure 5- 18: Stress-strain curve of PAA-b-PBA ¥ditms with N& counter ions and latex films.

The two studies introducing reinforcing interacoto the PAA-shell of the latex, using a
cationic polymer (PADAME) or ionic interactions (@2/ Na), show that the shell-shell interactions
probably promote a better organized, or at leagtanger interface between particles in the filras a
demonstrated by the drastic increase of the initi@tlulus of the films. They do not however affect
much the extensibility of the films.

3.1.2-2 DN films based on PAA-b-PBA with Nacounter ions

The tensile stress-strain curves of a DN film m&den PAA-b-PBA with N& counter ions is
shown in Figure 5-19.
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Figure 5- 19: Stress-strain curve and wt % of PAARAA-b-PBA latex DN films with Nacounter

ions, standard latex films and the reference fiiN PBA film).

The stress-strain curve of the latex DN film witd'é slightly higher than that of the standard
latex DN film made with NEOH. In addition, the initial modulus of the tworfi§ is similar and it is
intermediate between that of the latex SN films drad of the simple PBA elastomer, indicating that
the network formed by the PAA shells was brokerirduswelling and that the nanostructure of PAA

shells has changed in the DN film.

Fracture toughness

A slightly higher fracture toughness is found i tBN film with N&a counter ions, [(PAA2.5K,
PBA100K) Nd]pn, (Figure 5-20 and Table 5.5). This reinforcemaniniisible in the modulus but
appears in the extensibility of the notched filmsg &ence in the fracture energy. It is possiblé tia
stronger interactions between PAA broken shells predence of ions in the films introduces more

energy dissipation at large strain (the strairthetrack tip must be very large).
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Figure 5- 20: Stress-strain curves of single-edgemsamples of DN made from PAA-b-PBA latex

films with Na” counter ions and from standard latex films

Sample I (kd/nf)
[(PAA2.5k, PBALOOK)NH o 2.53+0.36
[(PAA2.5k, PBA100K)NA] oy 3.38+0.08

Table 5- 5: Fracture energy of PAA-b-PBA latex D16 with Na counter ions and standard latex
films, ? the fracture energy determined by Greensmith amprand the fracture energy determined
by the area under stress-strain curve of notcheglsa

Energy dissipation

The energy dissipation properties of DN films [(PABk, PBA100k) N§yy and of DN made
from standard latexes [(PAA2.5k, PBA100k)NHy, are characterized by loading-unloading cyclic

extension tests and the stress-strain curves avensin Figure 5-21.
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Figure 5- 21: Cyclic extension of PAA-b-PBA lateNDilms with Na counter ions and standard

latex films
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DN films of [(PAA2.5k, PBA100k) N§pn, show 20% higher values of stress at break and
energy dissipation for equivalent levels of stragain showing some reinforcement. The stress of the
latex DN films with N& counter ions obviously increases along the extenand notably increases at
high deformation. To improve the understanding,dissipation of energy during the cyclic tests was
analysed using the method previously presentece@tion 2.3. The correlated plots of hysteresis,

residual deformation and initial modulus can benfibin Figure 5-22 (a) and (b).
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Figure 5- 22: Energy dissipation analysis of edep extension of PAA-b-PBA latex DN films with

Na" counter ions and standard latex films

By the analysis, we found that both the damageehgsis (Hys,) and viscoelastic hysteresis
(Hysy) of the latex DN film with N& counter ions are higher than the standard DN filsing
NH,OH. The residual deformation (Dgf of the latex DN film with N& counter ions is markedly
higher, especially at high deformation as the tesfuDefs of DN film with Na'is ~2.9 while Defs of
DN film with NH,OH is ~2.2. All these results point to a more extengednanent damage during
loading in latex DN film with Nacounter ions, which may be due also to the straatfithe network
of shells that is probably already rather discargims after the swelling. The softer shells of the
standard latex may be less dissipative as theyrmieiio the soft matrix and give therefore a lower

level of hysteresis and a lower residual defornmati@. more reversible elasticity.

This same conclusion can also be inferred by tlwdugon of the initial modulus of the major
hysteresis loop or g, shown in Figure 5-22(b). The sharper decreasg.gfiEthe latex DN film with
Na" can be clearly observed in the second major laop 3), due to the breaking of PAA-shells. The
much lower Ein the latex DN film with Na counter ions indicates the more damage occursein t

film and is consistent also with the higher fraetenergy.
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3.2 PAA-b-PBA latex film with a crosslinked PBA-coe

Multifunctional monomers or crosslinkers have baeed to control particle morphology and the
mechanical properties of the latex, synthesizedrbylsion polymerizatiof?. It has been reported that
by using a core-shell latex with a chemically clioked core, hardness, resistance to solvents,
chemicals and detergents can be incre&séfl.In our study, we explored the potential of this
crosslinking technique to toughen the PAA-b-PBAeXatand for that purpose two kinds of
crosslinkers, BDA and DVB were used. The crossliskaf our study are hydrophobic, therefore
during the synthesis of the latex they remainedh Bif and crosslinked the PBA-core. The method of
synthesis and latex characteristics are reportethapter 4, section 2.4.3. The effect of crosstyge

on the mechanical properties of the films will bgcdssed in this section.

3.2.1 Crosslinked PBA-core by BDA

1,4-Butanediol diacrylate or BDA is a linear bifunctadnmonomer, used as a crosslinker in
various formulations! BDA possesses two polymerizable acryloyl groupsictv are linked via a
flexible chain of four carbon atoms. The structafdBDA is shown in Figure 5-23. The crosslinking
with BDA is performed during the RAFT emulsion poigrization process while creating PAA-b-
PBA latex. The resulting latex SN films showed ghler rigidity and lower stickiness compared to the

uncrosslinked samples. The physical appearandeedflins is shown in Chapter 4, section 3.1.

O
A(O\/\/\OV

O

Figure 5- 23: BDA structure

In our study, the films were prepared with 3 diéier BDA concentrations (0.1, 0.3, 0.5 mol%).
However, in order to see more easily the effearo§slinking PBA with BDA, we show here the latex
SN films and DN films of latex with 0.3% BDA comat with the standard latex film. The results for

the other crosslinker concentrations can be foarfspipendix A.

3.2.1-1 SN films of PAA-b-PBA crosslinked by BDA

The mechanical properties of the latex SN film$8fA-b-PBA with a PBA-core crosslinked by
BDA are very different from those of the standaatex films (Figure 5-24). The BDA crosslinked
films have a lower initial modulus compared witlarglard films and a much lower extensibility,
probably due to the presence of the crosslinkechvhimits chain stretching.
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Figure 5- 24: Stress-strain curves of PAA-b-PBA&kaiilms with a PBA-core crosslinked by 0.3%
BDA, and standard PAA-b-PBA latex films

The lower initial modulus of crosslinked films (EG=7 MPa) suggests that the nanostructure of
these crosslinked films is different and less wefjanized. TEM images (Figure 5-25) show that the
latex particles are at least more rigid (they doflatten and appear round). This may result iess |
well organised structure or at least less perewjatherefore reducing the stiffness of the film.

(@) (PAA2.5, PBA100) 0.3% BDA (b) (R&.5, PBA100), standard latex

Figure 5- 25: TEM image of latex (PAA2.5 PBA1003% BDA,
and standard latex (PAA2.5, PBA100)

3.2.1-2 DN films based on PAA-b-PBA crosslinked bBDA

DN films were synthesized from core-shell latexmnfl with PBA-cores crosslinked by BDA,
using the sequential interpenetrating network tephe As expected, the presence of BDA in the latex
films limits the swelling of the film and as a résW«is higher in the corresponding DN (Figure 5-
26).

-202 -



Chapter 5: Structure and Mechanical propertidatek films and DN made from latex films

2.0
[(PAA2.5k, PBA100K) 0.3% BDA]py
(PAA2.5k, PBA100K)py
15 4 —— PBA
;“f\ E=0.71 MPa
2 104
pd
o}
0.5 -
/%I
0.0 = \ \ \ \
2 4 6 8 10 12
A
Sampl Datex (Wt% PAAgy (Wt% PAApN
[(PAA2.5k, PBA100K) 0.3% BDZo 3C 2.2 0.6€
(PAA2.5k, PBA100kpy 2C 2.4 0.4¢

Figure 5- 26: Stress-strain curve and wt% of PARARA-b-PBA latex DN film with crosslinked
PBA-core by 0.3% BDA, standard PAA-b-PBA latex filand reference film (PBA film)

The stress-strain curves of the latex DN films,riedr out in uniaxial extension at room
temperature show that the strain stiffening conies much lower extension in DN films containing
BDA crosslinker (Figure 5-26). As we saw beforee thitial modulus of the standard latex DN film
decreases relative to its SN counterpart becauieeathanging nanostructure of the films occurring
during swelling. However, in DN films made fromdaes containing BDA crosslinker, the initial
modulus does not change much relative to thatefdtex precursors (Figure 5-27).

By crosslinking the PBA-core, the latexes probdblyn more rigid particles and therefore create
a less connected network of PAA shells during tlme formation process. SN films show therefore a
lower initial modulus and swell less compared wsthndards latex SN film. The swelling of these
latex SN films is limited by the chemical crossknitroduced by the BDA, resulting in a lower
swelling equilibrium. However, the nanostructuretioé SN film seems unaffected by the swelling
process. Finally, the DN film of latex containinddB crosslinker shows an extensibility which is
intermediate between that of the the respective(@hpare figures 5-24 and 5-26) and that of the
simple PBA elastomer, while the initial modulus DN remaining similar to that of the SN film
(Figure 5-27).
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Figure 5- 27: Initial modulus of latex SN films aladex DN films of PAA-b-PBA with crosslinked
PBA-core by 0.3% BDA

Fracture toughness

Results of fracture tests on DN films made fronexas of PAA-b-PBA with BDA crosslinker
are shown in Figure 5-28. The fracture energieshef DN films calculated with the Greensmith

approximation and the energy of notched samplsfze/n in Table 5-6.

06
—— [(PAA 2.5k; PBA 100k) 0.3%BDA]py,
0.5 — (PAA 2.5k; PBA 100K)py

0.4 —

0.3 —

0.2 —

0.1 —

0.0 T T T

Figure 5- 28: Stress-strain curve of single-edgemeamples of DN films made from PAA-b-PBA
with BDA crosslinker and from a standard PAA-b-PB#ex film

A marked decrease in fracture energy of DN with B&8sslinker relative to that of the standard
DN is observed due to the greatly reduced extditgitnf the notched samples. Although, the
presence of the crosslinker increases the modufusinaotched samples and give interesting
intermediate properties, the resistance to craokggation is worse than the standard DN. This is a
somewhat surprising result since the strong saftetim the stress-strain curves of the unnotched
sample (Figure 5-26) suggests a damage mechansmusally also toughens the material. This

suggests that once the stiff phase responsiblthéohigh modulus is broken (after= 2 in Figure 5-
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26) the material must retain considerable elagtaitd is not able to dissipate much energy. We now

check this hypothesis by performing step-cyclestest

Sample I (kd/nf)
(PAA2 5k, PBAL00K)y 2.53+0.36
[(PAA2.5k, PBA100k)0.3%BDAyy 1.5C

Table 5- 6: Fracture energy of DN films made froAAPb-PBA latex with BDA crosslinker and from
the standard PAA-b-PBA lateXthe fracture energy determined by Greensmith amprand the
fracture energy determined by the area under sttesi® curve of notched sample.

Energy dissipation

The stress-strain curves during the loading-unlugaditep cycle extension tests for the DN
containing the BDA crosslinker compared with thansliard latex can be found in Figure 5-29. The
DN films with BDA crosslinker shows a very sign#iat dissipation of energy (due to irreversible
damage) in the"? and the 8 extension ste\f.x = 4.2 and 6 respectively). In contrast, the ldbk
standard film shows a consistent level of energgigation until the final loop\f,ax = 10.5) which has

a higher dissipation before breaking.

2.0
[(PAA2.5k, PBA100K) 0.3% BDA]py,
(PAA2.5k, PBA100K) oy
15—
<
o
\E./ 1.0
Z
o)
0.5
0.0 \ \ \ \ \
2 4 6 8 10 12
A

Figure 5- 29: Strain controlled loading-unloaditgpscycle test of PAA-b-PBA latex DN films with a
crosslinked PBA-core with 0.3% added BDA, and stadd®AA-b-PBA latex films

The results of the hysteresis analysis, describexkction 2.3 can be found in Figure 5-30. The
hysteresis of the damage loop in each step exteifsigs,,) is markedly higher for the DN film with
0.3% BDA, [(PAA2.5k, PBA100K) 0.3% BDA], relative to the standard latex. At low deformation,
the difference is small. However, the hysteresistted major loop (Hys) shows significant
differences at high deformation. The irreversibdendge of [(PAA2.5k, PBA100K) 0.3% BD#\ at
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high deformation probably comes from the breakaigthe BDA crosslinks and maybe some PBA

polymer chains resulting in a much higher valuélgé,,than that of the standard latexiat 3.
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Figure 5- 30: Energy dissipation analysis of edep sxtension of PAA-b-PBA latex DN films with a
crosslinked PBA-core with 0.3% added BDA, and stadd®AA-b-PBA latex films

Interestingly, the minor loop hysteresis (Hy®f each sample which comes from the viscoelastic
dissipation of free chains and branches is bariglyen for [[PAA2.5k, PBA100k) 0.3% BDA), than
for the standard DN film. This may be due to thecsiic structure resulting from the damage through
bond breaking. The connecting network of the PAZAlilshbreaks first and then creates more
imperfection. It is interesting to note howevertttiee residual deformation is not very high, sa tha
these crosslinked materials damage but maintagryagood elastic recovery being in this sense more
similar to chemically crosslinked filled elastomef3espite the large dissipative damage at large
strain, this reversible elasticity, combined witie tlow extensibility due to the presence of the
chemical crosslinks may be the key factor redutiregfracture toughness of the material.

In Figure 5-30 (b), the initial modulus observedhie major extension loop is higher for the latex
DN with BDA. The BDA crosslinker reinforces thetial modulus as seen in the tensile tests (Figure
5-26). The relative hysteresis (Hy8V) does not show differences at low deformationcsi
presumably the energy is needed there to break BWels, but the differences increase at high

deformation where hysteresis may be due to thekimgeof BDA crosslinks in the core of the
particles.

3.2.2 Crosslinked PBA-core by DVB

Divinylbenzene or DVB is a versatile chemical cfivésng agent containing two reactive vinyl
groups (Figure 5-31). DVB is generally usedamsa crosslinking agent in the polymerization of
styrene and copolymers of styrene. Moreover, itlmamopolymerized with various other monomers,
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such as chlorostyrene, butadiene, isoprene, cyalagiene, methyl methacrylate, vinyl acetate and

other vinyl derivatives®

S
Figure 5- 31: DVB structure

DVB is more hydrophobic than BDA, and has wateubiity closer to that of BA than BDA
does, where the solubility in water of DVB is 0.9640f BDA is 1.7% and of BA is 0.2%. It has been
reported in other studies of crosslinked ethyl katey that a very different hydrophobicity of
crosslinker vs momomer, causes a less uniform ildigion of crosslinks within the polymer
matrix!°?® # Thus, regarding the differences in water-solupiind in reactivity ratios of BDA and
DVB with BA the respective crosslinked latexes ntigiave some differences in the crosslinking
distribution, which might result in different mecteal properties of the dry films.

In our studythe effect of DVB addition was qualitatively veryrdar to that of adding BDA.
Therefore, the mechanical characterization of l&&&k and DN with different DVB loading are

discussed iM\ppendix A.

3.3 The effect of the M on the PAA (shell thickness)

PAA is a homopolymer of acrylic acid which has@df 106 °C in its acid forrf.°In the PAA-
b-PBA copolymer latex, PAA is a soft shell swollenwater. However, after drying to create latex
films the PAA transforms from a soft shell to aggia shell and forms an imperfect network of shells
through hydrogen bonds between each PAA polyméainc In the PAA-b-PBA latex, a variation of
the M, of PAA is also a key factor in changing the medtarproperties of the latex films.

In our study, the PAA of the latex was increasgdising different sizes (W of the PAA macro-
RAFT agents, M2.5, 3.8 and 5.8 kg.milIn order to study the effect of the PAA blockdémon the
mechanical properties of the latex films, thg & PBA was controlled to be stable as much as
possible, M ~ 100 kg.mo‘f. The method to synthesize PAA-b-PBA latexes wiffecknt M, of PAA-
shell and the effect of the size of the macro-RA#gENt on the polymerization process can be found
in Chapter 4, section 2.41 and 2.42. In this sactille mechanical properties of the films made with
different M, of PAA or different PAA-shell thicknesses will beported.
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3.3.1 SN films of PAA-b-PBA with different M, of the PAA

The mechanical properties of PAA-b-PBA latex filmish different M, of PAA, characterized in

uniaxial extension at room temperature are predentEigure 5-32.

25
(PAA2.5k, PBAL00K)gy,
20— —— (PAA4K, PBA100K)gy
—— (PAABK, PBA100K)sy
3 1.5 —
=
& 10—
0.5
0.0 \ \ \
1 2 3 4 5

Figure 5- 32: Stress-strain curve of PAA-b-PBA diéms with different M, of PAA

The M, of PAA has clearly a dramatic effect on the mectanproperties of the SN film. Latex
films with a thick shell (PAA 6k, PBA100ky) present a very steep slope of the stress-straie @and
after reaching the critical stress) o. = 2.1 MPa, the films suddenly breaks at low sgdin< 1.2).
The extremely high initial modulus indicates a sgaetwork of PAA shells and latex particles
packed into a stiff but brittle nanostructure. Sitloe critical stress used to break the PAA netvierk
very high, the PBA is not able to resist fracturethe shell network is broken. Lower, bf PAA
result in a decrease of the initial modulus anddased extensibility. However only (PAA2.5k,

PBA100K)y results in a really extensible film.

3.3.2 DN films based on PAA-b-PBA with different M of the PAA

The mechanical properties of DN films made fronexas with different Mof PAA (PAA4k,
PBA100OKk}y, and (PAA2.5k, PBA100k), were studied in uniaxial extension tests, andltesre
shown in Figure 5-33.

The higher M of PAA, (PAA4k, PBA100k)y shows a higher initial modulus and stress at hreak
while keeping a high extensibility. Increasing Mgof the PAA limits the swelling ability of the latex
films, resulting in a higheb,exin (PAA4k, PBA100kpyy and a much higher PAA content (wt% PAA)
in DN films. The higher M of PAA gives rigidity to the latex SN film. Howeneduring the
fabrication of the DN, we found difficulties in wgj a high M PAA films such as (PAAG6K,
PBA100k)y. The films were broken during swelling in the mores bath, and DN films could not be

obtained.
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Figure 5- 33: Stress-strain curves and wt% of PABN films made from PAA-b-PBA latexes with
different M, of PAA

From Figure 5-33, the (PAA4k, PBA10@k)shows a more pronounced strain stiffening around
A = 6 relative to what is observed with the standatdx that has a thinner shell. Once the shell
network is broken (leading to the softening) one itaagine that the broken shells act as fillers and
higher filler contents lead to an earlier straindeaing. Apparently this could be analogous to vifat
observed for filled elastomef$However one should point out that the volume foacof PAA is here
only of a few percent (< 2 wt%), while these eféegte observed in filled elastomers at 15-20 vdt%.
is likely therefore that the covalent link betweba PAA and PBA is responsible for this strong &ffe

of the small volume fraction of PAA in the material

Fracture toughness

The fracture properties of the latex DN films of &RA-PBA with high M,of PAA (PAA 4k,
PBA 100k) and the standard latex (PAA2.5k, PBA )0@kre studied by fracture in a single edge
notch test. The stress-strain curve of notched kEsgve shown in Figure 5-34.
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Figure 5- 34: Fracture tests of DN films made fie&A-b-PBA latexes with different yof PAA

For these notched samples the modulus and stréseak of the latex DN films of (PAA4K,
PBA100OKk)}y are higher but their extensibility at the pointashck propagation is lower. Hence, a
slightly higher fracture toughness was found fae (RPAA4k, PBA100k)y as shown in Table 5-7.
Increasing théM, of the PAA and therefore the average thicknesshefghell results in an

improvement in fracture resistance.

Sampli I (kd/n)
(PAA2.5k, PBA100kpy 2.53+ 0.3
(PAA4k, PBA100Kyy 2.94 + 0.52

Table 5- 7: Fracture energy of PAA-b-PBA latex O with different M,of PAA.

Dissipation of energy

The loading- unloading cyclic extension tests &g in Figure 5- 35. The DN film with the
higher M, of PAA, (PAA4k, PBA100k)y shows a larger major loop hysteresis. Howevebetmore

quantitative the energy dissipation analysis wadieqg here.
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Figure 5- 35: Strain controlled loading-unloaditgpscycle test of PAA-b-PBA latexes with different
Mnof PAA

The analysis of the hysteresis of each major lddps{) and minor loop (Hys,) and the
residual deformation (Dgf) of the film are shown in Figure 5- 36 (a). If wensider the Hys,; and
Defes0f (PAA4k, PBA100kpy, we can see that the amount of hysteresis ancetidual deformation
of the film are similar to that of the standardelatDN film, (PAA2.5k, PBA100k)y at low
deformation wheré.,.c < 8. At higher deformation, the Hyg and Defsof (PAA4k, PBA100kyy
significantly increases, similar to what occurshwttie strain hardening behaviour in the tensile tes
is unclear why the higher \Mof the PAA induces such a change in the straiddrang for such a
small change in volume fraction of PAA but agaie tonnectivity must here be important. ke
(PAA4k, PBA100kyy is also higher than that of the standard latex fdid which shows that
(PAA4k, PBA100kpyy creates more free chains or pendent chains. Tterrdafion may break the

PAA into small segments and increase the viscaelagsteresis in the minor loop.

In Figure 5- 36 (b), the change in modulug;Bf (PAA4k, PBA100kyy shows a stronger initial
decrease and continues then to be similar to #relatd latex until failure occurs. The rapid deseea
of Eng in (PAA4K, PBA100kyy with increasing stretch, clearly shows the breattithe network of
PAA shells. The increase of the relative hyster@sis,./W) in the first loop is then also due to the
breakage of the structure of the shells.
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Figure 5- 36: Energy dissipation analysis of edep extension of PAA-b-PBA latexes with different
Mnof PAA

In summary, the increase in shell thickness camgbsbme improvements in stiffness but at the
expense of the reversibility of the deformationeThracture toughness is a little bit higher in D
film made from the latex with a higher,Mf the PAA, maybe because of the larger amouRAdk in
the DN film. Moreover, it is essential to note ttmauch larger shell thicknesses (very high of
PAA) result in difficulties in making the sampléss a result, we can conclude that g & the PAA

around 4 kg.ma! is optimum to create a percolating structure @flistthat can also swell and retain
their structure.

3.4 The effect of the PBA-core size on the PAA-b-PB/Aatex film

We were also curious to see the effect of theoMhe PBA core on the mechanical properties
of the PAA-b-PBA latex films. A PAA-macro RAFT ageM, 2.5 kg.mof'was synthesized to create
PAA-b-PBA latexes with different yof PBA which were (PAA2.5k, PBA100k) or standartela
(PAA2.5k, PBA150k) and (PAA2.5k, PBA200K). The pedare to create these latexes can be found
in Chapter 4 section 2.4.

By dynamic light scattering and TEM, we found ttfeg high M of the PBA increases the size
of the latex particles as presented in Chapterath)el4-5. Of course this expansion of the core aize

the particles reduces mechanically the volumeifsaaf PAA.

3.4.1 SN films of PAA-b-PBA with different M, of the PBA

The mechanical properties of the latex simpledilmith different M, of the PBA were studied by
the tensile test and are shown in Figure 5-3‘hdukl be noted that in this study thg & the PAA is
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kept constant, thus the differences in mechaniegiopmance are due only to the effect of thead¥l
the PBA.
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Figure 5- 37: Stress-strain curve of PAA-b-PBA Xasémple films with different M of PBA core.

In uniaxial extension, we found that increasing &, of the PBA decreases the initial modulus
of the film. The lower initial modulus may come rinocchanges in the particles organization or from
the lower % PAA in the composition. Moreover, ire tlatex synthesis of the high,Mf PBA, the
polydispersity(M/ M,) was found to be broader which may lead to lesdl wefined block
copolymers, resulting in a less well defined cdrells structure of the particles. In addition,

unsurprisingly the extensibility of the film is ghitly higher in the film with higher iof PBA.

3.4.2 DN films based on PAA-b-PBA with different M of the PBA

The stress-strain curves of the latex DN films maden PAA-b-PBA with different M of the
PBA are displayed in Figure 5-38. The latex sinfgia of (PAA2.5k, PBA150k}y was not selected
to fabricate DN since it was not very differentrfrgPAA2.5k, PBA200kgy.
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Figure 5- 38: Stress-strain curve and wt% PAA oRHAPBA latex DN films with different Mof
PBA core

In Figure 5-38, we observe that the SN films cority a high M of PBA, (PAA2.5k,
PBA200k)y, had a higher equilibrium swelling ratio and tliere a decreased value ®fyey in the
DN. The high M of the PBA creates a larger PBA core, and a loveecgntage of PAA in the film,
which can swell more. After polymerization, the wt6 PAA decreases then dramatically in
(PAA2.5k, PBA200kgy.

Latex DN of (PAA2.5k, PBA200k), shows a slightly increased extensibility. Howevitie
initial modulus, and stress at break of the filne ar bit lower comparing with the standard film
(PAA2.5k, PBA100kyy. It is interesting that with only 0.14 wt% of PARe still have a significant

reinforcement relative to pure non-reinforced PBatenial (red line)

Fracture toughness

The fracture toughness of the latex DN film of PAARBA with different M of the PBA, tested
with a tensile test of notched samples, is showRigure 5-39. The fracture energy of the DN films
was calculated with the Greensmith model. The tesilfracture toughness calculation are shown in
Table 5-8.
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Figure 5- 39: Stress-strain curves of notched sesnpf PAA-b-PBA latex DN films made from SN
with different M, of PBA

The stress-strain curves of the notched samplesotishow significant differences, except that
the latex DN of (PAA2.5k, PBA200k) has a slightly higher extensibility as a resultred higher M
of PBA and PBA content. However, from the calcalatwith the Greensmith model, the fracture
energy of (PAA2.5k, PBA200kK), is very similar to that of the standard latex DiNcan be concluded

that increasing the Mof the PBA does not increase the fracture toughoéthe DN film.

Sample I (kd/nf)
(PAA2 5k, PBAL00K)y 2.53+0.36
(PAA2.5k, PBA200kpy 2.47 £0.2¢

Table 5- 8: Fracture energy of PAA-b-PBA latex DishE with different M,of PBA

Dissipation of energy

The dissipation of energy of the latex DN films vedaracterized with loading-unloading cyclic
extension tests and is shown in Figure 5-40. Waooisly see that the hysteresis loop of the latex DN
with a higher M of PBA, (PAA2.5k, PBA200kyy is smaller than that of the standard latex DN film
(PAA2.5k, PBA100K)y. The initial modulus at the first extension lodp(BAA2.5k, PBA200Kkgy is
clearly lower than the standard one, which is gimib the tensile test result. The extensibilityooth
films does not show much difference with the malsrfailing atAn.x ~ 11. The standard DN latex,
which has a higher PAA content shows a higher sta¢reakgy preax~ 1.2 MPa whileo 4 preakof
(PAA2.5k, PBA200kyy is around 1 MPa.
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Figure 5- 40: Strain controlled loading-unloadimgpscycle tests of PAA-b-PBA latex DN films with
different M, of PBA

For a better understanding of the dissipation gnefghe DN films, the hysteresis analysis was
applied and the results are shown in Figure 5-41.
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Figure 5- 41: Energy dissipation analysis of edaep sxtension of PAA-b-PBA latex DN films with
different M, of PBA

In Figure 5-41 (a), we observe that the Hysf the standard latex DN, (PAA2.5k, PBA108K)
is much higher than that of the latex DN films BAA2.5k, PBA200k)y. The higher %wt of PAA in
the standard latex dissipates more energy at Idarmation since it is used to break the network of
the PAA shells. This difference can be seen in feig+41 (b) when the initial modulus (g and
relative hysteresis (Hys/W) at Anax < 6 are obviously higher for (PAA2.5k, PBA10gk)
Interestingly the increase of the,bf PBA in the (PAA2.5k, PBA200k), increases the value of Hys

relative to the standard latex, i.e. the matemaidmes more viscoelastic.
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In conclusion, the increase of the, bf PBA in the PAA-b-PBA latex increases the swejlin
ability of the film. However, the lower %wt of PAM the final DN film does not inhibit the
reinforcement of the DN film. The latex with a heghMl, of the PBA block, (PAA2.5k, PBA200iy
still shows good mechanical properties, a highssteg break with a good extensibility but also show

a lower level of dissipated energy through damage

3.5 PAA-b-PBA films with added PAAs

3.5.1 Standard latex (PAA 2.5k, PBA 100k) with added PAA«

In order to increase the thickness of the PAA shllthe dry films and possibly reinforce shell
interactions, we tried to add an aqueous solutiopodyacrylic acid homopolymer, M= 5 kg.mol*
(PAAs)), to our PAA-b-PBA standard latex, (PAA2.5k, PBAK). We speculated that PAAwould
remain around the shell of the latex particles, inethe interstices between particles in the film,
resulting in a mechanical reinforcement similathat obtained with a latex with highdf PAA. In
our study PAA, was introduced to the latex and the final wi% ARRvas adjusted from the original,
2.5 wt% to 11 wt% which is similar to what is presén the (PAA 6k, PBA100k). The calculation
of wt% of PAA for PAA, addition and the method of the simple film pregarahave been described
in Chapter 4, section 3.3. Moreover, PAAvas also introduced to the P(BA-co-BDA) crosslihke
latex, but in the mechanical analysis, there wereesvariations between the different samples films
and therefore no conclusions on mechanical pragsertould be drawn. Thus the results of the
mechanical tests carried out with the P(BA-co-BMth a PAAs addition are presented in Appendix
A.

3.5.1-1 SN films of PAA-b-PBA films with added PAA

The mechanical properties in uniaxial tension & ldtex SN films of (PAA 2.5k, PBA 100k)

reinforced with PAA homopolymer are shown in Figure 5-42 compareddselof the standard film.

-217 -



Chapter 5: Structure and Mechanical propertidatek films and DN made from latex films

2.5
(PAA 2.5, PBA 100)gy

20 — [(PAA 2.5, PBA 100) 9%PAA]gy
£ 154
= E =142.53 MPa
& 10—

0.5 —

0.0~ I i i i

0 1 2 3 4 5

Figure 5- 42: Stress-strain curve of PAA-b-PBA a8\ films with and without added PAA

homopolymer

The addition of PAA homopolymer causes a largeeiase in initial modulus and stress at break,
before the material breaks at very low deformati®his behaviour is very similar to what was
observed for the simple latex film with high,Mf PAA or (PAA6k, PBA 100k, in section 3.3.1.
The stress at breaky na0f these two films: (PAA6K, PBA 100k)and [(PAA2.5k, PBA 100k)9%

PAAg]sn, is similar, around 2 MPa.

3.5.1-2 DN films based on PAA-b-PBA films with add# PAAs,

The mechanical properties of the DN made from thiexl films with 9% added PAR
homopolymer were tested in uniaxial tension, logdinloading cyclic extension and finally its
fracture toughness was measured with notched sanfiie stress-strain curves of the DN films made

from precursor films with and without PAAhomopolymer are shown in Figure 5-43.
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Figure 5- 43: Stress-strain curve and wt% PAA oPARAPBA latex DN films with and without added
PAAg,

An increase of initial modulus and stress at bisaitearly observed in the DN film with PAA
[(PAA2.5k, PBA 100k)9% PAA]sn relative the reference PBA film. Latex films cdntag PAAs
homopolymer swell less than the standard film. ffieker shell formed by the PAAmay limit the
extensibility of the particles, resulting in a muglgher wt% of PAA in the DN films compared to the
reference sample without PAA

If the results are compared with those obtained e latex DN made from the high,df PAA
block copolymer or (PAA4k, PBA 100k (Fig. 5-43, dashed line), the DN film with added A4
shows less softening, but also much less hardesinggesting some disruption of the percolating
PAA network of particle shells.

Fracture toughness

The fracture toughness of the notched DN sampletasvn in Figure 5-44. It was found that
adding PAA, homopolymer distinctly improves the resistancerak propagation of the film and in
particular their extensibility even in the presené@ notch. The notched sample of the DN film with
PAAs homopolymer shows a higher stress at break, sindléhat of the DN made from a high Mn
PAA4K shell latex, see Fig.5-34, but has in addit significantly higher extensibility before the
crack propagates.

Confirmed by the fracture energy calculation (Tei*®), the fracture energy of the DN film with
PAA; addition, [(PAA2.5k, PBA100k) 9%PA#pn is much higher than for the standard latex,
(PAA2.5k, PBA100kyy about double calculated with the Greensmith appration.
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Figure 5- 44: Fracture mechanics of PAA-b-PBA ldbé films with and without PAA, addition

Sampli I (kdIn?)
(PAA2.5k, PBA100kpy 2.53 £ 0.3
[(PAA2.5k, PBA100K) 9%PAA]on 4.56 +0.36

Table 5- 9: Fracture energy of PAA-b-PBA latex DhE with and without PAA, addition

Enerqgy dissipation in cyclic loading

The dissipation of energy in cyclic loading of tad3N films with added PA4, [(PAA2.5Kk,
PBA100k) 9%PAAbN, is quite different from the standard latex DNfijl(PAA2.5k, PBA100ky.
We observed that the hysteresis in standard latéXils is generally greater at all extensionshntha
the hysteresis in the standard film as shown irgicgp-45. However, the modulus of the latex DN
film with added PAAy begins higher than that of the standard film alighdy decreases with
increasing extension, until the material failed at> 8.

1.4

(PAA 2.5, PBA 100)py
1.2 - — [(PAA 2.5, PBA 100) 9%PAA],y

1.0 —
0.8

0.6

ON (MPa)

0.4 —

0.2

0.0 T T T T T

Figure 5- 45: Strain controlled loading-unloadimgpscycle of PAA-b-PBA latex DN films with
and without PAA, addition
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Applying the analysis, described in section 2.82dshsome additional light as shown in Figure 5-46.

(a) (b)
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Figure 5- 46: Energy dissipation analysis of edaep sxtension of PAA-b-PBA latex DN films with
and without PAA, addition

The latex DN film with added PAghas a higher initial modulus and relative hysterésithe
first extension loop, Figure 5- 46 (b). Howeverbseguent extension loops (beginninguat,= 3)
show a much more pronounced decrease of the imtiaulus in the DN film with added PA#/than
for the standard latex. The added RAAomopolymer makes a stiffer but more fragile nekwvof
shells. The analysis of the major hysteresis Idéps{,), Figure 5-46 (a), shows that the Hy®f
[(PAA2.5k, PBA100k) 9%PAAlpn becomes clearly lower than the standard DN filmhegh
deformation Xmae> 4.5). This behavior shows that the PAA shellshvatided PAA,damage at low
strain and then have a more stable structure sswlddditional damage. This is confirmed by the
analysis of the residual deformation (Rg&f which increases more for the DN with added BAA

This effect is classically observed in filled etasers when the amount of filler increades?

3.5.2 High M, PBA latex, (PAA2.5k, PBA200K) with added PAA

We reported previously that introducing 9% of RPA#o the standard latex limited considerably
the extensibility properties of the simple SN filbut increases the fracture toughness of the D fil
In order to increase the extensibility while mainitag the fracture toughness, we designed new films
with added PAA, based on the latex with high,N#BA, (PAA2.5k, PBA200K), ~1%wt PAA. To be
comparable, we adjust the wt% PAA content of latiexple film to 11% relative to PBA, thus 10 %
of additional PAA was introduced in the latex (PAB2, PBA200K) by using PAA.
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3.5.2-1 SN film of (PAA2.5k, PBA200k) with added RA 5«

The mechanical properties of the SN films of (PAZK2.PBA200k) with added PA# are
similar to those of the standard latex without addPAAs, (PAA2.5k, PBA100kdy. The modulus is
double at low deformation and the material breadster ate ~ 1.3 (Figure 5-47). As observed in
section 3.5.1, the addition of PAAincreases the initial modulus while drasticallylueing the
extensibility of the films, becoming brittle. Bying a base latex with a high,Mf PBA, (PAA2.5Kk,
PBA200k), one can reach a compromise where the im®docreases without making the materials
fully brittle.

1.0
(PAA 2.5k, PBA 100K)gy
- - - [(PAA 2.5k, PBA 100K) 9%PAA]qy
0.8 [(PAA 2.5k, PBA 200k) 10%PAA]gy,
< _
S 06-E=14253MPa
=3
Z —
© % Ee-165MPa
02
0.0 - ‘ ‘ ‘ ‘
0 1 2 3 4 5

Figure 5- 47: Stress-strain curve of PAA-b-PBA Xasemple films, type [(PAA2.5K,
PBA100k)9%PAAsn, [(PAA2.5k, PBA200k)10%PAA]sN, and standard latex film (PAA2.5k,
PBA100K)

3.5.2-2 DN film based on (PAA2.5k, PBA200k) with atbd PAAsk

The stress-strain curves of latex DN films madenfrihe standard latex (PAA2.5k, PBA100k)
with and without added PA#® and from the latex (PAA2.5k, PBA200k) with and hatt added
PAAg, are shown in Figure 5-48. It should be noted thatrespective PAA content of each DN films
is 0.11, 0.53, 1.79 and 2.83 wt% for (PAA2.5k, PBBR),y, standard latex (PAA2.5k, PBA10Gk)
[(PAA2.5k, PBA200kyn10%PAA, oy and [(PAA2.5k, PBAL100k\9%PAAs]on respectively or
%PAA; (PAA2.5k, PBA200kK)y < (PAA2.5k, PBA100k)y < [(PAA2.5k, PBA200k)N10%PAA]on
< [(PAA2.5k, PBA100k)n9%PAAs] on-
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2.0 -{ - [(PAA2.5, PBA100) 9%PAAg oy
(PAA2.5, PBA200)py
15| [(PAA25, PBA200) 10%PAAs oy
g —rpBA
3
Z 10
©
0.0 = \ \ \ \ \ \
2 4 6 8 10 12 14
A
Sampl Doex (W0 PAAgy (W% PAALy  E (MPa
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[(PAA2.5k, PBA100K)9%PAA] o 24 11.8 2.83 0.62
(PAA2.5k, PBA200kgy 13 11 0.14 0.35
[(PAA2.5k, PBA200k)10%PAAon 15 11.9 1.79 0.31

Figure 5- 48: Stress-strain curve, wt% PAA andahihodulus of PAA-b-PBA latex DN films, type
[(PAA2.5k, PBA100k)9%PAA]pN, [(PAA2.5k, PBA200k)10%PAA]oN, (PAA2.5k, PBA200K)N,

and standard latex DN film

The addition of PAAin the latex (PAA2.5k, PBA200k) causes a slightrdase in its swelling
ability. The (PAA2.5k, PBA200k) has a ®gex around 13% while [(PAA2.5K,
PBA200kbn10%PAA] by swells a bit less to yieldex = 15%. In general, a lower PAA content in
the latex DN film, results in a lower initial modigl and increased extensibility. However, it is aacl
for [(PAA2.5k, PBA200k)10%PAA]on, showing a similar initial modulus to (PAA2.5k, PB@BK)py
while the % PAA is much higher.

Fracture toughness

The stress-strain curves of the notched DN filnthand without added PAfare shown in

Figure 5-49.
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Figure 5- 49: Stress-strain curves of notched sesnpll PAA-b-PBA latex DN films, type [(PAA2.5k,
PBA100k)9%PAA]on, [(PAA2.5k, PBA200k)10%PAA]bN, and standard latex DN film.

The DN film made from the (PAA2.5k, PBA200k) wittD%PAAg has a lower fracture
toughness than its lower molar mass counterpannp@oed to [(PAA2.5k, PBA100k)9%PAApn
(pink dashed line), the fracture energy of [(PAARQ.BBA200k)10%PAA]pN is much lower, about
60% less than [(PAA2.5k, PBA100K)9%PAfbn (Table 5-10). The reason may be the higher

swelling degree of the SN films decreasing heneeatt®o PAA content, resulting in insufficient hard

phase to prevent crack propagation.

Sampl

T (kI

(PAA2.5k, PBA100Kpy

[(PAA2.5k, PBA100K)9%PAA]on
[(PAA2.5k, PBA200K)10%PAgon

2.53+ 0.3
4.56 +0.36
1.94+0.3

Table 5- 10: Fracture energy of PAA-b-PBA latex Dilns, type [(PAA2.5k, PBA100k)9%P A& on,
[(PAA2.5k, PBA200k)10%PAA]pn, and standard latex DN film

Energy dissipation in cyclic extension

The energy dissipation behaviours of the standatek IDN with and without PA4 addition

have been presented in the last section (Figurg)5Here, we compare the effect of thg ofl the
PBA at equivalent PAA content. Two samples [(PAA2.5k, PBA100k) 9%RgAy and [(PAA2.5K,

PBA200k) 10%PAA]pn are compared in loading-unloading cyclic extensiod results are shown in

Figure 5-50
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Figure 5- 50 : Strain controlled loading-unloadstgp cycle tests of PAA-b-PBA latex DN films
[(PAA2.5k, PBA100k)9%PAAlbN, [(PAA2.5k, PBA200k)10%PAA]pN

In the latex [(PAA2.5k, PBA200k) 9%PA#fon (Figure 5-50 green line) the lower hysteresis
(area of each hysteresis loop) along the deformedids does not appear clearly as in [(PAA2.5k,
PBA100k) 9%PAAJon (Figure 5-50 pink line)in contrast, the *Lloop hysteresis of [(PAA2.5K,
PBA200k) 10%PAA]on is obviously lower than other further loops. Theaqtitative hysteresis
analysis was applied and the results are plottedfasction ofo,.x and presented in Figure 5-51.

Interestingly, the major loop hysteresis (Hys of [(PAA2.5k, PBA200k)10%PAA]on is
significantly lower than that of the [(PAA2.5k, PBBOK)9%PAA]oN, for each incremental
extension loop (Figure 5-51 (a)). Presumably theeloPAA content and the high Mf PBA is
responsible for that difference which was alreadynfl in section 3.4.2, Figure 5-41. This lower
hysteresis (i.e. lower damage) however, results @ad unexpectedly) in an increase in the residual
deformation (Dety which is also a sign of higher damage of the filmthe stabilized cycle (Hy9
however, the dissipated energy is higher for [(P&&2PBA100k)9%PAA]o.
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Figure 5- 51: Energy dissipation analysis of edep extension of PAA-b-PBA latex DN films, type
[(PAA2.5k, PBA100k)9%PAA]bN, [(PAA2.5k, PBA200K)10%PAA]on, and standard latex DN film

In Figure 5-51 (b) the distinct decrease in rekatiysteresis (Hys/W) and initial modulus of

major loop (Ra) can be observed in [(PAA2.5k, PBA200k)10%RAAy, but they are less drastic
than for the [(PAA2.5k, PBA100k)9%PA#on.
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Part Il:

Summary and discussion of the mechanical propertiesf the
different SN and DN films
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1. Method of data analysis

In this part, we summarize and compare the maurcttral and mechanical properties of the

different DN films. First, the structure of thenfit due to the process of swelling with PAA and

polymerization will be discussed. Since we did clwdracterize the structure of thg Iy microscopy

or scattering we can only compare the volume foactif latex @) and the PAA content in the DN

films. These properties were calculated and presefur each material in Chapter 4. Then, the main

mechanical properties of the films, which are ®@dby tensile tests, loading-unloading step cycle

extension and a single notched fracture test, pteden details in Part | are compared and disclisse

The main mechanical characteristics of the film are

ii)

The initial modulus of the latex film

We report the initial modulus of latex DN film anlde differential in initial modulus
between the latex SN and the DN fildhE). This indicator helps us to understand the
changes occurring in the films nanostructure aftaking the DN film where an increase
of AE means that the particles are less organized pé#ssing through the swelling
process.

The stress and elongation at break

Stress and elongation at break can be determioed diniaxial extension. Stress at break
shows the strength of the film while the elongatidrbreak gives us the extensibility of
the film.

Breaking energy

Breaking energy can be defined as the area undestthss-strain curve, obtained from
uniaxial extension. Breaking energy provides thegktmess of the DN films.

Fracture energy

Thanks to the fracture test on notched sampldy#icéure energy can be calculated by the
Greensmith approach. However, it should be noted ith our study, the strain energy
density is calculated from the integral of the avealer the stress-strain curve of the
notched sample before crack propagation.

Dissipation of energy in cyclic extension

The dissipation of energy can be quantified throdgading-unloading step cycle
extension tests; we analyze the hysteresis anduadsdeformation by measuring the
energy dissipated in each hysteresis loop. Theehaais of the major {J loop, minor
(2" to the same extension) loop and the residual deftion at each, . are plotted and
the slope of the curve was calculated by linearesgon (dashed line), as shown in

Figure 5-52. The higher the slope is the more chsmgcur in the data series. This slope
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valuation will be used to compare hysteresis amdagttveen each latex modification
system.
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Figure 5- 52: Energy dissipation analysis of edep extension and their fit curve with linear
regression (in dashed line).

As explained above, the main physical and mechbpicperties of each latex DN modification
can be found in Table 5-11.

We will now present a series of figures aimed anparing theses different properties. The
guestion of which should be the governing paramesene up and | decide to plot the data as a
function of the volume fraction of PAA in the DN.i$ in fact remarkable that such large differences

are seen relative to the PBA simple elastomer, siitth small weight fractions of glassy PAA.
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Latex Dpex | %PAA | Initial modulus (E) | g atbreak | cat | Wareal® Hysteresis analysis
Sample (batch) Symbol % | ©N) | Ea® [ aE MPa) | break| (ko) | T ®Y ) 50| By Defyes”
PBA network (section 1)
PBA 0.01%BD/ | -] PBA | o | ooc o | - | o05: | 8C [ 204 | - | - 1 - 1 -
P(BA-co-BDA) crosslinked latex films (section 2.1)
(Iate%oshe)oN | TLLO1 | PBAgser | 18 | 0.00 | 043 | 0.04 ] 1.09 | 2.3 1.02] 0.63+0)04 -| -] -
PAA-b-PBA standard latex films (section 2.2)
(PAA2.5k, PBA100kyy TLOS standard 20 0.48 0.36 -2.24 1.29 9l9 761 226.15| 0.056 0.019 0.190
(PAA2.5k, PBA100kyy TL85 standard 21 0.53 0.39 -0.44 1.29 9|7 55p 320.35| 0.087 0.011 0.126
PAA-b-PBA latex film with crosslinked PAA-Shell (sectim 3.1)
[(PAA2.5k, PBAL0OK) 0.2eq TL103 | +0.2PADAME 26 0.62 0.49 -10.67 1.33 10(7 6.64 .4530.62| 0.062 0.016 0.092
PADAME]py
[(PAA2.5k, PBA100K) 0.65eq TL103 +PADAME 25 0.60 0.41 -33.76 1.18 106 6.12 21615 | 0.101 0.017 0.124
PADAME]py
[(PAA2.5k, PBA100K)Na-+}y TL106 Na+ 22 0.55 0.48 -10.86 1.46 10[7 7.09 3.8808 | 0.105 0.016 0.234
PAA-b-PBA latex film with crosslinked PBA-core (section 3.2
(PAA2.5k, PBA100k)0.1%BDA]y TL41 BDA0.1% 23 0.51 0.50 0.07 1.31 6.4 5.21 1.9805 | 0.269 0.022 0.128
[(PAA2.5k, PBA100k)0.3%BDA}y TL43 BDA0.3% 30 0.66 0.71 -0.01 1.29 4.3 3.60 1.50| 0.573 0.026 0.153
[(PAA2.5k, PBA100k)0.5%BDA}y TL59 BDA0.5% 37 0.93 1.47 0.11 1.01 1.1 0.79 1.07 - - -
[(PAA2.5k, PBA100k)0.1%DVB}y TL95 DVB0.1% 24 0.55 0.43 -0.05 1.75 11[0 7.61 31001 | 0.061 0.017 0.202
[(PAA2.5k, PBA100k)0.3%DVEpy TL9O DVB0.3% 26 0.62 0.5€ 0.0t 1.4C 8.4 5.4¢ 3.2+0.7¢ | 0.07¢ | 0.021 0.18¢
[(PAA2.5k, PBA100k)0.5%DVB}y TL91 DVB0.5% 32 0.70 0.75 0.07 0.96 5.8 3.50 1.8626 | 0.070 0.027 0.111
PAA-b-PBA latex with different PAA-shell thickness (setion 3.3)
(PAA4K, PBA100Kpy | TL23 |  +MPAA | 26 153 | 0.62 | -26.27| 136 | 83 458 294052 11D.| 0.020 | 0.141
PAA-b-PBA latex with different PBA-core size (sectiorB.4)
(PAA2.5k, PBA200Kpy | TL104 |  +MPBA | 13 014 | 038 | 00 [ 11¢ [ 10| 566 |247+020| 0.06¢ | 0.017 | 0.09€
PAA-b-PBA latex with different PBA-core size (sectiorB.5)
[(PAA2.5k, PBA100K)9%PAA] N TL85 (+PAA5)s 24 2.83 | 0.62 -141.91 1.50 9.69 7.84 456 +0.36 0.1758 | 0.0378| 0.0124
[(PAA2.5k, PBA200K)10%PAA]on TL104 (+PAA)L 15 1.79 | 0.31 -1.35 1.58 13.10 7.91 1.94+0.340.044 | 0.149 | 0.267
[(lateXoshe) 11% PAA ] on TLLO1 | (+PAAsno-shell 22 2.42 | 0.38 -1.35 0.63 6.63 2.13 1.02+0.05| 0.0398 | 0.013 0.0817

Table 5- 11: the summary of main physical and meiciazhproperties of latex DN film with differentirforcement methodthe volume fraction of latex
®initial modulus of latex DN film¢ the differential initial modulus between latex &hd DN film

WolL]

particle in DN film calculated b@;qrex = - [DN]’
D

calculated by By — Esy, ® energy at break of latex DN films determined byahea under the stress-strain curve of uniaxiaresion ¢ fracture energy
determined by Green smith approddeaking energy of notched sample of latex DN dilfrslope evaluation of major hystereSislope evaluation of
minor hysteresis,slope evaluation of residual deformation or perem set, antinitial modulus of PBA network
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2. Swelling equilibrium of modified latex films

As discussed in the previous part, modified lateskesv an effect on the swelling equilibrium of
the films, resulting in different volume fractions$ latex (Paex in the DN films. As a preliminary
remark, it is interesting to note that despite fdet that no crosslinking agent is used in mosthef
latexes they still are not soluble. This was nditgdChenal et 1** *and implies that the PAA shells
may form a percolating structure strong enougtesist the osmotic pressure.

Figure 5-53, shows that the volume fraction of Xaf@aey) in the DN changes with the \f
PBA. For higher Mof the PBA (+MPBA) @..xdecreases. Moreover, the introduction of chemical
crosslinks, (BDA0.3%, DVB0.3%) clearly impacts theelling equilibrium of the SN latex film, as
the films are less flexible, thus they cannot def@s much during the swelling process. Moreover,
the addition of PAActo the latex films; (+PAA) (+PAA)., (+PAA).shen @lso clearly impactates.

PAAs may also increase the interactions between padiwtlls and limit the swelling behavior of the

material.
40
BDA 0.3%
307 0 DVB 0.3% +Mn PAA (+PAA)g
* —~— 3%
é . O (+PAA)no—sheII o
gﬁ 20 PBAo-shell \%) +PADAME 0
¢ / +0.65 PADAME (+PAA),
standard o
10— +MnPBA
0 : ‘ ‘ ‘ |
0.0 0.5 1.0 15 20 05 20
%PAA

Figure 5- 53: Volume fraction of latex in the diéat type of DN films, acronyms are defined in
Table 5-11
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3. Toughness of the DN films

The toughness of the latex films before and afteating the interpenetrated network was
discussed in part I. The toughness of the DN filsn# absolute terms rather high (several KJ/m
while retaining a reasonably elastic behavior, Whias the initial objective of the study, howevss t
modifications of the latexes do not have a majgrdot on the fracture toughness of the DN films and
it is unclear which kind of latex modification givéhe best toughness to the DN film.

First, we considered the initial modulus of thenfilwhich is sensitive to the nanostructure of
the film. Figure 5-54 shows that the initial modulof the latex DN films increases in the DN films
containing ether chemical crosslinks, (BDA0.3% &8\B0.3%) or physical crosslinks, (+PADAME
and N4), higher M, of PAA (+M,PAA), and PAA;, addition [(+PAA), (+PAA).she] COMparing
with the standard latex. In contrast, the initiabduli of the DN films decrease for the high, lgf
PBA film [(+M,PBA), (+PAA)].

The unfilled green dots in Figure 5-54 represeatdifference of initial modulus between latex
DN and latex SNAE). This value reflects the change of nanostructuréne DN film whenAE is
lower than zero meaning that the structure of thm s being destroyed. It is observed that the
nanostructure of the film dramatically changeshia standard latex with PAQaddition or (+PAA),
when AE is about -142 MPa, following by the latex witretRADAME addition or (+PADAME )
and the high MPAA film (+M,PAA), whichAE are about -34 MPa and -27 MPa respectively. For

other latex films th&E does not change much which is around 0 to -2 MPa.
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Figure 5- 54: Initial modulus (E) and the differiahbf initial modulus between latex DN and latex
SN (AE) of latex DN films, where green dash lines agriide line for eyes, and acronyms are defined
in Table 5-11

Second, the modifications in toughness of the I&tlixfilm can be compared by the streg} (
and strain €) at break, and the breaking energy{.,) which is the integral under the stress-strain
curve until failure as shown ifigure 5-55. The highest stress at break is foondhie latex DN with
PAAs, addition [(+PAA) (+PAA) ],which is about 1.5-1.58 MPa followed by the DNthwNa"
(Na") and DN with 0.3 %DVB (DVB 0.3%), which are respeely 1.46 and 1.4 MPa. The latex DN
showing the highest straim)(at break are latex DN with increasing, 8 PBA (+M,PBA), and the
latex DN with PAA shell-interaction (+PADAME and NaThee at break is about 10.6-13.1.

As a result the highest true stress at break valoges= on.A) for these highly extensible
materials are of the order of 20 MPa a very regfidetvalue for acrylic elastomers without any
mineral fillers and a factor of four higher tham thelue for the simple PBA elastomer (red dot) Wwhic

is highly viscoelastic.
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Figure 5- 55: Streso] and straing) at break of latex DN films, where green dashdiaee a guide line for

eyes, and acronyms are defined in in Table 5-11

Finally, the breaking energy of the films deterndiri®y the integration of the area under stress-
strain curve can represent well the toughness pnbtghed latex DN films (Figure 5-56). The results
can be summarized as follows: The DN where RA#as added to the latex with high, @BA or
(+PAA). shows the highest breaking energy. This latexdo#is a high breaking stress and strain due
to the distinct strain hardening in the materiatréasing the thickness of the PAA-shell by adding
PAAg in the standard latex or (+PA&)esults in a similar increase in breaking enekgywever, this
comes at the expense of a larger amount of PAAlwill cause water whitening and sensitivity. It
is however quite remarkable that with the reinfareat with N& and almost equivalents stress and

strain at break can be obtained with only 0.5%ntbiduced hard phase.
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Figure 5- 56: Breaking energw/{..) calculated by the area under stress-strain curiegef DN
films, acronyms are defined in Table 5-11
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4. Energy dissipation in DN films

The energy dissipation analysis is done as destiibéigure 5-52, i.e. the level of cumulative

hysteresis is plotted as a function of the appléedbda of the major hysteresis loop (KHys the

minor hysteresis loop (Hyg and the residual deformation (Rgfare summarized in Figure 5-57.

Hysteresis analysis
~
;

+PADAME  +DVB 0.3% i
1

o

Ll
Ll
N o O
+BDA 0.3%
0.014 )
67
4 » \ HYSwa O Hysw Defyes |
I \ \
0.50 \\ 0.55 0.60 0.65 0.70
%PAA

4 A

i PAA)

- +
2 (+ PAA)L (+ PAA)s
% 1 +MnPBA +Mn PAA '
© + Mn
c ' +PAA) .
& 0.1? I : ( )Noshell :
g 67 . \ \ ; !
R : . O
g ] S5 ! !
2 @) O A !
To.014

2

44 HySMaj O Hysy; Defies ‘

\ \ \ \ \
0.0 0.5 1.0 1.5 2.0 25
%PAA

3.0

Figure 5- 57: Hysteresis analysitatéx DN films, where green dash lines are a gliide

for eyes, and acronyms are defined in Table 5-11

The highest Hys,can be found in the latex with a core crosslinkéth BDA (+BDA 0.3%), in
contrast the DN with PAA5Sk addition in the high, bf PBA (+PAA). and in PBAs shei (+PAA)no-shel

shows the lowest major hysteresis. The Hys due to irreversible deformation or plastic bebaw

of the material, the high Hyg in the latex containing BDA is probably due to tuecomitant failure

of covalent bonds in the core of the particles tmdhe breakup of the PAA shells of the latex.

However, it is unclear how the addition of PAfeduces Hys,;in the latex with the high Mof PBA
(+PAA). or for the PBAo.shell(+PAA)noshen but not when added to the standard latex (+RAR)
seems that the PARA homopolymer and the PAA from the shell are notkiay cooperatively,

resulting in free homopolymer in the film.

The minor hysteresis (Hy8 is due to reversible dissipation, which mainlynes from pendent

chains and free chains in the material. The additibfree molecules to the latex seems to increase
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the free chains and pendent chains in the final.fAs a result, the latexes modified with chemical-
crosslinkers (+BDA 0.3% and +DVB 0.3%), with a oaiic polymer (+0.65PADAME), and with the
NaOH pH adjust (Na) show a clear increase of Hysrelative to the standard latex. In addition,
Hysn also significantly increases for the DN with add®8lAg, in the standard latex (+PAA)the
increase in Hygis due to the breakup of connection between RAaAd PAA shell. However, the
Hysni does not significant increase for other films wattded PAAy, i.e. (+PAA) and PBAy.she

On the other hand, permanent set or residual detowm(Def,9 is a result of the viscoelasticity
of the material and is related to the softeningtred rubber. In our study, the highest residual
deformation is clearly found for the latex with thegh M, of PBA and the addition of PA#
(+PAA). and is the lowest for the standard latex with ddiiteon of PAAs,, (+PAA)s.
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5. Fracture toughness of DN films

The fracture toughnesE)(of the latex DN film was investigated by measgrihe critical
energy release rate of notched samples, usingla stariation of the Greensmith approximation to
analyze the data. The results are summarizedyinréib-58.
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Figure 5- 58: Fracture toughness of latex DN fitakulated by Greensmith approach,

acronyms are defined in Table 5-11

It can be concluded that the standard latex DN ¥ilith added PAAx, (+PAA)s shows the best
fracture resistance. This is of course due to ipledn %PAA composition in latex DN film which can
delay crack propagation while maintaining stiffnéddewever, this conclusion cannot be made for the
DN film made from the PBA sheillatex with added PA4 or (+PAA).shenand for the DN made from
high M, PBA with added PAA or (+PAA). ,where although the %PAA composition is high, the
fracture resistant is not improved suggesting thatPAA may not form a homogeneous thicker shell
but may be dispersed randomly in the bulk and erkager defects. Thus, the key reinforcement of
the fracture toughness appears to come from the@delol and well-dispersed PAA shells of the core-
shell latexes containing block copolymers. In castirthe increase of Mf PBA (+M, PBA) which
gives a less well organized shell structure showes worse fracture toughness while additional
crosslinks in the latex particles do not have mingbact on the fracture resistance.
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Conclusion

We have explored in this chapter the reinforcernoémixtensible PBA elastomers with a series of
core-shell latexes. The basic synthesis method d&enthe core-shell particles was described in
chapter 3 and in this chapter; we characterizedisliss the physical and mechanical properties of
the different latex SN and DN films.

In all cases, although we can produce dry SN filith a high modulus by either using physical
crosslinks between PAA-shells with the added cadi®ADAME or with the COQions created by
the introduction of NaOH or by increasing thg & the PAA or by adding free PAAhomopolymer,
the organized nanostructure of these films is ntiksly destroyed during the swelling process,
resulting in a sometimes signficant decrease irirtitial modulus between the latex SN film and the
DN. Thus, the method of introducing sacrificial bienas explained in Chapter 1 is not responsible fo
the reinforcement here, since the SN latexes daowiain permanent crosslinks and have no strong
bonds between the shells.

In terms of stress and strain behavior the presehttee dispersed shell even after swelling does
not change much the elastic modulus of the DNixgadb the simple PBA network or relative to the
DN made from the standard latex (PAA2.5k, PBA10Bigwever, the extensibility is increased while
maintaining a higher stiffness relative to the & PBA and the extensibility at break is much leigh
than for the DN reinforced with the simple latex.

The latex DN films show an obvious strain stiffeirelative to the pure matrix of PBA thanks
to the network formed by the physical bonds betwberhomogeneously dispersed PAA shells in the
core-shell latex which result in a higher stresd atrain at break and hence a higher toughness
relative to the simple PBA network.

It should be noted that DN films with a high fragienergy and toughness can be obtained by
adding PAA, homopolymer and increasing the %wt PAA. Howevais treinforcement method
changes the appearance of the films which turnendiiter adding PA4& homopolymer. Moreover,
the sensitivity of the DN film to water and humidinay change due to the introduction of RRAA
homopolymer which is sensitive to water. Thus, thest interesting method to reinforce the
toughness of the PBA is the latex with reinforcéggical interactions between the PAA short chains
by COO (adjusted by added NaOH). In this case the DN §howed a high toughness by using only
0.5 %wt PAA.

The energy dissipation of the DN films depends loa hethod of reinforcement. Introducing
free chains in the DN i.e. a PADAME cationic polymiia’, crosslinkers, or PA& homopolymer
increases the hysteresis. The lowest hysteresibefound in DN films with higher Mof PAA and
fully elastic film is observed in DN of crosslink&BA.

Last, fracture toughness of the films is signffitta increased by adding PAAhomopolymer.

to the standard latex and is clearly decreasechwihe core of the core-shell latex is crosslinked.
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Other modifications are difficult to separate withthe reproducibility of the measurement but it

should be noted that these values are rather higB0®-4000 J/ffor a relatively elastic material.
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The idea of reinforcing mechanically elastomerswinterpenetrating polymer networks (IPNs)
to avoid macro phase separation has been devetopkdsed in both elastomers and hydrogels since
19141 By combining two or more polymers in the netwodknf, it is possible to obtain a material
with physicals and mechanical properties that amorapromise between those of the individual
polymers while maintaining a homogeneously mixedcttire. In general interpenetrating polymer
networks can be prepared in many ways. In our stueyfocus on the sequential interpenetrating
polymer networks technique (sequential IPNs) whhels recently been successfully applied to the
acrylate polymeric systef® By a proper design of an IPN based on the comibimatf a stretched
stiff network (synthesized first) and an extensibégwork (synthesized in further steps), the ateyla
multiple networks were both stiff and tough and iterease in toughness has been attributed to the
presence of sacrificial bonds. Inspired by thisemtcwork, we tried to broaden the concept of
introducing sacrificial bonds, and create sequehials with different polymeric system, silicone
elastomers and core-shell acrylate latexes.

On way to synthesize silicone elastomer is the dsitidation reaction which is based on the
addition of Si-H to a vinyl group. Fillers such @manosilica are well known to be effective fillersda
have been commonly used to reinforce silicone @asts. However, to avoid the use of filler, IPNs
have also been developed for silicone elastofhérSUnfortunately, due to the phase separation the
mechanical reinforcement was not well successfdlideal IPNs were not pursugdn our study, we
synthesized silicone multiple networks by usingusetdial IPNs. Based on the experience gained on
acrylate$, the most efficient stoichiometry was selecteddioth the silicone initial single network and
for the silicone extensible network, serving as thostwork and interpenetrating networks
respectively. However, since the same chemicatiogawas applied in both silicone single networks
and in the multiple networks, the presence of redidinreacted Si-H groups in the SN resulted in
some coupling between the networks and the medidamimforcement in the multiple networks was
not as strong as expected. The results of mecHdagtang suggested that actually the silicone &mp
network and silicone interpenetrating network wbonded together by too many covalent bonds,
creating an unorganized and heterogeneous couifitezhe multiple network. In those conditions the
mechanical properties of the stiff and extensibé#work were not separated enough to create
sacrificial bonds. However, we still found signdi@ improvements of stress and strain at break
comparing with its simple network. As shown in Tabb-1, the weight fraction of @ in DN
dccreases with the number of swelling steps. Thiépfeinetworks made from the SN synthesized in
the presence of solvent showed as expected arehsecin modulus and some strain hardening as the
number of polymerization steps increased. Valueth®ffracture energy and toughness was 80-100%
higher than for the corresponding simple networthaiit trace of energy dissipation. However for the
multiple networks made from SN synthesized in thébthe modulus decreased and there was no

fracture energy or toughness improvement suggestiaigthe structure of this “bulk” first network
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was very heterogeneous and the swelling stepsatidause any chain prestretching but rather some
scission of chemical bonds.

(a) Silicone multiple network based ®#DMS-Vs and 66 %w/v toluene

[2™ network] - [0.01 H,] [0.02 Hpa] [0.03 Hpd
Silicone network SN DN TN QN DN TN ON DN TN ON
o5 (%) 100 44 21 13| 42 17 11 56 22 9
Ao 1 1.31 1.69 198 1.33 1.81 2.0p 1.21 1.67 2{24
E (MPa) 0.35 0.35 0.34 0.3b 043 047 0.49 052 80(50.67
Toughness (kJ/ﬁ)] 112 480 477 378 359 362 396 379 53 578
Hysteresis (J/m3) - - - - - - - - - 0
L (J/nf) 50 - - - - - - - - 110
(b) Silicone multiple network based ®#DMS-V; 7« and 0 %w/v toluene
[2™ network] - [0.01 H,] [0.02 Hy4 [0.03 Hy4]
Silicone network SN DN TN QN DN TN ON DN TN ON
o3 (%) 100 48 25 11 46 22 10 45 24 12
Ao 0.83 1.28 1.59 2.06 1.29 1.6y 2.15 1.30 1.62 2.05
E (MPa) 357 0.62 0.48 0.42 0.7 0.56 0.44 0.[72 0|590.5
Toughness (kJ/ﬁ)] 100 372 448 298 447 374 342 51| 531 258
Hysteresis (J/m3) - - - - - - - - 0 -
['(J/nf) 52 - - - - - - - 54 -
(c) Silicone multiple network based ®#DMS-V; 7, and 0 %w/v toluene
[2™ network] - [0.01 Hy] [0.02 Hyy [0.03 Hp4]
Silicone network SN DN TN QN DN TN ON DN TN ON
oSN (%) 100 34 17 7 29 13 9 32 13 6
Ao 1 1.43 1.79 2.39 152 2.0( 2.24 1.46 1.97 1|46
E (MPa) 0.22 0.20 0.21 0.28 0.24 0.24 0.86 0.2 70(30.33
Toughness (kJ/ﬁ)] 462 290 245 359 710 380 314 526 287 36(
Hysteresis (J/m3) - - - - 0 - - - - -
['(J/nf) 47 - - - 66 - - - - -

Table 6- 1: Physical and mechanical propertieslicbeae SN and their multiple network,
where (@) silicone network based on PDM&-&d 66 %w/v toluene, (b) silicone network
based on PDMS-My and 0 %w/v toluene, and (c) silicone network base®DMS-\j7« and

66 %w/v toluene. The best silicone networks aréligbted in green

Our study on double networks (DN) based on cord-abeylate latexes is the first of its kind to
the best of our knowledge. Generally, latex IPNssynthesized by creating a polymer Il latex inside
the polymer | latex and it is called as micro-IPNs or by mixing two or more latex and then create

the crosslink at high temperattréhis latex is called as interpenetrating elastigridetworks (IEN)!
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In our study, the core-shell latex of PAA-b-PBA awcdosslinked latex P(BA-co-BDA) were
synthesized in controlled condition. The simplexafilms were created by slow drying at temperature
below 20 °C and then DN were created by using se@i¢PNs with BA monomer. The effect on
the mechanical properties of different modificatiaf the latexes such as a latex with a crosslinked
PBA-core, a latex with physical crosslinks betwdélea PAA shells , a latex with a high,Mf the
PBA-core, a latex with a high Mf the PAA-shell and a latex with added PfAolution etc. were
investigated. We found that the modifications ire thynthesis of the latex creates a different
nanostructure of the film, resulting in differendasmechanical properties of the latex SN film. SN
films with PAA modification such as high Mf PAA in diblock copolymer, PAA-shells with phgsi
crosslinksby adding a cationic polymer or catiooizinter ion and adding PAA homopolymer show
obviously high stiffness in the initial modulus. ¢ontrast, SN films with PBA modification such as
high M, of PBA and PBA-cores crosslink have a low initmbdulus (the detail can be found in
Chapter 5 part 2).

However, after creating a DN film based on thaexaby using sequential-IPNs, the initial
modulus of the latex films always decreased dughéocollapse of nanostructure during the second
step of the synthesis process, i.e. the swelling3Byand subsequent polymerization. Despite our
efforts, the shells of our latex SN films did natuple together, during the swelling/polymerization
process to create DN films, so the PAA shell cdariebk into the small pieces and was not really able
to form a continuous network able to create sataifibonds. From this hypothesis, the PAA in the
latex DN should stay homogenously dispersed an#t a®@ classical reinforcing filler.

The mechanical properties of the modified latexdd fuggest that to increase the initial
modulus of the DN, the best strategy is to crokdle PBA-core. Introducing crosslinks to the PBA-
core reduces the collapse of the latex particlies #ie swelling/polymerization steps (sequentdls
process) which is probably due to the less swellatdre fixed in shape by the presence of the
crosslinks. The physical crosslinking between PAgls by adding a cationic polymer or a cationic
counter ion did contribute some reinforcement ® litex DN films, especially the Na+ counter ion
results in DN films with excellent toughness aratfure resistance while containing only 0.5% PAA.
In addition, the adjustment of the,Mf the PAA or of the PBA of core-shell latex haseay strong
impact on the mechanical properties of the DN figninigher Mn of the PAA increases the modulus of
the film while increasing the Mof the PBA has an impact on the extensibility o film. The
dissipation of energy of the DN films in cyclic ersion depend on the method of modification of the
latex. We found that by either adding free polyrf@osslinks, cationic polymer, homopolymer) or
counter ions, the hysteresis increases. Finallyfrdcture toughness of the latex DN films showed a
significant improvement when a small amount of fR#%As, was added to the latex, to the expense

however of the transparency of the film and predlyniés resistance to water whitening.
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Annex: A

1. NMR results of PAA-TTC macro-RAFT agent

(o]
oS S\/C\gf” (CD,),5=0
HORT T N

b
e e

Figure A- 1:'"H NMR spectra of TTCA by 200 MHz NMR with DeuterdtBMSO

AA-TLO4

AA-TLO3
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AA-TLO1
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Figure A- 2:'H NMR spectra of TTCA with different Mof PAA by 200 MHz NMR with Deuterated
DMSO
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2. The effect of the drying process on the structurerad

properties of the PAA-b-PBA latex SN

The precise drying temperature (T) used in thengryirocess to create PAA-b-PBA latex SN
films had an impact on the initial modulus and be toughness of the films. In our study, we found
this effect very obvious in the film made from tagex (PAA2.5k, PBA100K) which we called our
standard latex film (Figure A-1). Films with agher modulus and stress at break can be obtained
from drying the latex at a temperature lower th@n’@. While, a drying process at a temperature
higher than 25 C (T>25 °C) gives a more extensiblé much less stiff film (see Figure A-3).

This study suggests that the drying process at tagiperature disturbs the packing process of
the latex particles to create the film. Resultingailower initial modulus and a higher extensibilit
Comparing latex films at T> 25 °C to latex filmstiwthermal annealing process (TA) at 160 °C for 72
hr, presented in Chapter 3 section 4, the anndihesl showed a similar initial modulus as the latex
film at T> 25 °C but the extensibility of the filmmas much lowerX=0.4). The change of mechanical
properties in the annealed film was expected amday come from the inversion of the core-shell

structure into a micellar structure as reporte€hgnal et at: 2

0.25
0.20 —
$ 015
2
& 010
T<22°C
B — T>25°C
0.05 —— T 160°C, 10 min
— T160°C, 72 hr
0.00 | | |
0 1 2 3

€

Figure A- 3: Mechanical properties of latex SN filwbtained from the same latex but with different

drying processes.
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Annex: B

1. Difference amount of PDAME to latex SN and DN

1.1 Latex simple films of PAA-b-PBA with added PAAME

The mechanical properties of the dried films of RPBABA latex with added PADAME were
characterized in uniaxial extension. The stressrsturves, compared with the standard PAA-b-PBA

latex film are shown in Figure B-1.

— [(PAA2.5k, PBA100K) 0.2eq PADAME]g,
0.6 | — [(PAA2.5k, PBA100k) 0.65eq PADAME]gy
(PAA2.5k, PBA100K)gy

04 /

P_/

Oy (MPa)

0.2

0.0 w w w w w
0 1 2 3 4 5

Figure B- 1: Stress-strain curve of (PAA2.5k, PBBRIatex DN films with 0.2 eq. and 0.65 eq., and
standard latex (PAA2.5k, PBA10Qk)

The addition of PADAME clearly increase the initrabdulus while it has little influence on the
extensibility. This suggests that the physical siinks between PAA shells promote a better

organization of the network of shells.

1.2 Latex DN films of PAA-b-PBA with added PADANE

The mechanical properties of the DN films made fr8M films with different PADAME

concentrations have been characterized in uniaxiahsion and are presented in Figure B-2.
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2.0
(PAA2.5k, PBA100K) 5y
—— [(PAA2.5k, PBA100K) 0.2eq PADAME]py,
1.5 | — [(PAA2.5k, PBA100K) 0.65eq PADAME],y

—P BAO,S%BDA

A
e

\

2 4 6 8 10 12
A
Sampl Datex (Wt% PAAgy (Wt% PAApy
(PAA2.5k, PBA100kpy 20 2. 0.5:
[(PAA2.5k, PBA100k) 0.2eq. PADAMIpy 26 24 0.62
[(PAA2.5k, PBA100k) 0.65eq. PADAMIpy 25 2.4 0.6C

Figure B- 2: Stress-strain curve and %wt PAA RAA2.5k, PBA100k) latex DN films with 0.2 eqg.
and 0.65 eq., and standard latex (PAA2.5k, PBAIQOK)

We expected that the better particle organizatiod mitial modulus seen in latex SN films
would also give a higher toughness in the respedid. Unfortunately this was not the case. The
mechanical properties of the DN films with PADAMHEdition do not show any improvement of
mechanical strength, and the stress-strain curvéheffiims are not different from those of the
standard latex film for both PADAME concentratioms. particular there is no difference in initial
modulus suggesting that the stronger initial strrecvas disrupted by the swelling process. Thepste
initial modulus which is distinctive in latex SNrfi with PADAME addition disappears in DN.

Fracture toughness

Fracture mechanic studied by single edge notchegblsaof DN latex films are shown in Figure
B-3. The fracture energy calculated with the Gregtisequation is shown in Table B-1.
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0.4

0.3 —

<
g
2 o024
z
e}
4
01— / — [(PAA2.5k, PBA100K) 0.2eq PADAME]py
| — [(PAA2.5k, PBAL0OK) 0.65eq PADAME]py
/ (PAA2.5k, PBALOOK),y,)
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Figure B- 3: Fracture mechanics of (PAA2.5k, PBBKJatex DN films with 0.2 eq. and 0.65 eq.,
and standard latex (PAA2.5k, PBA10gK)

The latex DN films with PADAME addition (0.2 eq. BAME and 0.65 eq. PADAME) shows a
slightly better fracture energy than the standatdd. Through PADAME addition, which is a short
chain polymer (\ 4.58 kg.mol) may not impact the fracture toughness this imgneent may come
from the higher of %PAA content in latex DN withdsdl PADAME addition (Figure B-2).

Sample I (kJ/nf)
(PAA2.5k, PBA100K)y 2.53 £0.36
[(PAA2.5k, PBAL100K)0.2 eq PADAMEoy 3.45 + 0.6
[(PAA2.5k, PBA100K)0.65 eq PADAMIyy 3.16 £ 0.1!

Table B- 1: Fracture energy of (PAA2.5k, PBA10CGKEK DN with 0.2 eq. and 0.65 eq., and standard
latex (PAA2.5k, PBA100k)

Energy dissipation

The dissipative properties of the PAA-b-PBA latelX Bims with different concentrations of
added PADAME, characterized with strain-controldiog and unloading step extension tests are
presented in Figure B-4.
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1.5
— [(PAA2.5k, PBAL0OK) 0.2eq PADAME]py
— [(PAA2.5k, PBA100K) 0.656q PADAME]py,
(PAA2.5k, PBAL0OK)
= 1.0
o
=3
& 7
0.5 /// '
00 / I I I I
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A

Figure B- 4: Strain controlled loading-unloadingpstycle tests of (PAA2.5k, PBA100k) latex DN
with 0.2 eq. and 0.65 eq., and of the standard [@&A2.5k, PBA100k)y

Latex DN films with added PADAME, both 0.2 and 0&&. do not show significantly different
stress-strain curves from those of the latex DMdsad film. However, to understand better the

dissipation mechanisms of each DN film, we apply #malysis as explained in Chapter 5 and the
results are shown in Figure B-5.

1.0 4.0

—@— Hys. 0.2 PADAME -A - Hysg IW
o Hismf"“ —— 0.65 PDAME | 35 — 0.6 - E.y

« 0.8 mi STD film ' S STD film

e -X - Defies s —— 0.2 PDAME
- — 3.0 ‘UT —— 0.65 PDAME
= 0.6 2 044

0 > | =] E

3 25> § i«/“\t__

5 % > £ TS A AT A

2 e -- A

% - —2.0 s - A

Z A g 02— A--_a

X £
) — 1.5
’:—1./—.5“ =
‘ ‘ ‘ 10 00 —— T T T T
2 4 8 10 12 2 4 6 8 10 12
max

6
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Figure B- 5: Dissipation energy analysis of, of 8245k, PBA100K) latex DN with 0.2 eqg. and 0.65
eg., and standard latex (PAA2.5k, PBA1QRK)

Major hysteresis (Hys) and permanent set in latex DN with 0.65 eq. alegldPADAME is
similar to that of the standard latex DN film whfla the latex DN with 0.2 eq. of added PADAME

the hysteresis is lower. It is unclear to explaimywysn, and the permanent set of the latex DN with
0.2 of added PADAME has a lower level of damage.
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2. Effect of a BDA amount on the latex SN and DNIms

2.1 SN films of PAA-b-PBA with crosslinked PBA-coe by BDA

The mechanical toughness of latex SN film with aARBre crosslinked by BDA shows a
different behaviour from that of the standard Idigrs (Figure 5-22(a)). The BDA crosslinked films
have a lower initial modus compared with the onelenffom a standard film (Figure 5-22 (b)).

However the initial modulus of the films with a sslinked core increases with added amount of BDA

crosslinker.
(@) (b)
0.8 53
[(PAA2.5k, PBA100K) 0.1% BDAIgy
—— [(PAA2.5k, PBA100K) 0.3% BDA]sy 37
0.6 | — [(PAA2.5k, PBA100k) 0.5% BDA]g, S 01
= [(PAA2.5k, PBA100K)gy = *
o [ I -
= = e B B
E 0.4 — _g 0.0 0.2 0.4
S £
0.2 — 8 17
= *
0.0 w w w 0 I T I
0 1 2 3 4 0 0.1% 0.3% 0.5%
€ BDA Conc. (%mole)

Figure 5- 59: (a) Stress-strain curve, and (b)ahmodulus of PAA-b-PBA latex films with
crosslinked PBA-core by 0.1%, 0.3% and 0.5% BDAI aarmal PAA-b-PBA latex films

2.2 DN films of PAA-b-PBA with crosslinked PBA-coe by BDA

Latex DN films synthesized by the sequential integirating network technique of latex SN
films with different concentrations of BDA crosdter were tested in uniaxial extension (Figure B-6).
An increase in crosslinker amount, results in aglol@vel of equilibrium swelling of the films and a

increase of the final % PAA in the DN films.
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20 [(PAA2.5k, PBA100K) 0.1% BDA]py,
' [(PAA2.5k, PBA100K) 0.3% BDA]py
— [(PAA2.5k, PBA100K) 0.5% BDA]py,
—~ 15— (PAA2.5k, PBA100K)
& — PBA
2
—~ 10—
° |
) 4///‘
0.0 = w w w w
2 4 6 8 10 12
A
Samph Diatex (Wt% PAAsy (Wt% PAApN
[(PAA2.5k, PBA100k) 0.1% BD/Apy 23 2.2 0.51
[(PAA2.5k, PBA100K) 0.3% BDZpy 3C 2.2 0.6€
[(PAA2.5k, PBA100k) 0.5% BDApy 37 2.5 0.9¢
(PAA2.5k, PBA100K)y 20 2.4 0.48

Figure B- 6: Stress-strain curves of PAA-b-PBA XalN films with crosslinked PBA-core by 0.1%,
0.3% and 0.5% BDA, and normal PAA-b-PBA latex films

The stress-strain curves of the latex DN films mixden SN films with a core crosslinked with
BDA show a strain stiffening at lower levels of Also interestingly, while the initial modulus tfe
standard latex DN film dramatically decreases nefato the SN because of the change in the
nanostructure of the films (Figure B-7), for the Dikns with BDA crosslinker the initial modulus

does not change much relative to its Sn countegpattincreases with increasing BDA crosslinker.

s ¢ SN
—_ m DN
©
o
= *
g 24 |
5 :
3 :
£ 5 L4
8 14 i
b= | -
c :
= &
0 w w w

0.1% 0.3% 0.5%

BDA Conc. (%mole)

Figure B- 7: Initial modulus of latex SN films atadex DN films of PAA-b-PBA with crosslinked
PBA-core by BDA

Fracture toughness
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Fracture mechanics tests of latex DN films of PARBA with different BDA concentration and
standard latex DN film are shows in Figure B-8. Efffect of the BDA crosslinker on the latex DN
films is clearly shown by the increase of the alithodulus but also the decrease of the stretch at
which the crack propagates.

0.8

[(PAA 2.5k; PBA 100k) 0.1%BDA]p,
— [(PAA 2.5k; PBA 100k) 0.3%BDA]py
0.6 7 — [(PAA 2.5k; PBA 100k) 0.5%BDA]py

= (PAA 2.5k: PBA 100K)py,
o
2 04
2
<)
0.2 —
0.0 — I I I
0 1 2 3 4

Figure B- 8: Fracture mechanic of latex DN filmsR#AA-b-PBA with BDA crosslink and normal
PAA-b-PBA latex films

The fracture energy of the latex DN films calcuthteith the Greensmith model are shown in
Table B-2. The fracture energy clearly decreasts @itroducing the BDA cross linker. Although,
the crosslinker increases the modulus, it doesaatsdarittle the material.

The effect of crosslinking concentration on thefuae toughness of the polymer matrix was also
studied in the composite material of Drayton gasifilag and poly(acrylic acid)it was found that by
increasing the degree of crosslinker, the initiaddodus of the cement composite increased. The
presence of crosslinks can potentially increasdrdeture toughness of the material; however, & hig

degree of crosslinking can also reduce the fra¢turghness due to the high modulus of matérial.

Sampls I (kJ/n?)
(PAA2.5k, PBA100kpy 2.53 £ 0.3
[(PAA2.5k, PBA100K)0.1%BDA}y 1.93 + 0.05
[(PAA2.5k, PBA100k)0.3%BDAsy 1.5C
[(PAA2.5k, PBA100K)0.5%BDAoy 1.07

Table B- 2: : Fracture energy of latex DN filmsRAA-b-PBA with BDA crosslink and normal PAA-
b-PBA latex film

Energy dissipation
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The stress-strain curve of loading-unloading siepecextension of latex DN films with added
BDA crosslinker compared with the standard latexloa found in Figure B-9. Latex DN films with
added BDA crosslinker in the core of the partidbsiously show a high level of dissipation in the
cycle 2 fmax =4.2) and 3max =6).

[(PAA2.5k, PBAL00K) 0.1% BDA]py,
2.0 - [(PAA2.5k, PBA100K) 0.3% BDA],y
—— [(PAA2.5k, PBA100K) 0.5% BDA]py,
(PAA2.5k, PBAL00K)py,
T 15—
[a
=3
=z 1.0
o}
0.5 —
0.0 w w w w w
2 4 6 8 10 12
A

Figure B- 9: Strain controlled loading-unloadingpstycle tests of PAA-b-PBA latex DN films made

from SN with a PBA-core with 0.1%, 0.3% and 0.5%ARompared to the standard PAA-b-PBA

latex films

The hysteresis analysis plots are shown in FiguBThe latexes DN made from SN with
different concentrations of BDA showed similar Hyat the beginning. Then the Hysof the latex
DN with 0.1% BDA had a higher hysteresis while theras no significant different of Hydetween
the two latex DN films with different concentrat®of BDA. The Def; of latex DN with 0.3% BDA
was higher due to the higher crosslinking reduditegviscoelasticity of the film. Moreoverkof the

latex DN was proportional to the concentration &fBcrosslinker as noted in uniaxial extension.

(@) (b)

15 4.0 0.8

—@— Hysp,,; -A - Hys /W
_ 5~ Hysny | a5 - E.
< —¥- Def, : z 0.1% BDA
o a 06 A
s 0.1% BDA L 060 — 03%BDA -1
S 10— — 03%BDA —30 by
3 3
=}
: s> 3
IS 5 1S
£ 05 ~2.0 8
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Figure B- 10: Dissipation energy analysis of, oAfR2.5k, PBA100k) latex DN with different BDA
crosslink concentrations, and standard latex (PBIRR2PBAL100K}y
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3. Effect of a DVB amount on the latex SN and DNIs

3.1 SN films of PAA-b-PBA with a PBA-core crossliked by DVB

In a qualitatively similar way as for the BDA crbsker both modulus and strain at break
decrease relatively to the uncrosslinked latex. dérecentration of DVB crosslinker is related to the

initial modulus of the film and limiting extensigmoperties of the film, (figure B-11).

@) (b)
1.0
[(PAA2.5k, PBA100k) 0.1% DVB]gy,
1.0+ [(PAA2.5k, PBA100k) 0.3% DVB]gy, = o8
— [(PAA2.5k, PBAL00K) 0.5% DVB]gy o ¢
~ 087 (PAA2.5k, PBA100K)gy = .
= 9 06
S 06 3 . ¢
z g 04
© o4 e
£ 02
0.2 —
4 0.0 ‘ ‘ :
0.0 7 T T T T 0% 0.1% 0.3% 0.5%
0 1 2 3 4
DVB Conc. (%mole)
€

Figure B- 11: (a) Stress-strain curve and (b)ahitniodulus of PAA-b-PBA latex films with
crosslinked PBA-core by 0.1%, 0.3% and 0.5% DVRI aarmal PAA-b-PBA latex films

However, comparing with the system crosslinked VBIDA, the latex films crosslinked with
BDA have a lower initial modulus, but higher stressreak and deformation at break (Table B-3).
These differences come from the nature of crosstigkd the different distribution of crosslinks as

discussed above.

Mechanical Conc. BDA (% mole Conc. DVB (% mole

properties 0.1 0.2 0.t 0.1 0.3 0.5
Initial modulus 0.43 0.72| 13% 048 051 0.68
Stress at break 0.42 044 042 0.58 0.p9 071
Strain at break 1.81 091 041 270 1.94 174

Table B- 3: Mechanical properties of PAA-b-PBA jaN films with crosslinked PBA-core by BDA
and DVB crosslinker
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3.2 Latex DN films made from PAA-b-PBA with DVB

In the DN films made from PAA-b-PBA latexes with B\trosslinker, the stress-strain curve of

the films studied in uniaxial extension at room pemature are shown in Figure B-12. Compared to

the standard DN film, the latex DN films with DVBosslinker has a significantly higher initial

modulus and the strain stiffening comes at loweéeresion; it begins at~6 for latex DN with DVB.

25
[(PAA2.5k, PBA100K) 0.1% DVB]py
20 - [(PAA2.5k, PBA100K) 0.3% DVB]py
' — [(PAA2.5k, PBA100K) 0.5% DVB]py
= (PAA2.5k, PBA100K)py
a 157 —pPBA
=3
& 10
0.0 I I I I
2 4 6 8 12
A
Sample Datex (Wt% PAAYN (Wt% PAA}N
(PAA2.5k, PBA100kYy 20 25 0.53
[(PAA2.5k, PBA100K) 0.1% DVB]y 24 2.3 0.55
[(PAA2.5k, PBA100k) 0.3% DVB]\ 36 2.4 0.62
[(PAA2.5k, PBA100k) 0.5% DVEpy 32 2.2 0.7C

Figure B- 12: Stress-strain curves and wt% of DiMgimade from PAA of PAA-b-PBA latexes with
a PBA-core crosslinked by 0.3% DVB, compared wiih standard DN film.

The comparison of the initial modulus between lafX films and their SN counterparts is

presented in Figure B-13. In the standard unciasdicore-shell latex, the initial modulus decreases

markedly after passing through the swelling/polyizieg process. However, only a slight decrease in

initial modulus relative to the precursor latexolsserved for DN films made from precursor latexes

containing DVB crosslinker.
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Figure B- 13: Initial modulus of PAA-b-PBA latex SNms and DN films with crosslinked PBA-core
by 0.1%, 0.3% and 0.5% DVB

Comparing with latex DN films with the BDA systeraettion 3.2.2-1), latex DN films with
DVB crosslinking show much better extension prapsr{Figure 5-30). Especially in latex films with
0.1% mole of DVB, the\ is about 12 and higher than the standard latex fil=11). The higher
hydrophobicity of the DVB crosslinker creates margformly crosslinked cores. The latex DN films
with DVB crosslinker can be reinforced by crosstinkhile retaining a high swelling equilibrium
which has an advantage to reinforce DN films. Hosvelatex films with DVB crosslinker show an
obvious decrease in swelling ability when introgigcia high degree of DVB crosslinker (>0.3%),
resulting in an improvement of the initial modulrgd high strain modulus, but limiting the extension
at break.

Fracture toughness

Fracture tests of DN films made from PAA-b-PBAwIDVB crosslinker, measured with single
edge notch samples are shown in Figure B-14.
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0.8

(PAA2.5k, PBA100K)py
[(PAA2.5k, PBA100K)0.1 %DVB]py
0.6 [(PAA2.5k, PBA100k)0.3% DVB]py
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Figure B- 14: Fracture tests of DN films made frBmA-b-PBA latexes with different DVB

crosslinker, compared with a standard DN film.

Introducing a crosslinker in the PBA-core, incemathe initial modulus and this property remains
in the fracture test. However, due to the limitatf extensibility due to the crosslinking effettie
sample breaks early. The fracture toughness, eadmiby Greensmith approximation are presented in
Table B-4 and show that the film containing a highencentration of BDA (>0.3%) has a lower
fracture energy , while a low concentration of BA1%), gives the best results in terms of fracture

toughness.

Sampls I (kJ/n?)
(PAA2.5k, PBA100kpy 2.53 £ 0.3
[(PAA2.5k, PBA100K)0.1%DVEpy 3.10 £ 0.0;
[(PAA2.5k, PBA100K)0.3%DVB]y 3.2+0.76
[(PAA2.5k, PBA100K)0.5%DVEpy 1.86 + 0.2

Table B- 4: Fracture energy of PAA-b-PBA latex Dk with different DVB crosslinkers, and
standards PAA-b-PBA latex DN film

Dissipation of energy

The dissipative behavior of DN films made from PAABA with DBA crosslinker were
investigated by step-cycle extension. The stressasturve of DN films are shown in Figure 5-36 and

compared with the standard latex DN film (withordsslinker).
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[(PAA2.5k, PBA100K) 0.1% DVB]py
15 [(PAA2.5k, PBA100K) 0.3% DVB]py
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Figure 5- 60: Strain controlled loading-unloaditgpscycle test PAA-b-PBA latex DN films with
different DVB crosslinker, and standards PAA-b-PB#ex DN film

We found that the dissipative properties are riScantly different from those of the standard
DN. The modulus of the films with DVB increasesifa(h-5%) but the overall hysteresis in each step
cycle is quite similar. In order to be precise, #galysis method to clarify energy dissipation
described in Chapter 5, section 2.3 was applied. ere analyzed data are plotted as the function of

AmaxOf each step extension, and they were presenteigiime B-15 (a) and (b).
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Figure B- 15: Energy dissipation analysis of eaep xtension of PAA-b-PBA latex DN films with
with different DVB crosslinker, and standards PAARBA latex DN film

In Figure B-15 (a), it was found that Hysat low deformatiom of the latex DN films with
different concentrations of DVB, starting from 0%astandard latex DN film to 0.5% DVB) do not
show significant differences. The differences ofsklycan be noticed at high deformatici>8)
where the lower concentration of DVB gives the kigHys.,. The Hys, at low deformation is due
to the breaking of PAA-shells and crosslink whilgskl; at high deformation may come from the
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breaking of PBA. The low concentration of PBA gitke longer PBA chain between crosslink point
which can be extended and absorb better the enklgreover, the increase of Hysnd permanent
set or residual deformation (Dgf are clearly observed in latex DN with high cortcation of DVB
crosslink. It may be due to damage process duhaditst loop creating more chain ends and causing
a higher viscoelastic hysteresis, related to tbheegsing of Degfin latex DN with DVB crosslinker. In
Figure B-15 (b), The f; of latex DN shows similar result to those in umdvextension, the higher

concentration of DVB showing a higher initial modst

4. Latex P(BA-co-BDA) films with added PAA

4.1 SN films of P(BA-co-BDA) with added PAA

In this study, we try to mimic the structure of dwe-shell latex of the PAA-b-PBA film by
introducing additional PA4 in water to the P(BA-co-BDA) latex before creatihg film. Uniaxial
extension was used to observe the mechanical pirepef latex SN films with and without adding
PAAs, and the results are presented in Figure B-16.SHhé&lm of PBA,.shenWith added PAA
shows a similar behavior as the latex SN of B An increase of initial modulus can be obviously
observed in the film made from the latex with ad&&d\s,, however, the toughness of the film is

much lower than that of the standard latex film.

0.5
0.4 —
S 03
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& 02
(PBAno-sheII)SN
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(PAA2.5K, PBA100K)gy,
0.0 w w w w
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Figure B- 16: Stress-strain curve of SN films ofRBshefilms with and without PAA, addition

compared to a standard film.
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4.2 DN films of PBA.shen With added PAAg,

The mechanical properties of the latex DN films sm&dm latexes with and without added PAA
are shown in Figure B-17. The strain hardeningatel observed clearly in the latex without added
PAAsior (PBA-shepon Which is due to the crosslinking of the PBA. Howegesurprising result is
found in the latex with added PAgor with [(PBAne-she) 11%PAA]on, the strain hardening in
[(PBAnoshe) 11%PAA o is barely observed and the effect of crosslinking ef added PAA seem to
cancel each other. This surprising result showsith@PBA,.she) 11%PAA, oy the PAA may be
poorly dispersed.

1.5
I (PBAno-shell)DN
— [(PBAno-sheII) 11%PAA5I<]DN
= 1.0 —
o
2
=z
© 0.5 —
0.0 \ \ \ \ \ \
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A
Sample Diatex (Wt% PAAYy (Wt% PAA}N
(PBAno-sheI)DN 18 0 0
[(PBAnoshep 11% PAA,]oN 22 11 2.42

Figure B- 17: Stress-strain curve and wt% PAA @d/&R€o-BDA) latex DN films with and without
PAAs, addition

Fracture toughness

The results of fracture toughness tests of the Esgs determined by uniaxial extension on

notched samples are shown in Figure B-18.
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Figure B- 18: Fracture mechanics test of RBA latex DN films with and without PA4 addition
An obvious improvement in fracture toughness issolEd for [(PBAyo.-she) 11%PAAs ] pn.
Although the strain at break of [(PBAn)11%PAA,]pn decreases, the extensibility of the film is

much better, resulting in an increase in fractatghness as shown in Table B-5.

Sample I (kJ/nf)
(PBAno-sheon 0.63+£0.04
[(PBAno—sheIDll%PAA]DN 1.02 £ 0.0!

Table B- 5: Fracture energy of P(BA-co-BDA) latekl Bilms with and without PAA, addition.

Energy dissipation

The energy dissipation of the PBAnerlatex DN films with and without PA4 addition are
presented in FigureB-19. The DN of the RBAeishows a fully elastic behavior where the hysteresi
loop is negligible. However, after introducing P4Ao the PBA,.sheilatex, the hysteresis loops

clearly appear and are mainly due to the breakupeoPAA chains.
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Figure B- 19: Strain controlled loading-unloadintgscycle of P(BA-co-BDA) latex DN films with
and without PAA addition
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Résumé:

Récemment, une nouvelle technique pour renforcerélastoméres acryliques non chargés a été déeelopp
L'élastomere a été préparé par séquences de genfigrar du monomére acrylique et polymérisatiorncedaire

en faisant des réseaux interpénétrés. Le prétirerdea chaines du premier réseau créent des liaisons
sacrificielles qui améliorent de maniéere significatles propriétés mécaniques de I'élastomere samlifier sa

Tg. Il est donc intéressant d'étendre cette métliod&autres familles d’élastomeéres. Ainsi, dansecétude, la
stratégie des réseaux interpénétrés a été applajaéax matériaux intéressants. Premiérement, astoéhére
silicone a été synthétisé en utilisant une polysaion par polycondensation par réaction d'hydrdesibn qui

est significativement différente de la polymérigatutilisée pour les réseaux acryliques. Les réseaultiples

ont été ensuite synthétisés en gonflant ce résesmudes précurseurs de petite masse et un faibleqrdage de
réticulant DH. Ces réseaux multiples en silicone ont les pédgsi d’'un élastomere classique, avec une énergie
de rupture améliorée d’environ 100%. Deuxiememees, particules coeur-ecorce formés de copolymeébéscd
amphiphiles de poly(acide acrylique)-b-poly(acrglate n-butyle) ou PAA-b-PBA ont été synthétisés guato-
assemblage simultané par polymérisation RAFT epgrés sous la forme de films. Ensuite, les filmt &é
utilisés comme des charges polyméres en poly @erytle butyle) en utilisant une technique de réseau
interpénétrés multiples. Nous avons réussi poyréaniére fois a renforcer I'élastomeére par desquées de
latex. Gréce a cette stratégie d'interpénétrationdistribue des particules de latex de maniére t@mogéne
dans I'élastomeére, les films interpénétrés montdentonnes caractéristiques mécaniques, une résstala
fracture et une ténacité extrémement élevées ksantimoins de 1% de PAA vitreux et pas de rétintihjouté
dans la particule renforgante.

Mots clés: Elastomeéres, double réseau, renforcement mécamqlyelimethyl siloxane, particules coeur-ecorce,
polymérisation RAFT

Abstract:

Recently, a new technique to reinforce unfilledyhcrelastomers has been established. The elastamasr
prepared by sequential free radical polymerizatod swelling of acrylic monomers making interpezieit
networks. By introducing sacrificial bonds, the stétener had significantly enhanced mechanical ptgser
without changing the Tg of the material. We extehttés method to two different elastomeric systenpitobe
its generality. First, a silicone elastomer wastlsysized by using polycondensation polymerizatiden &
hydrosilylation reaction which is significantly téfent from the free radical polymerization used &arylic
networks. The multiple networks were synthesizedsbeguential swelling and polymerization steps witiv
molecular weight preducrosrs and a small amourd#f crosslinker. The resulting silicone multiple netks
were fully elastic elastomer with a mechanical towess improved by about 100%. Second, core-shekda
made of amphiphilic diblock copolymers Poly(acrybcid)-block-poly(butyl acrylate) or PAA-b-PBA were
synthesized by RAFT polymerization induced selieasisly and prepared into thin films. Different typef
core-shell latexes and crosslinked latexes werthegized and characterized both in the aqueous atat in the
dry film state. The films were then used as a pelym filler to a poly(butyl acrylate) by using the
interpenetrated network technique. We succeededhtoffirst time to reinforce elastomers by latextipkes.
Thanks to interpenetrated networks strategy whiskriduted homogenously latex particles though ¢ngire
material, the interpenetrated films show extrememhanced mechanical characteristics, fracture gnang
toughness by using less than 1 % of glassy PAAetrand no crosslinker in the reinforcing particles

Keywords: unfilled elastomers, multiple network design, mmemical reinforcement, silicone networks, core-
shell latex, RAFT polymerization
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a hydrosilylation reaction which is significantlyfférent from the free radical polymerization usied acrylic
networks. The multiple networks were synthesizedseguential swelling and polymerization steps widtv
molecular weight preducrosrs and a small amourd#f crosslinker. The resulting silicone multiple netks
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made of amphiphilic diblock copolymers Poly(acrylicid)-block-poly(butyl acrylate) or PAA-b-PBA were
synthesized by RAFT polymerization induced selieassly and prepared into thin films. Different typef
core-shell latexes and crosslinked latexes werthegized and characterized both in the aqueous atat in the
dry film state. The films were then used as a pelym filler to a poly(butyl acrylate) by using the
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