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Fluorinated polymers are niche macromolecules that play an essential role in modern
life. The special properties of fluorine, including among others, a large electronegativity
(ca 3.98), low polarisability, small van der Waal’s radius (135pm) and the strong C-F
bond (ca 485kJ - mol™!), impart unique properties to organofluorine compounds. Flu-
oropolymers exhibit a combination of desirable traits, including high thermal stability,
low coefficient of friction, chemical inertness, oleo- and hydrophobicity, and low surface
tension. Among the fluoropolymers, polyvinylidene fluoride (PVDF), and copolymers of
vinylidene fluoride (VDF) and hexafluoropropylene (HFP), have found applications in
the coatings industry as the binder in exterior coatings.

The chemical inertness of poly(VDF-co-HFP) copolymer, however, prevents disper-
sion of pigments into the coating and also inhibits adhesion of the coating onto substrates.
An acrylic modifier polymer is typically added to the poly(VDF-co-HFP) copolymer to
improve the dispersion of pigments and the adhesion of the coating. This acrylic copoly-
mer is physically blended with the poly(VDF-co-HFP) copolymer on a macromolecular
scale (i.e. it forms a thermodynamically miscible blend). The loading of acrylic copolymer
in commercial PVDF coatings is often in the range of 20 to 30 % by weight of polymer
solids. Typically, copolymers of methyl methacrylate, ethyl acrylate and methacrylic
esters are employed.

Alternative strategies to overcome the adhesion problem include, among others, chem-
ical modification of the surface of the fluoropolymer film. This can be achieved by graft

copolymerisation or core shell emulsion polymerisation. These methods are used to func-
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tionalise the polymer chains, while maintaining the desirable properties of the parent
polymer. Due to environmental regulations, industry focus has shifted towards develop-
ing coatings with a low volatile organic compound (VOC) content. Aqueous, low VOC,
air-drying coatings can be formulated directly from the acrylic modified fluoropolymer
(AMF) latex and have superior properties to solvent based, high VOC, air-dry coatings.
Their advantages include low viscosities, reduced flammability, reduced odour and easy
application using conventional equipment. A large portion of the aqueous coatings are
sold into the architectural market with over 70 % of architectural paints used in the United
States being classified as aqueous.

Arkema Inc. has developed a commercial aqueous fluoropolymer latex using the
method of seeded emulsion polymerisation. VDF and HFP monomers are randomly
copolymerised via emulsion polymerisation. This poly(VDF-co-HFP) copolymer may be
used as the seed material in a core-shell polymerisation using acrylic monomers. Kato et
al. [49] discloses the preparation of an AMF formulation for poly(VDF-co-HFP) copoly-
mer. Preliminary testing of membrane textiles coated with such formulations showed
that the AMF coatings degrade under UV irradiation more rapidly than is is expected
for poly(VDF-co-HFP) copolymer. The patent indicates that the nature of the product
formed by the emulsion polymerisation is not well understood and the product my be
either a graft copolymer of a core-shell system.

The aim of this research reported in this dissertation was to shed light on the nature
of the final product, and to verify the claims made in the above-mentioned patent.

Various acrylic monomers were copolymerised via seeded emulsion polymerisation us-
ing commercial poly(VDF-co-HFP) copolymer as the seed material. The concentration
and the ratios of the monomers were varied according to the formulation guidelines in
Kato et al.[49]. ATR-FTIR spectroscopy andF NMR spectroscopy was used to de-
termine the microstructure of the resultant latexes. ATR-FTIR spectra confirmed the
presence of C=C and C=O0O bonds in latexes. This indicates that unreacted acrylic com-
ponents are present. The ATR-FTIR spectra of the films indicated the disappearance of
the C=C bonds from the latex, which indicates that the monomers are evaporated easily
from the latexes during film formation. The YF NMR spectra confirmed that no modi-
fication of the poly(VDF-co-HFP) copolymer backbone took place during the reactions.
The particle size distribution graphs showed an increase particle sizes and this suggested
that some self polymerisation of the monomer occurred. The viscosity of the latexes were
lower compared to the due to the experiments being conducted under dilution.

The flow characteristics of the poly(VDF-co-HFP) copolymer was also influenced
with some reactions yielding shear thickening latexes as compared to the shear thinning
poly(VDF-co-HFP) copolymerc. The reactions also yielded latexes which displayed lower
and higher surface tensions than the poly(VDF-co-HFP) copolymer.

Therefore, the conclusion may be drawn from this work that core-shell formation oc-
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curred during the emulsion copolymerisation, as opposed to grafting of the monomer onto
the poly(VDF-co-HFP) copolymer backbone. The claims made in the literature could not
be substantiated; in particluar, the reported improvements in film forming ability were
not realised. No commercially useful advantage exists for the emulsion copolymerisation
of poly(VDF-co-HFP) copolymer with acrylic monomers over the solution blending of
poly(VDF-co-HFP) copolymer with acrylic copolymers.

il
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Chapter 1
Introduction

Fluorinated polymers are niche macromolecules that play an essential role in modern life
[1]. The special properties of fluorine, including among others, a large electronegativity
(ca 3.98) [2], low polarisability [3], small van der Waal’s radius (135pm) [4] and the
strong C-F bond (ca 485kJ - mol™!), impart unique properties to organofluorine com-
pounds. Fluoropolymers exhibit a combination of desirable traits, including, high ther-
mal stability, low coefficient of friction, chemical inertness, oleo- and hydrophobicity, and
low surface tension [5HI6]. Their applications span engineering thermoplastics and elas-
tomers for the chemical process-, automotive- and aeronautics industries, weather-proof
coatings, biomedical materials, separators, electrolytes, and binders for Li-batteries, ex-
change membranes in fuel cells, and many more [10, 17-22].

Among the fluoropolymers, poly(vinylidene fluoride) (PVDF), and copolymers of
vinylidene fluoride (VDF) with hexafluoropropylene (HFP), have found special appli-
cations in the coatings industry as the binder in exterior-use coatings [23, 24]. The
alternating CFy and CH, groups in PVDF induces a chain polarity that provides resis-
tance to thermal- and UV degradation [10]. The incorporation of HFP into a PVDF chain
increases the fluorine content of the polymer making poly(VDF-co-HFP) copolymer more
hydrophobic than PVDF homopolymer [25]. Additionally, the bulky CF3 pendant group
imparts amorphicity to poly(VDF-co-HFP) copolymer.

Architectural membranes find increasing use in the construction of public spaces due
to several factors, most notably the ability of these membranes to transmit light. This
feature is attractive in an environmental context as efficient natural lighting of public
buildings reduces day-time electricity consumption and, thereby, reduces the operating
costs and environmental impact of such spaces. South Africa presents a materials chal-
lenge for these membranes as the material of construction must be able to withstand
intense and prolonged UV irradiation. Poly(ethylene-alt-tetrafluoroethylene) (ETFE),
PVDF and poly(VDF-co-HFP) are excellent choices for UV resistant membrane materi-
als. However, these polymers are expensive and a more cost effective approach involves

the coating of cheaper textiles with a UV resistant fluoropolymer coating.

1
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The chemical inertness of poly(VDF-co-HFP) copolymer, however, prevents disper-
sion of pigments into the coating and also inhibits adhesion of the coating onto substrates
[10, 15, 24]. An acrylic modifier polymer is typically added to the poly(VDF-co-HFP)
copolymer to improve the dispersion of pigments and the adhesion of the coating. This
acrylic copolymer is physically blended with the poly(VDF-co-HFP) copolymer on a
macromolecular scale (i.e. it forms a thermodynamically miscible blend [10] 23, 24]).
The acrylic copolymer, typically copolymers of methyl methacrylate, ethyl acrylate and
methacrylic esters, in commercial PVDF coatings is often in the range of 20 to 30 % by
weight of polymer solids [26, 27].

Chemical modification of the surface of the fluoropolymer film is one strategy, among
others, to overcome the adhesion problem. This can be achieved by graft copolymerisation
[28-31] or core-shell emulsion polymerisation. These methods are used to functionalise
the polymer chains, but also maintains the desirable properties of the parent polymer.

Poly(VDF-co-HFP) copolymers may undergo graft copolymerisation at the CFs—CHsy
—CF5 position [32]. The wettability, surface tension and adhesion properties of the poly-
mer may be tailored via grafting by selecting some suitable graft monomer [33].

Core-shell particles have received much attention in the literature as their properties
may be finely tuned [34, 35]. They exhibit superior properties as compared to particles
produced by physically blending of polymers and particles produced by random copoly-
merisation (i.e. excellent film formation, hardness, appearance, and block resistance) [36].
These core-shell particles are prepared by a series of emulsion polymerisation steps [37].
During the first step, the (co)monomers for the core (co)polymer are (co)polymerised and
then used as seed particles in the second stage of polymerisation. The shell (co)polymer is
produced by (co)polymerisation of (co)monomers in the presence of the core (co)polymer
seed particles [38-42], which results in physical coating of the core particle by the shell
(co)polymer. Importantly, no grafting of the shell (co)polymer onto the core (co)polymer
takes place.

Due to environmental regulations, industry focus has shifted towards developing coat-
ings with a low volatile organic content (VOC) [43-46]. Aqueous, low VOC, air-drying
coatings can be formulated directly from the acrylic modified fluoropolymer (AMF) la-
tex. These aqueous coatings have superior properties compared to solvent based coatings
[24], such as: low viscosity, reduced flammability, reduced odour and easy application
using conventional equipment [47]. A large portion of the aqueous coatings are sold into
the architectural market with over 70 % of architectural paints used in the United States
being classified as aqueous [48].

Arkema Inc. has developed a commercial aqueous fluoropolymer latex using the
method of seeded emulsion polymerisation. VDF and HFP monomers are randomly
copolymerised via emulsion polymerisation. This poly(VDF-co-HFP) copolymer may be

used as the seed material in a core-shell polymerisation using acrylic monomers [24].

2
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Kato et al.[49] discloses the preparation of an AMF formulation for poly(VDF-co-
HFP) copolymer. Preliminary testing of membrane textiles coated with such formulations
showed that the AMF coatings degrade under UV irradiation more rapidly that what is
expected for poly(VDF-co-HFP) copolymer. The patent [49] indicates that the nature
of the product formed by the emulsion polymerisation is not well understood and the
product my be either a graft copolymer of a core-shell system.

Knowledge of the microstructure of the AMF material is especially important in a
South African context as the commercial viability of any project seeking to use AMF
based architectural membranes depends strongly on the cost-effectiveness of such mem-
branes and said cost-effectiveness is intimately tied to the expected lifetime of the AMF
coated membrane. The purpose of this work was to reproduce the poly(VDF-co-HFP)
copolymer based AMF material and ascertain the nature of the product (graft copoly-
mer or core-shell copolymer) as well as the film forming ability. Emphasis is placed on
determining if the less-than-satisfactory UV stability can be overcome or if this stability
issue is inherent to the structure of the AMF.

The poly(VDF-co-HFP) copolymer was not synthesised in this study and the inves-
tigation is limited only to the emulsion copolymerisation of the acrylic monomers in the

presence of a commercial poly(VDF-co-HFP) latex.

3
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Chapter 2

Literature study

2.1 Introduction

This chapter aims to describe the unique properties and importance of using PVDF and
its copolymers with HFP as the resin in a coating. Furthermore the layout of this chapter
illustrates the choice of using poly(VDF-co-HFP) copolymer in this study since it fulfilled
the requirements of having a low VOC content and being the product of seeded emulsion

polymerisation.

2.1.1 Chemistry of fluorine

The name fluorine is derived from its most abundant naturally occurring compound:
fluorspar (CaFs). Fluorine forms compounds with every other element on the periodic
table except helium, argon and neon. This high reactivity of Fy can be attributed to its
low dissociation energy and to the high strength of the bonds that fluorine forms with
other elements [50]. Some of the typical average bond energies of the halogens are shown

in [Table 2.11

Table 2.1: Typical bond energies (kJ - mol™!) [50]

X XX X BX; AlX; CXX,
(kJ-mol™!) (kJ-mol™) (kJ-mol™") (kJ-mol™!) (kJ-mol™)

F 159 574 645 582 456

Cl 243 428 444 427 327

Br 193 363 368 360 272

I 151 204 272 285 239

Fluorine has the highest electronegativity and therefore can oxidize many other ele-
ments to their highest oxidation state. Due to the high oxidation potential and the small

size of the fluorine molecule allows the formation of many simple and complex fluorides in

4
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which the other elements are at their highest oxidation state [51]. Some of the properties

of fluorine are shown in [Table 2.2

Table 2.2: Physical properties of fluorine [50]

Property F

Atomic Number 9

Number of stable isotopes 1

Atomic Weight 18.998
Electronic Configuration — [He]2s*2p®
Ionization Energy 1680.6 kJ - mol !
Electron Affinity 332.6kJ - mol~!
AH jissoe 158.8kJ - mol~!(Fy)
Ionic Radius F- 133 pm

Van der Waals Radius 135 pm
Distance F-F in Fy 143 pm

2.1.2 Fluoropolymers

Fluoropolymers are polymers that have either all the hydrogens in their analogous hy-
drocarbon structures replaced by fluorine atoms (perfluorinated) or they contain both
hydrogen atoms and fluorine atoms (partially fluorinated) [I4]. Additionally two kinds
of polymers exist: homopolymers and copolymers.

Homopolymers describe polymers whose structure can be represented by the repetition
of a single type of repeat unit that may be composed of one or more species of monomer
unit [52]. The structure of a homopolymer is shown in [Figure 2.1 Copolymers there-
fore, describe polymers whose repeat units are composed of two or more different repeat
unit. Types of copolymers are random copolymers , statistical copolymers,
alternating copolymers , graft copolymers and block copolymers
(Figure 2.3).

rvA-A-A-A-A-A-A-Arr

Figure 2.1: Structure of a homopolymer [52]

r~~B-B-B-A-B-B-A-B-A-A~~

Figure 2.2: Structure of a random copolymer [52]

bt
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r~wA-B-A-B-A-B-A-B-A-Barn

Figure 2.3: Structure of an alternating copolymer [52]

B—B—B—B—B—B
;
A—A—A—A—A—A—A—A—A—A—A—/lk—A—A—A—A—A—A—A—A
B
]|3—B—B—B—B—B—B—B

Figure 2.4: Structure of a graft copolymer [52]

A-A-A-A-A-A-A-A-A-A-B-B-B-B-B-B-B-B-B-B
A-A-A-A-A-A-A-A-B-B-B-B-B-B-B-B-A-A-A-A-A-A-A-A

Figure 2.5: Structure of a block copolymer [52]

According to the American Society for Testing Materials (ASTM), homopolymers
contain 99 % or more by weight of one monomer and less than 1% by weight of another
monomer. Copolymers contain 1% or more by weight of one or more comonomers.

Due to the strength of the fluorine-carbon bond and the high electronegativity of the
fluorine atom, fluoropolymers possess many favourable properties when compared to their
analogous hydrocarbon structures. Some of the properties of fluoropolymers are superior
chemical reistance, weather resistance, thermal stability, low dielectric constant and low

coefficient of friction, oil and water repellency and low surface tension [5HI5].

2.1.3 Summary of properties and applications of the different

fluoropolymers

shows the different fluoropolymers with their applications. The fluoropolymers
that are mainly used for coating applications are PVF, PTFE and PVDF. The number
of fluorine atoms in each of the polymers has a significant effect on the properties of the
polymer.

PVF contains only one fluorine atom and its fusion temperature and its decomposition
temperature are so close that PVF can decompose upon baking when it is used as a
coating [10].

PTFE has four fluorine atoms and no crystalline melting point and a high sintering
point and as such forms porous surfaces. According to [10] the sintering temperature is

well above the temperature that the coating can withstand before losing its mechanical

6
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properties. Also PTFE cannot be dissolved in any solvent therefore no suitable solvent
based coating can be formulated.

PVDF has alternating carbon-fluorine bonds and carbon-hydrogen bonds. This struc-
ture induces a polarity that is responsible for the resistance of dirt, oxidation, photo-
chemical deterioration, fading, chalking, cracking and airbourne pollutants [10]. These

properties make PVDF the most suitable fluoropolymer for coating applications.

Table 2.3: Fluoropolymers and their applications

Fluoropolymer Application

ECTFE Flame resistant insulation

ETFE Wire and cable insulation

FEP Cable insulation

PCTFE Barrier film, packaging, sealing
PFA Chemical resistant components
PTFE Chemical processing, wire, coating
PVDF Coating, wire, cable, electronics
PVF Lamination, film, coating

THV Barrier film, insulation

2.2 Fluoropolymer coatings

A coating is applied to a surface such that it adheres to the surface and forms a film. The
functions of a coating can be to protect the surface as well as for decorative purposes.
Some terms that are used to describe coatings by their decorative appearance are: glossy,
clear, pigmented or metallic. The terms used to describe coatings by their functions are:
corrosion protective, abrasion protective, skid resistant, decorative or photosensitive [53].

The terms paint and finish are synonyms for coating [54].

2.2.1 Coating composition
A coating is generally composed of:
e Resin (also called binders or vehicles)
e Pigment
e Additives
e Carrier

The resin is usually a polymer or polymer precursor that can be a thermoplastic or
thermosetting. According to [54] a thermoplastic resin contains at least one high molec-

ular weight polymer that provides the required mechanical strength properties without

7
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further polymerisation. A thermosetting resin contains lower molecular weight polymers
that are further polymerisation after application.

The carrier is a volatile liquid that can be either an organic solvent or water. The
carrier plays a major role in the application of the coating. The solvent liquefies all the
components of the coating allowing them to be spread out over the substrate [55]. Evap-
oration of the solvent occurs during and after application of the coating [53]. According
to [53] thermoplastic resins with polymers dissolved in organic solvents have low solid
content because the relatively high molecular weight requires large amounts of solvents
to reduce the viscosity to allow for application.

Air pollution regulations stipulate the goal to reduce the solvent content (volatile
organic compounds) of coatings. Strategies to decrease the amount of solvent in coatings
include increasing the solids content of the coatings, using water as a large part of the
volatile component and by eliminating the use of solvents completely.

Pigments are small insoluble particles whose purpose is to provide colour and opacity
to the coating. The additives are substances that are added in small amounts to alter

the properties of the coating for example the flow properties and stabilizers [53].

2.2.2 Solvent types

Due to environmental concerns, water based coatings are preferred over organic solvent

based coatings.

Water based coatings

Water based coatings can be manufactured from fluoropolymer dispersions or from fluror-
polymer powders. Coatings from fluoropolymer dispersions are easier to make since the
dispersion is the product of the emulsion polymerisation of the fluoropolymer also called
a fluoropolymer latex or fluoropolymer emulsion. The typical diameter of the dispersed
particles are 0.15 pm to 0.3 pm with the particles being spherical or rod-like in shape [55].

Aqueous dispersions display water-like viscosities and are less than 50 centipoise. Due
to this low viscosity film thickness is kept low in order to avoid the problem of dripping,
sagging and running [55].

There are two difficulties that are encountered with aqueous dispersion coatings. The
first issue is shear stability. According to [55] most dispersions have a limited shear
stability and shear is used as a method to destabilize the dispersion into a solid material
to produce finer products. Something must be added to the formulation to increase the
shear stability of the coating. This is usually a type of solvent [55].

The second issue is cracking of the coating as the coating is dried and baked. This
is due to the small size of the dispersed particles. The cracking occurs at a low dry-film

thickness and is most common in PFA and FEP dispersions [55]. An additive must be

8
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added to minimize the cracking or to delay it to a higher dry-film thickness. An acrylic
resin is usually added for this purpose. According to [55] it forms a continuous film and
remains intact until the fluoropolymers melt or sinters after which it decomposes and
diffuses out of the film.

Solvent based coatings

For solvent based coatings, the fluoropolymer is almost always in the form of a powder.
The exception being amorphous fluoropolymers like Teflon AF which are soluble in the
solvent [55].

In order to disperse the fluoropolymer particles into the solvent, a dispersing agent is
needed. This is usually a resin which stabilizes the dispersion [55].

The stability of solvent based coatings vary. If settling occurs they can be redispersed
and this means that the shelf life can be up to many years [55].

Due to environmental concerns and regulations there is a need to manufacture coatings
with a low volatile organic compound concentration (VOCs). Volatile organic compounds
are generally flammable, toxic and are associated with a large carbon footprint. Therefore

water-based fluoropolymer coatings are preferred to organic solvent based coatings.

2.3 Polymerisation methods

2.3.1 Emulsion polymerisation
Components needed for emulsion polymerisation include:
e Monomer
e Continuous phase (usually water)
e Initiator
e Surfactant

Emulsion polymerisation occurs when the monomer is insoluble in water and able to
polymerise by free radicals. The initiator must be water soluble. The basis of emulsion
polymerisation is the formation of micelles which are formed by the surfactant at high
concentrations.

There are three stages of emulsion polymerisation:

e Stage 1: The monomer diffuses into the empty micelle. The monomer is polymerised
in the micelle creating polymer particles. More polymer particles are produced as

the micelles are consumed.

9
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e Stage 2: No more surfactant is available to generate new polymer particles. The
remaining monomer then diffuses into the existing number of particles to maintain

equilibrium with the particle. The monomer is slowly consumed.

e Stage 3: The monomer droplets are depleted and the particle size is now constant.

Conversion rate of the monomer can reach up to 80-100 %.

Advantages of emulsion polymerisation

The advantages of emulsion polymerisation include good temperature control, low vis-
cosity and the final product can be obtained in the form of a fine powder or in liquid
form [56].

Disadvantages of emulsion polymerisation

The disadvantage of emulsion polymerisation is due to the possibility of excess surfactant
being an impurity. For example, in medical applications the excess surfactant could act

as an irritant [50].

2.3.2 Suspension polymerisation

The components needed for suspension polymerisation include:

e Monomer
e Continuous phase (usually water)
e Initiator

e Stabilizer

The monomer is insoluble in water and the initiator is soluble in the monomer phase.
The stabilizer is often a polymer. The polymerisation occurs in a stirred tank reactor
and the aim of suspension polymerisation is to obtain dispersion of monomer droplets in
the aqueous phase. This dispersion must be as uniform as possible and the coalescence
of the droplets during the polymerisation process must be controlled [57].

Each droplet consists of the monomer into which the initiator has been dissolved.
The stabilizer is absorbed at the interface of the droplet and hinders coalescence. Each
of these droplets then acts as a batch reactor whose kinetics are identical to a typical

large scale free radical polymerisation.

10
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Advantages of suspension polymerisation

The advantages of suspension polymerisation include low viscosity, easy heat removal
due to high heat capacity of water, and the polymerisation yields finely divided, stable
latexes and dispersions that can be directly used in coatings, paints and adhesives [56].

Disadvantages of suspension polymerisation

Suspension polymerisation cannot be used for polymers whose glass transition tempera-

ture is less than the polymerisation temperature since aggregation will occur [56].

2.3.3 Solution polymerisation

The components needed for solution polymerisation include:
e Monomer
e Initiator
e Solvent

There are two types of solution polymerisation namely homogeneous and heteroge-
neous. Homogeneous solution polymerisation occurs when the polymer is soluble in the
solvent as opposed to heterogeneous solution polymerisation which occurs when the poly-
mer is insoluble in the solvent. The heterogeneous system leads to precipitation poly-

merisation.

Advantages of solution polymerisation

The solvent acts as a diluent and aids in the removal of heat of polymerisation. It also
reduces the viscosity which makes processing easier.

Disadvantages of solution polymerisation

Chain transfer to the solvent occurs which results in low molecular weights. It is also
difficult to remove the solvent from the final product which then leads to degradation of
the bulk properties. Another disadvantage of solution polymerisation is environmental

pollution which can occur due to solvent release.

2.4 Homopolymerisation of VDF

The polymerisation of VDF is usually achieved through emulsion, suspension and solution
processes. When compared to suspension polymerisation, emulsion polymerisation results

in greater head-to-head defects. These defects influence the crystallinity which in turn
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affects the mechanical strength, toughness and impact resistance of the PVDF [58]. The
process of radical polymerisation of VDF is shown in [Figure 2.6, Environmental concerns
about the bio-accumulation of long chain fluorinated surfactants prohibit their use and

alternative surfactants must be used.

Initiation Ay — > 2A°
A®+ VDF — 5 A—VDF'

Propagation A—VDF® + VDF — 5 A—VDF—VDF'
A—(VDP—VDF®, vDF ____ . A—(VDP—VDF'

Termination A—(VDF)—VDF * + A—(VDF)p—VDF' ———> A—(VDP—A
n n+Hp+

° L]
Transfer A=(VDF)—VDF® , X—Y —— » A—(VDF)=X + Y
Reinitiation Y + VDF — » Y—VDE®

Figure 2.6: Reaction scheme of radical polymerisation of VDF [5§]

Some other methods for the synthesis of PVDF include radiation or plasma induced

polymerisation and polymerisation in supercritical COq [58].

2.5 PVDF properties

PVDF is a thermoplastic whose properties depend on its molecular weight, molecular
weight distribution, crystalline form, chain configurations and the defects of chaining. The
interesting properties of PVDF include its piezoelectric, pyroelectrical and ferroelectric
behaviour.

PVDF is 50-70% crystalline and exists in 5 crystal polymorphs named «, 3, v, ¢
and e. The most frequent crystal polymorphs are «, S and . The « phase is the
most thermodynamically stable while the 5 phase is known for its superior piezoelectric,
pyroelectric and ferroelectric properties.

PVDF is inert to most solvents, oils, acids and shows low permeability to gases and

liquids. Various properties of PVDF are shown in [Table 2.4l The properties in
were obtained by [58].

Table 2.4: Properties of PVDF

Property Value (°C)
Melting temperature 155 to 192
Glass transition temperature -40 to -30

12
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2.6 Copolymerisation of VDF

Copolymerisation is the most general way to modify the properties of polymers and
results in a change of the symmetry of the polymer chain. This modification of symmetry
results in a change in the intramolecular and intermolecular forces. As a result properties
such as melting point, glass transition temperature, crystallinity, elasticity, permeability
and chemical resistance can be altered within wide limits [58]. Some well-established
copolymers of VDF are poly(VDF-co-HFP), poly(VDF-co-CTFE), poly(VDF-co-TrFE)
and poly(VDF-co-TFE).

2.6.1 Poly(VDF-co-HFP) copolymer

Copolymerising VDF with HFP produces random copolymers via emulsion or suspension
polymerisation. Since the HFP units cannot homopolymerise in a free radical process no
HFP-HFP groups will be found. The presence of the bulky CF3 group lowers the degree
of crystallinity and the melting temperature while increasing molecular mobility, giving
these copolymers better processibility than PVDF [59]. The HFP content influences the
type of products that can be formed. For an HFP content less than 15 to 19 mol%
the copolymer displays thermoplastic properties and at higher HFP contents the copoly-
mer displays elastomeric behaviour [58]. Copolymers with a 20 to 21 mol% content of
HFP display the best compromise between low glass transition temperature and a fully
amorphous elastomer.

Crosslinking of the poly(VDF-co-HFP) copolymer lead to applications such as gaskets,
O-rings, diaphragms for aerospace, automotive or for oil industries [58]. These copolymers
have also found use in the energy industry such as membranes for fuel cells, recharge-
able lithium ion batteries and dye sensitised solar cells. Poly(VDF-co-HFP) copolymer
latexes are used in the coating industry and is manufactured by Arkema under the Kynar

tradename.

2.7 Acrylic modified fluoropolymers

There still remains the challenge to use a PVDF based resin in a low volatile organic
compound formulation that performs at comparable levels to solvent based formulations
[23]. The chemical inertness of PVDF prevents its adhesion to substrates and makes
the dispersion of pigments difficult. Paint formulators add an acrylic modifier resin to
overcome these challenges [24]. This acrylic modifier resin can either be physically blended
with the PVDEF or the surface of the PVDF film can be chemically modified using the

methods of graft copolymerisation or core-shell emulsion polymerisation.
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2.8 Modification of PVDF copolymers

Heterogeneous graft copolymers display properties of both the polymeric backbone as
well as the grafts rather than averaging the homopolymer properties. Graft copolymers
have properties that are different to those of the homopolymer, the polymer blend and the
random copolymers. They also show different properties depending on the composition
and the arrangement of the homopolymer sequences [60].

Graft copolymers have been useful for surface modification of polymers and also to im-
prove the miscibility of immiscible homopolymers. According to [60] fluorine-containing
graft copolymers find applications in the fields of coatings, adhesives, films, fibres and
mouldings due to their miscibility and low surface energy.

Core-shell particles are prepared by a series of emulsion polymerisation steps with
different monomers [61]. During the first step, the monomers are polymerised and then
used as seed particles in the second stage of polymerisation with other monomers. The
initial polymer that is created in the first stage usually forms the inner part [38-42].

These methods are used to impart different functional groups to polymers thereby
incorporating specific properties into the material but also maintaining desirable prop-
erties of the parent polymer. In poly(VDF-co-HFP) copolymer the active sites able to
initiate a polymerisation are the alkyl radicals namely the mid-chain —CFx—-CH,;—-CFx
and end-chain —CFy—CHy— [32]. In this way chemical changes to the polymer can result

in changes to the wettability, surface tension and adhesion [33].

2.9 Commercial PVDF coatings

PVDF has been commercially available since 1961. EIf Atochem (now Arkema) was
one of the first companies to commercialise PVDF for coating applications and for melt
processing. Some of the coatings sold by Arkema are shown in

Table 2.5: Coatings manufactured by Arkema [10]

Trade Name Polymer resin Type of coating
Kynar 500 PVDF Solvent dispersion
Kynar 500 Plus PVDF Water or solvent dispersion
Kynar 500 VLD PVDF Solvent dispersion
Kynar 500 PC PVDF Powder coating
Kynar SL VDF-TFE Solvent dispersion or solution
Kynar ADS VDF-TFE-HFP Solvent solution
14
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2.10 Characterisation methods

2.10.1 Rheology

The study of the rheological properties of coatings is important since it influences the
application and performance of the coatings [54]. Viscosity, by definition, is the resistance
to flow and rheology is the study of viscosity as a function of shear. Viscosity is dependant
on the shear rate and stress of the measuring instrument and the temperature at which

the measurement is made as shown in [Equation 2.1

= — 2.1

=75 (2.1)
Here n, 7, and D are the viscosity in poise, shear stress in dyn.cm™2, and shear rate in

s, respectively. Some of the typical processes that coatings undergo and their respective

shear ranges are shown in [Table 2.6|

Table 2.6: Shear ranges of coating processes

Process Shear range (s™!)
Sagging 1072 -101
Levelling 1072 - 101
Dripping 10° - 10t
Flow coating ~ 10° - 10!
Pumping 10° - 102
Mixing 10t - 102
Dispersion 10% - 10°
Spraying 103 - 10°
Roller coating 103 - 10°
Brushing 103 - 10*

Emulsion rheology

An emulsion comprises two phases which are normally immiscible. Coatings made from
fluoropolymer dispersions or latexes are composed of a fluoropolymer as the dispersed
phase and water as the continuous phase, as well as a surfactant /emulsifier which lowers
the interfacial tension of the two phases and stabilizes the system to an extent. Macro-
emulsions are kinetically and thermodynamically unstable. As a result, the emulsion will
revert to the two phases from which it was formed over time.

Emulsions range from low viscosities (Newtonian milk-like liquids), to thicker shear
thinning materials, to thick cream-like materials. The commonality with all these emul-
sions is the microstructure which comprises of a continuous liquid phase and a liquid
dispersed phase [62].

The factors that affect the rheology of emulsions are [63]:
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e Volume fraction of the disperse phase (¢)
e Viscosity of the disperse phase
e Droplet size distribution

Dynamic oscillatory measurements are done where the stress and strain are varied
sinusoidally at a frequency w and the resulting stress or strain is compared to the applied
values [63]. Since fluoropolymer emulsions are viscoelastic the strain lags behind the
stress where the phase lag or phase angle is § (0 < § < 90°). The amplitude ratio of

stress and strain gives the complex modulus G* which comprises of a real part G’ and an

imaginary part G”[63] shown in [Equation 2.2 and [Equation 2.3| The real part G’ is the

storage modulus or the elastic modulus. On the other hand the imaginary part G” is the

loss modulus or the viscous modulus.

G’ = |G*|cos(9) (2.2)
G" = |G*|sin(9) (2.3)

These parameters can be used to understand the various breakdown processes in
emulsions like thinning of liquid films and coalescence and can be used to predict the

long term stability of emulsions.

2.10.2 Surface tension

The interfacial tension of polymer latexes can be determined using a microbalance. A
plate, ring, rod or other probe of simple shape is brought into contact with the interface.
The 2 main techniques for direct measurement of interfacial tension using a microbalance
is the Wilhelmy plate technique and the Du Noiiy ring method [64]. The Du Noiiy ring
method is a detachment technique. This means that the interfacial tension is measured
by measuring the force required to separate the ring from contact with the interface [65].
The ring is usually made of platinum or a platinum-irridium alloy. The ring is usually 2-3

cm in radius with the wire radius ranging from 1/30 to 1/60 of the ring. The equation

used to calculate the interfacial tension () is shown in [Equation 2.5| [65].

p=A4rR (2.4)
F
T = mf (2.5)

In Equation p is the perimeter of the three phase contact line which is equal to
twice the circumference of the ring. In Equation F is the force required to

detach the ring from the interface, 6 is the contact angle measured for the liquid meniscus
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in contact with the ring surface and f is the correction factor that is applied since an

additional volume of water is lifted during the detachment of the ring from the interface.
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Chapter 3

Characterisation of commercial
poly(VDF-co-HFP) copolymer

3.1 Introduction

Understanding the properties of the base latex is crucial to understanding the behaviour
of poly(VDF-co-HFP) during emulsion copolymerisation with acrylic monomers.

This chapter documents the characterisation of the commercial poly(VDF-co-HFP)
fluoropolymer latex. Methods of analysis include spectroscopy (ATR-FTIR and °F
NMR), particle size distribution, rheology, DSC analysis, light microscopy, film formation,

solubility, density and surface tension.

3.2 Experimental

3.2.1 Materials

Poly(VDEF-co-HFP) copolymer (solid content 46%) was purchased from Arkema Inc. and
used as received. The poly(VDF-co-HFP) copolymer was obtained as a aqueous emulsion

and stored at ambient conditions.

Dimethyl sulfoxide (DMSO), deuterated d6-DMSO, dimethylformamide (DMF), tetrahy-

drofuran (THF), pentane, and acetone were purchased from Sigma Aldrich and used as
received. The surfactant mixture for particle size analysis was purchased from Unilever.

De-mineralised water was obtained from a Thermoscientific Barnstead Easypure 2
(18 M - cm) that was fed distilled water from an in-house distillation unit. The Ny (5N)
and Ar (5N) were supplied by African Oxygen Ltd.
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3.2.2 Methods

Nuclear magnetic resonance (NMR) spectroscopy

9F NMR spectroscopy was performed on the commercial poly(VDF-co-HFP) copolymer.
The NMR spectra were collected using a Bruker Avance III NMR spectrometer equipped
with a 5mm BBO probe. The instrument parameters were a flip angle of 30°, acquisition
time 0.7s, pulse delay 2s number of scans 128, pulse width of 5ps and spectrometer
frequency 376.5 MHz. Deuterated d6-DMSO was used as solvent.

Fourier-transform infra-red (FTIR) spectroscopy

The commercial poly(VDF-co-HFP) copolymer analysed by attenuated total reflectance
(ATR) FTIR using a Perkin-Elmer Spectrum 100 FTIR spectrometer. Samples were

scanned from 600 to 4000 cm ™! with an accuracy of 2cm™!

Differential scanning calorimetry (DSC)

The commercial poly(VDF-co-HFP) copolymer latex was characterised using DSC using
a Mettler-Toledo DSC 1. The samples were encapsulated in aluminium pans with holes
punched into the lids. The samples were loaded into the DSC at ambient temperature
and then cooled to —60°C at a cooling rate of 10°C - min~!. The sample was then kept
at —60°C for 5min and thereafter heated to 200°C at a heating rate of 10°C - min—!.

The samples were run under an Ny atmosphere flowing at 20 ml - min—!.

Particle size distribution (PSD)

The average particle sizes and the particle size distributions of the commercial poly(VDF-
co-HFP) copolymer were measured using a Malvern Mastersizer 3000. The Mastersizer
uses the method of laser light scattering (Mie scattering) with a 4 mW He—Ne laser light
source operating at 632.8 nm. Water was employed as the carrying medium with 1% by
weight of a surfactant mixture (Sodium dodecylbenzene sulfonate, sodium lauryl ether
sulfate, sodium lauryl ether sulfate, and cocamidopropyl betaine) as dispersant. The
measurements were carried out at an obscuration of 10 %. Each sample was analysed 8

times and the results averaged for the final particle size distribution.

3.2.3 Light microscopy

The commercial poly(VDF-co-HFP) copolymer was viewed under a light microscope

(Nikon Corporation, Japan) and images were recorded.
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Viscosity

The viscosities of the latexes were measured using a Brookfield DVIII Ultra Programmable
Rheometer. The Rheometer was operated at 10 rpm and 25°C. Temperature control was
effected by way of a Ghant heat transfer bath.

Density and surface tension

The density and surface tension of the commercial poly(VDF-co-HFP) copolymer were
determined using an Attension Sigma 700 force tensiometer. The surface tension was
assessed using the du Noiiy ring method [66]. The density was determined using a density

probe with known mass and volume.

Solubility

Solubility tests were conducted on the dried films of the poly(VDF-co-HFP) copolymer.
DMF, THF, acetone and DMSO were employed as solvents. Samples of the polymers
were placed in test tubes with a set amount of solvent added. The tubes were vortexed
and solubility was determined qualitatively by observing if any solid material appeared

to have dissolved.

Adhesion and peel test

Adhesion testing was conducted according to the ASTM D3359-09 standard [75]. The
test method used is similar to that used for assessing adhesion on a metallic substrates
by applying and removing pressure sensitive tape over cuts made in the film.

2mL of the poly(VDF-co-HFP) copolymer latex was placed on the surface of clean,
dry, flat, glass plates, and spread out to cover an area of 900 mm?. The glass plates were
degreased beforehand wvia sequential washing with pentane, ethanol, and water. The
latex was air dried at ambient temperature (23 °C) for 65 min to form an even film. The
remaining solvent (water) was then evaporated in a oven at 120°C for 10 min. The dry
film was then left to cool to ambient temperature before the adhesion test was conducted.
The adhered film was cut into a grid pattern. Each grid square was 20 mm long and the
squares were spaced 2 mm apart. The film between the squares was carefully peeled from
the glass plate with a scalpel. Broad adhesive tape was then placed over the grid and
smoothed out. Removal of the tape occurred within 90 s of application. Removal was
effected by hand.

Film formation

A sample of the poly(VDF-co-HFP) copolymer latex was deposited in clean glass Petri
dish and dried in an oven at 80 °C for 16 hours. The Petri dish were degreased beforehand
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via sequential washing with pentane, ethanol, and water. The films were rated in arbitrary
categories according to their appearance. The film formation experiments were repeated

at 25°C and 50 °C to verify the reported minimum film-forming temperatures.

3.2.4 Rheology

Dynamic oscillatory measurements were also carried out on the poly(VDF-co-HFP) copoly-
mer latex using a rheometer (Physica MCR301, Anton Paar, UK) with a plate and plate
geometry. A strain is applied sinusoidally with a frequency w (rad - s7) and an amplitude
o - This is achieved by moving one of the plates back and forth in a sinusoidal manner
and the stress and stress amplitude (og) on the other plate is simultaneously measured.
The complex modulus (Gx) is then determined from the ratio of the stress amplitude
and the strain amplitude as shown in [Equation 3.1] The loss modulus (G”), the stor-
age modulus (G’) and the damping factor (tan ) are determined using [Equation 3.2
[Equation 3.3| and [Equation 3.4] [67].

0o

Gv| =2 3.1
G' = |G x|cosd (3.2)
G” = |G * |sind (3.3)

G”
= — 4
tan(9) el (3.4)

The storage modulus, loss modulus and damping factor of the poly(VDF-co-HFP)
copolymer latex was measured at 20 °C, 30°C, 50°C and 70°C.

3.3 Results and discussion

The FTIR spectra of the poly(VDF-co-HFP) copolymer are presented in [Figure 3.1] The
micrographs at 100X magnification of the poly(VDF-co-HFP) copolymer are presented
in |[Figure 3.2l The particle size distribution is shown in and is the average
of 8 measurements. The viscosity results are shown in [Figure 3.4, The resultant heat
flow versus temperature curve from DSC analysis is shown in The moduli
obtained from rheological measurement is shown in The F NMR spectrum
for the poly(VDF-co-HFP) copolymer is shown in [Figure 3.71 The tensiometry results
are shown in [Table 3.1
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Figure 3.1: ATR-FTIR spectra of poly(VDF-co-HFP) copolymer latex and film

Figure 3.2: Microscopic photograph of poly(VDF-co-HFP) copolymer appearing as white dots
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Figure 3.3: Particle size distribution of poly(VDF-co-HFP) copolymer
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Figure 3.4: Viscosity of poly(VDF-co-HFP) copolymer
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Figure 3.5: DSC curve of poly(VDF-co-HFP) copolymer

Table 3.1: Density and surface tension results

Latex Density  Surface tension
(g-em™)  (mN-m))
poly(VDF-co-HFP) copolymer 1.14 32.47

3.3.1 Structure and composition of the polymers

The distinctive band at 3325 cm™! is assigned to the OH stretching from the water in the
latexes. The band at 1181 cm™! is attributed to CF stretching. Additional absorbance
bands are observed in the FTIR spectra of the films. The band at 2959 cm ™! is attributed
to the CH stretching vibration. The microstructure of VDF-based copolymers can be
resolved by ¥F NMR.

displays the 19F NMR spectrum of the poly(VDF-co-HFP) copolymer. The
signals related to HFP units are: CHy-CFy-CF(CF3)-CFy, at 70.18 ppm, CFy-CF(CF3)-
CH,-CFs- at -74.59 ppm and CHy-CFy-CF,-CF(CF3)-CHy-CFy-CFo- CF(CF3) at -75.0
ppm correspond to the fluorine nuclei of the CF3 group; signals CHy-CFy- CF(CF3)- at
-103.45 ppm and -CF5-CF5-CF(CF3)- at -118.56 ppm to CFy and CF,-CF(CF3)-CF2- at -
182.3 ppm, CF5-CF(CF3)-CHa- at -185.0 ppm and CFy-CF(CF3)-CHy-CFo-CFy-CF(CF3)
at - 185.2 ppm to the CF group of the HFP repeating unit, respectively [68]. The 19F

NMR spectrum exhibits also various groups of signals assigned to VDF units and are
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Figure 3.6: Storage modulus (G’), loss modulus (G”) and damping factor (tan ¢) measured
as a function of angular frequency at 20°C, 30°C, 50°C and 70 °C

centred at -91.9 to -96.73 ppm for head-to-tail normal additions (-CHyCF9- CH5CFs-), at
-108.75 to -112.47 ppm for CF; groups adjacent to a HFP unit (-CHyCF,CF,CF(CF3)-),
and at -113.6 and -116.1 ppm for the head-to-head reversed addition (-CHyCFy- CF2CHs-)
of VDF [69].

The VDF mol percentage can be obtained from Equation {4.1] [70, [71], where [VDF] is
the mol percentage of VDF in the copolymer, [CF; is the integration of the peaks ¢ to
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Figure 3.7: Experimental 'F NMR spectrum of poly(VDF-co-HFP) copolymer

k and [CF; is the integration of peaks a and b.

—117
_gy CF/2
o CF/2+ [ CFy/3

Using Equation4.1|and integrating under the peaks as in the mol percentage
of VDF was calculated as 87.9 % and the mol percentage of HFP was 12.1 %.

3.3.2 Particle size and morphology

The average particle size of the poly(VDF-co-HFP) copolymer latex was found to be
approximately 0.41 pm. The particle size distribution of the latex was unimodal as shown
in[Figure 3.3] According to [47] the latex may be classified in the medium range (0.3 pm to
2pm). For unimodal particle size distributions the maximum packing factor for random
distributions is 0.64 [47].

Under light microscopy, the latex particles appear brighter than the background as
shown in this is due to the size of the particles being smaller than the wave-
length of light used [72].
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3.3.3 Flow properties

The viscosity results (Figure indicate that the poly(VDF-co-HFP) copolymer be-
haves as a non-Newtonian fluid since the viscosity decreases with increasing shear rate.
Specifically, the poly(VDF-co-HFP) copolymer is shear thinning.

Since the storage modulus (G’) is a measure of the energy stored in a cycle of oscillation
a decreasing G’ would indicate an unstable latex. A flat profile of the storage modulus
(G’) against angular frequency (Figure is measured at 20 °C, 30°C, 50°C and 70°C.
At 20°C and 30°C the storage modulus increases with a decrease of angular frequency.
This is attributed to the poly(VDF-co-HFP) copolymer forming a film in the rheometer
at these temperatures which is due to the evaporation of some of the water shown in

Tan § is approximately 1 for all temperatures measured, which indicates
that the latex has equal elastic and viscous components.

The surface tension affects the emulsion wetting on substrates and a lower surface
tension would result in better flow property as well as adhesion to substrates [73]. The
density of the poly(VDF-co-HFP) copolymer latex was found to be 1.14 g - cm™ and the

surface tension was 32.47mN - m~!.

Figure 3.8: Photograph of poly(VDF-co-HFP) copolymer latex after rheology tests

The differential scanning calorimetry cooling curve shows a crystallisation
peak at —12.97°C. On the heating curve the peak at 7.03 °C is attributed to the melting of
the sample. Three overlapping melting peaks are observed at 108 °C. One explanation for
this is the boiling of the water and volatiles and two crystalline regions of the poly(VDF-
co-HFP) copolymer. The higher melting peak is the more organised crystalline region
than the other which may be the anchored amorphous phase [74]. No visible Tg is

observed from the DSC curve.
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3.4 Conclusions

The structure of the poly(VDF-co-HFP) copolymer is composed of a VDF-HFP backbone
with 87.9 % VDF and 12.1 % HFP (assuming only VDF and HFP in the latex) determined
via "F NMR spectroscopy.

When comparing the ATR-FTIR spectrum of the latex to the dry film, the proposed
mechanism of film formation is: the evaporation of the water from the latex.

The work done by [24] describes the production of the aqueous fluoropolymer produced
by Arkema. This is a 2 step polymerisation using the poly(VDF-co-HFP) copolymer as
a seed particle, therefore the proposed morphology of the latex particles is a core-shell
structure. This morphology needs to be confirmed with SEM.

The average particle size of the latex was determined to be 0.41 pm with a unimodal
particle size distribution. The particle sizes are smaller than the wavelength of light used
in light microscopy. This causes the particles to appear bright against a dark background
when viewed under a light microscope.

The flow properties of the latex were determined using a rheometer. The latex was
found to be shear thinning and the storage modulus was constant with changing angular
frequency at 50 °C and 70 °C. At 20 °C and 30 °C the latex started to dry in the rheometer
resulting in an increased storage modulus at decreasing angular frequency.

The DSC analysis of the latex showed a crystallisation peak at —12.87°C and a
melting peak at 7.03 °C. Three overlapping melting peaks were observed at 108 °C which
are attributed to the boiling off of the water and the volatiles in the latex and the 2
crystalline regions of the poly(VDF-co-HFP) copolymer.

The surface tension and density of the latex was also determined using a tensiometer.

The surface tension was 32.17mN - m~! and the density was 1.14g - cm 3.
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Chapter 4

Modification of poly(VDF-co-HFP)

copolymer

4.1 Introduction

This chapter documents the modification of the commercial poly(VDF-co-HFP) copoly-
mer based on the work by Kato et al. [49]. The method of modification is core-shell
emulsion polymerisation with a mixture of monomers. The experimental setup and core-
shell emulsion polymerisation is described and the products of these reactions are then

characterised and compared to the unmodified commercial latex.

4.2 Experimental

4.2.1 Materials

Poly(VDF-co-HFP) copolymer (solid content 46%) was purchased from Arkema Inc. and
used as received. The poly(VDF-co-HFP) was obtained as a aqueous emulsion and stored
at ambient conditions.

Methyl methacrylate (MMA), methacrylic acid (MA), styrene (S), n-butyl acrylate
(NBA), ethyl acrylate (EBA), acrylic acid (AA), sodium dodecyl sulfate (SDS) and
sodium persulfate (SPS) were purchased from Merck and used as received. The monomers
were stored at ca 4°C until used. Dimethyl sulfoxide (DMSO), deuterated d6-DMSO,
dimethylformamide (DMF), tetrahydrofuran (THF), pentane, and acetone were pur-
chased from Sigma Aldrich and used as received. The surfactant mixture for particle
size analysis was purchased from Unilever.

De-mineralised water was obtained from a Thermoscientific Barnstead Easypure 2
(18 M - cm) that was fed distilled water from an in-house distillation unit. The Ny (5N)
and Ar (5N) were supplied by African Oxygen Ltd.
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4.2.2 Methods

Emulsion polymerisation

The materials and their weight percentages were based on Kato et al.[49]. MMA, MA,
S, NBA, EA and AA were used as monomers. SDS was used as surfactant and SPS was
used as the radical initiator. An emulsion mixture was made with the monomers, 25 mL
water and 0.1 g of sodium dodecyl sulfate as the surfactant. This mixture was obtained
by emulsion mixing the components at 5000 rpm for 10 min using a Silverson High Shear
Mixer. The composition of monomer emulsion mixtures used in the formation of each
latex are shown in [Table 411 The reaction was carried out in a 1L round bottom flask
equipped with a stirrer and thermometer. 50 mL poly(VDF-co-HFP) copolymer, 75 mL
water and 0.15g sodium persulfate were added to the flask, degassed with argon for
10 min and then sealed with a rubber septum. The flask was then heated in a water bath
to 75°C and stirred for 15min. The monomer mixture was fed into the round bottom
flask using a syringe and needle over a period of 2h while stirring was kept constant at
200 rpm. The monomer mixture was added drop wise to the flask with an average drop
volume of 3mkL for latexes 1 to 4 and 21 mL for latexes 5 to 8. The mixture was left to
react 30 min after all the monomer emulsion was added. No further purification of the
latexes was carried out after the reaction. The product latexes were stored at ambient
conditions (ca 25°C) before being subjected to analysis.

Latexes 5 to 8 use the same combination and weight ratios of monomers as latexes 1

to 4, however the total volume of the monomer was increased by a factor of 7 as shown
in [Table 4,11

Table 4.1: Variation of monomers in volume (ml) for latexes 1 to 8

Latex
Monomer 1 2 3 4 5t 6 7 8
(ml) (ml) (ml) (ml) (ml) (ml) (ml) (ml)
n-Butyl acrylate 1.2 - 1.9 - 8.5 - 14.16 -
Methyl methacrylate 1.7 3 - 1.5 12 21 - 10.6
Methacrylic acid 0.13 - - - 1 - - -
Acrylic acid - - - 0.13 - - - 0.95
Styrene - - 1.1 - - - 8.25 -
Ethyl acrylate - - - 1.4 - - - 9.7

NMR spectroscopy
9 NMR spectroscopy was performed on films made from latexes 5 to 8. The NMR

spectra were collected using a Bruker Avance III NMR spectrometer equipped with a
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5mm BBO probe. The instrument parameters were a flip angle of 30°, acquisition time
0.7 s, pulse delay 2 s number of scans 128, a pulse width of 5 s and spectrometer frequency
376.5 MHz. Deuterated d6-DMSO was used as solvent.

FTIR spectroscopy

Latexes 1 to 8 were analysed by attenuated total reflectance (ATR) FTIR using a Perkin-

Elmer Spectrum 100 FTIR spectrometer. Samples were scanned from 600 to 4000 cm ™!

with an accuracy of 2cm™!.

DSC

Latexes 5 to 8 and the poly(VDF-co-HFP) copolymer latex was characterised using DSC
using a Mettler-Toledo DSC 1. The samples were encapsulated in aluminium pans with
holes punched into the lids. The samples were loaded into the DSC at ambient temper-
ature and then cooled to —60°C at a cooling rate of 10°C - min~!. The sample was then
kept at —60 °C for 5 min and thereafter heated to 200 °C at a heating rate of 10°C - min—!.

The samples were run under and Ny atmosphere flowing at 20ml - min~?.

PSD

The average particle sizes and the particle size distributions of latexes 1 to 8 were mea-
sured using a Malvern Mastersizer 3000. The Mastersizer uses the method of laser light
scattering (Mie scattering) with a 4 mW He—Ne laser light source operating at 632.8 nm.
Water was employed as the carrying medium with 1% by weight of a surfactant mixture
(Sodium dodecylbenzene sulfonate, sodium lauryl ether sulfate, sodium lauryl ether sul-
fate, and cocamidopropyl betaine) as dispersant. The measurements were carried out at
an obscuration of 10 %. Each sample was analysed 8 times and the results averaged for

the final particle size distribution.

Viscosity

The viscosities of the latexes were measured using a Brookfield DVIII Ultra Programmable
Rheometer. The Rheometer was operated at 10 rpm and 25°C. Temperature control was
effected by way of a Ghant heat transfer bath.

Density and surface tension

The density and surface tension of the latexes 5 to 8 were determined using an Attension
Sigma 700 force tensiometer. The surface tension was assessed using the du Noty ring
method [66]. The density was determined using a density probe with known mass and

volume.
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Solubility

Solubility tests were conducted on the dried films of latex 5 to 8 and poly(VDF-co-HEFP)
copolymer. DMF, THF, acetone and DMSO were employed as solvents. Samples of the
polymers were placed in test tubes with a set amount of solvent added. The tubes were
vortexed and solubility was determined qualitatively by observing if any solid material

appeared to have dissolved.

Adhesion and peel test

Adhesion testing was conducted according to the ASTM D3359-09 standard [75]. The
test method used is similar to that used for assessing adhesion on a metallic substrates
by applying and removing pressure sensitive tape over cuts made in the film.

2mL of each latex was placed on the surface of clean, dry, flat, glass plates, and

2. The glass plates were degreased beforehand

spread out to cover an area of 900 mm
via sequential washing with pentane, ethanol, and water. The latexes were air dried at
ambient temperature (23°C) for 65 min to form an even film. The remaining solvent
(water) was then evaporated in a oven at 120°C for 10 min. The dry films were then left
to cool to ambient temperature before the adhesion test was conducted. The adhered
film was cut into a grid pattern. Each grid square was 20 mm long and the squares were
spaced 2 mm apart. The film between the squares was carefully peeled from the glass
plate with a scalpel. Broad adhesive tape was then placed over the grid and smoothed

out. Removal of the tape occurred within 90 s of application. Removal was effected by
hand.

Film formation

A sample of each latex was deposited in clean glass Petri dish and dried in an oven at
80°C for 16 hours. The Petri dish were degreased beforehand via sequential washing with
pentane, ethanol, and water. The films were rated in arbitrary categories according to
their appearance. The film formation experiments were repeated at 25°C and 50°C to

verify the reported minimum film-forming temperatures.

4.3 Results and discussion

The eight latexes obtained after polymerisation were all single phase emulsions. The vi-
sual appearance of the films is summarised in[Table 4.2] Kato et al. [49] report minimum
film forming temperatures as high as 50 °C. The minimum film forming temperature de-
pends on the comonomers used during copolymerisation, and this temperature decreasing
with increasing hydrophobicity of the comonomers. Contrary to what is claimed by Kato

et al. [49], all latexes exhibited a film forming temperature lower than 25°C. The dried
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latexes swelled in the presence of DMF, THF', acetone and DMSQO. The latexes were never
fully soluble in these solvents except for the poly(VDF-co-HFP) copolymer that was fully
soluble in DMSO.

Table 4.2: Film appearance

Film Appearance

poly(VDF-co-HFP) copolymer Transparent film

1 Transparent film

Transparent film

Transparent film

Transparent film

Transparent film

Soft powdery film

Transparent, very thin film
Opaque, yellowish coloured film

O O U = W

4.3.1 Particle size distribution, viscosity, density and surface

tension

The viscosity results are displayed in Measurement 3 for latexes 1 to 8 was
taken 2 weeks after the latexes were formed. The results for the density and surface
tension are shown in [Table 4.4

The average PSD of latexes 2, 3, 4, 5, and 6 were 0.46 pm, 0.46 pm, 0.52 pm, 0.46 pm,
and 0.52 pm, respectively. These latexes therefore, have a larger average particle size than
the poly(VDF-co-HFP) copolymer latex which is 0.41 pm. This is expected irrespective
of whether core-shell or graft polymerisation occurred. Since latexes 5 to 8 have an
increased monomer concentration over those of latexes 1 to 4, it is expected that latexes
5 to 8 would have a larger average size than latexes 1 to 4 if grafting occurred. It is
assumed that there will be little, if any, termination of the graft polymer chains due to
proton transfer from the solvent (water) or the comonomers. However, latex 7 (0.41 pum)
and 8 (0.41 um), do not show a significant difference in average particle size compared to
the poly(VDF-co-HFP) copolymer or to latex 3 and 4.

The viscosity of the latexes as a function of shear rate is shown in [Table 4.3 All
8 latexes have a lower viscosity than the poly(VDF-co-HFP) copolymer, this is due to
the experiments being conducted under dilution. It is noted that, as some latexes age,
it loses its viscous strength. This is observed in latexes 3, 5 and 6. However, these
observations may be due to experimental errors relating to the accuracy of dilution and
are not indicative of any occurrence of coalescence.

The surface tension between the latexes and air are shown in [Table 4.4 Latexes 1

33

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

Table 4.3: Viscosity (cP) of latexes 1 to 8

Latex Measurement 1 Measurement 2 Measurement 3

(cP) (cP) (cP)

poly(VDF-co-HFP) copolymer 130 130 130
Latex 1 4 4 4
Latex 2 4 6 4
Latex 3 6 6 4
Latex 4 4 4 4
Latex 5 6 6 4
Latex 6 6 8 4
Latex 7 6 6 6
Latex 8 6 8 8

to 4 did not exhibit surface tensions that deviated from the base poly(VDF-co-HFP)
copolymer (32.5mN -m™'). The surface tension of the latexes 5 and 6 (31 mN-m™1)
were lower than that of the poly(VDF-co-HFP) copolymer (32.5mN-m™!). Latex 7
(35mN - m™!) displayed a higher surface tension than that of the poly(VDF-co-HFP)
copolymer while latex 8 (32.4mN - m™~!) was approximately the same as the poly(VDF-
co-HFP) copolymer.

The surface tension affects the emulsion wetting on substrates and a lower surface
tension would result in better flow property as well as better adhesion to substrates [73].
The differences between the base poly(VDF-co-HFP) copolymer and latexes 1 to 6 and
latex 8 are marginal. The increase in surface tension of latex 7 is attributed to the com-
bined hydrophobic effect of the long chain hydrocarbon in n-butyl acrylate and styrene.
The 'H NMR spectra did not provide a clear picture of the nature of the copolymerisa-
tion between n-butyl acrylate, methyl methacrylate and methacrylic acid, but the surface
tension data seems to indicate that the more polar monomers are incorporated into the

modified latexes more readily than the more hydrophobic monomers.

Table 4.4: Density and surface tension results

Latex Density  Surface Tension
(g-cm?)  (mN-m™)
poly(VDF-co-HFP) copolymer 1.1 32.5
Latex 5 1.0 31.0
Latex 6 1.0 30.9
Latex 7 1.1 34.7
Latex 8 1.1 32.4

The densities of the latexes did not vary significantly from the density of the base
poly(VDF-co-HFP) copolymer. Latexes 1 to 4 did not exhibit detectable differences
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from that of the base poly(VDF-co-HFP) copolymer. The densities also followed the
trends seen in the viscosity data in that the latexes produced with polar monomers seems
to exhibit lower property values from the base copolymer. It is unclear if this data

represents meaningful structural differences between the latexes.

4.3.2 Structure and composition of the polymers

The ATR-FTIR spectra for both the emulsions and films for experiments 5 to 8 (Table 4.1])
are presented in [Figure 4.1l and [Figure 4.2, The FTIR spectra for the latexes (Figure 4.1])

were invariant for all experiments. The distinctive band at 3325cm™! is assigned to the

OH stretching from the water in the latexes. The band at 1731 cm™! is assigned to the
stretching vibration of the C=0 bond and the band at 1637 cm ™! is assigned to presence
of C=C bonds. The bands at 1400 cm™! and 1456 cm™! are due to the in-plane bending
vibrations of the CH bonds in the CHs group. The band at 1181 cm™! is attributed to CF
stretching. The presence of the C=0 bond in all latexes indicate that there are acrylic
components in the latexes. Furthermore, the presence of the C=C bond indicates that

there is unreacted acrylic in the latexes.

1.0
S 08 Latex 5
% 3325 cm” --- lLatex 6
- —— = Latex 7
> [ N Latex 8
)
o 0.6 1
<
o
?
= 0.4 4
@© 1181 cm™
§ 1400 cm ™A
o
Z 0.2 4 1731 cm*

0.0

" I " I " I " I " I " I
4000 3500 3000 2500 2000 1500 1000
-1
Frequency / cm

Figure 4.1: FTIR spectra of latexes 5 to 8

Additional absorbance bands are observed in the FTIR spectra of the films (Fig-
ure 4.2). The band at 2959 cm™! is attributed to the CH stretching vibration. The
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flexing vibration bands of O=C—-0O—-C at 1072cm ™! and 1029 cm™! are observed in films
5,7 and 8. Film 6 exhibits an increased intensity of the O=C~O-C band at 1051 cm™*
and 996cm~!. The absorbance band for the C=C bond at 1620cm™" is not observed
in the films. This is attributed to the removal of unreacted monomers during the film

forming process.

1.0
3
c 0.84 Film 5
s ~-- Filme
S ~ -~ Film 7
NAasl ...
2 0.6+
<
°
A
2 0.4
©
e
o
Z 0.2 4
0.0 =

e —
4000 3500 3000 2500 2000 1500 1000
-1

Frequency / cm

Figure 4.2: FTIR spectra of films 5 to 8

The F NMR spectrum for the film of poly(VDF-co-HFP) copolymer are presented
in [Figure 4.3] The structural assignments are according to Pianca et al. [71] and Dumas
et al. [68]. The "F NMR spectra for the films of latexes 5, 6, and 7 are shown in
Figure 4.4 (the individual spectra are provided in the supporting information). The VDF
mol fraction can be obtained from [70, [71l, [76], [77], where [VDF] is the mol
fraction of VDF in the copolymer. The mol fractions of VDF and HFP were calculated
as 88 % and 12 %, respectively.

—117

TR/

—117 —75
o0 CFy/2+ [ CF3/3

[VDF] =

(4.1)

The product may be either a graft copolymer or a core-shell copolymer. The av-
erage bond dissociation energies of the C—H and C—F bonds are 414kJ - mol~! and
485kJ - mol™! for the CH, and CFy, respectively [78]. Grafting onto perfluorinated poly-

mers is possible, but in the case of PTFE, the grafting process requires generation of an
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active site on the polymer chain [79-82]. Therefore, grafting onto the poly(VDF-co-HFP)
copolymer should occur preferentially at the CF,—CHy—CF, position.

CF,
!_1_\
CF, - VDF H-T
|
" CF, - HFP
S / g
i |
- I
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Figure 4.3: F NMR spectrum of the unmodified commercial poly(VDF-co-HFP) copolymer.
The structural assignments are according to Pianca et al. [71]

Should grafting occur, the most prominent change should occur in the VDF head-to-
tail region (from -90 to -97 ppm). The F NMR spectra of films 5 to 8 are identical to
that of the poly(VDF-co-HFP) copolymer film which indicates that no modification of
the poly(VDF-co-HFP) copolymer backbone occurred. The PSD data shows there is a
definite increase in the particle size of the modified poly(VDF-co-HFP) copolymers over
the base copolymer. This shows that the monomers have attached onto the poly(VDF-
co-HFP) copolymer, but the lack of NMR evidence for grafting seems to indicate that
this attachment is mechanical rather than chemical in nature.

Attempts to observe the morphology of the latex emulsion particles by light micro-
scope failed due to a lack of contrast between the presumed acrylic copolymers and the
poly(VDF-co-HFP) copolymer. Attempts to embed the latex dispersions into a resin and
produce sections of the modified poly(VDF-co-HFP) copolymer emulsion particles also
failed as the polymers seemed to dissolve in the standard resins used for this technique.
Therefore, no direct evidence for encapsulation of the poly(VDF-co-HFP) copolymer by

acrylic copolymers. However, the spectroscopic data strongly indicates that a core-shell
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Figure 4.4: 'YF NMR spectra of dissolved films 5 to 7 and poly(VDF-co-HFP) copolymer

structure is the most likely morphology of the modified poly(VDF-co-HFP) copolymer.

4.3.3 DSC caloriometry

The heat flow versus temperature plot for the heating curves are shown in and
the cooling curves are shown in for latexes 5, 6, 7, 8, and the base poly(VDF-
co-HFP) copolymer. The heating curves show a broad melting temperature
range at ca —3°C and three overlapping peaks at 100 °C for both the base- and modified
poly(VDF-co-HFP) copolymer latexes.

The three peaks at 100°C can be explained by the evaporation of the water and
organic volatiles in the latexes and the melting of the crystalline regions of the poly(VDF-
co-HFP) copolymer. The higher melting peak is due to the crystalline region and the
second highest melting peak may be due to the amorphous region [74]. Latex 6 shows a
narrow melting temperature range at 0.2°C. The latexes also display a shift in the large
overlapping peaks compared to the base poly(VDF-co-HFP) copolymer. Latexes 6 and 8
show a shift to a lower temperature range of 97°C and 96 °C, respectively, while latex 5

exhibited a shift to a higher temperature of 105°C. Latex 7 showed the same overlapping
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peaks at 100 °C. Latex 6 also exhibits what appears to be a glass transition at 45 °C.
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Figure 4.5: DSC thermograms of poly(VDF-co-HFP) copolymer and latexes 5 to 8 from
—60°C to 200°C at 10°C - min™"

4.3.4 Adhesion and peel test

Results of the peel tests are shown in [Table 4.5l The peel test results show that the
poly(VDF-co-HFP) copolymer displays the strongest adhesion strength, followed by latex
8, the other latexes show weak adhesive properties. For latex 6, no continuous film was
formed but rather a powdery residue was observed. Latex 7 exhibited a rubbery texture
and when cutting into the latex, the film slipped off the surface. Films peeled cleanly by
tape and films that get removed when cutting into squares are considered to have poor
to very poor adhesive properties and adhesion tests cannot be conducted on such films
[75].

These results directly contradict the claims made by Kato et al. [49]. Indeed, the
formation of powder over a uniform film for latex 6 seems to support the conclusion that
the modified latexes are blends of poly(VDF-co-HFP) copolymer and acrylic copoly-
mers. [t seems no commercially useful advantage exists for the emulsion copolymerisa-

tion of poly(VDF-co-HFP) copolymer with acrylic monomers over the solution blending

39

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02@

- /)
0 8 -
/L 7
‘o
s °
5
™ J\ o) ﬁ
©
+
/\ Kynar
-60 -40 20 0 20 40

Temperature (°C)

Figure 4.6: DSC thermograms of poly(VDF-co-HFP) copolymer and latexes 5 to 8 from
—60°C to 25°C at 10°C - min~*

of poly(VDF-co-HFP) copolymer with acrylic copolymers as both preparation methods

seems to result in the same final product.

Table 4.5: Adhesion test results showing the poor quality of the films

Latex Film area removed (%)
poly(VDF-co-HFP) copolymer 0
Latex 1 75
Latex 2 -
Latex 3 -
Latex 4 -
Latex 5 79
Latex 6 No continuous film formed
Latex 7 Slid off when cutting
Latex 8 22
40
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4.4 Challenges

One possible outcome of the reaction could be that the polymer molecule may become
too big after the core-shell emulsion polymerisation and would settle out of the latex.
Therefore a low initial monomer volume was decided upon to limit the size of the final
polymer molecule and this resulted in latexes 1 to 4. Since the polymer molecules did not
settle out of the latex, the monomer volume was increased and resulted in the formation
of latexes 5 to 8.

In early reactions the dilution of the Kynar was adjusted. When the ratio of total
distilled water added to Kynar latex was below 3:2 the latex solidified in the round bottom
flask during the experiment as shown in Figure [4.7]

Figure 4.7: Solidified latex due to low dilution

4.5 Conclusion

The chemical structures of the poly(VDF-co-HFP) copolymer and latexes 1 to 8 were
characterised using ATR-FTIR and F NMR spectroscopy. ATR-FTIR spectra of the
latexes revealed C=0 and C=C bonds present in latexes 1 to 8. This indicated that
unreacted acrylic components were present. This is expected for latexes 1 to 8 since no
removal of the unreacted monomer or any homopolymer was conducted. All films also
show the disappearance of the C=C bond as compared to their respective latexes.

The "F NMR spectra revealed that the mol fraction of VDF and HFP in the poly(VDF-
co-HFP) copolymer is 87.9 % and 12.1 %, respectively and that the poly(VDF-co-HFP)

copolymer backbone was not modified during any of the experiments. This is consistent
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with expected results since the active sites available for reaction in poly(VDF-co-HFP)
copolymer were identified as the mid chain CF;—CHs—CF5 and end chain CF,—CH,
alkyl radicals.

Latexes 1 to 4 consisted of a low monomer amount in order to prevent precipitation
of the poly(VDF-co-HFP) copolymer during the experiments. No precipitation was ob-
served during the experiments and the monomer amount was increased by a factor of
7 resulting in latexes 5 to 8. The effect of increased monomer amount was seen in the
particle size distributions of the latexes as well as in their viscosities. The average particle
size of latexes 2-6 were larger than that of the poly(VDF-co-HFP) copolymer indicating
that core-shell polymerisation had occurred.

Peel tests demonstrated that no improvement in adhesion properties of the films was
observed when modifying the poly(VDF-co-HFP) copolymer. The poly(VDF-co-HFP)
copolymer remained as having the highest adhesion strength, followed by latex 8. This
is directly contradictory to the claims made by Kato et al. [49].

This study has shown that the physical properties of the commercial poly(VDF-co-
HFP) copolymer can be modified using the process of core-shell emulsion polymerisation
with different acrylic monomers. These properties are melting and crystallisation temper-
atures, viscosity, surface tension, density and average particle size. However, the claims
made in literature [49] could not be substantiated, particularly, the reported improve-
ments in film forming ability was not realised. No commercially useful advantage exists for
the emulsion copolymerisation of poly(VDF-co-HFP) copolymer with acrylic monomers
over the solution blending of poly(VDF-co-HFP) copolymer with acrylic copolymers.

Further studies to determine the reaction mechanism and accurate chemical structure
need to be done. In particular, determination of the conditions under which grafting will

be observed would help in developing better AMF products.
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Chapter 5
Conclusion

This dissertation proposes a method to reproduce and understand the nature of a poly(VDF-
co-HFP) based AMF formulation as described by Kato et al [49]. Furthermore, claims
made by Kato et al [49] are investigated and found to be contradictory to experimental

results obtained in this work.

5.1 Summary of results

5.1.1 Characterisation of commercial poly(VDF-co-HFP)

Chapter 3 discussed the characterisation of the commercial poly(VDF-co-HFP) to deter-
mine benchmark properties. ATR-FTIR confirmed the presence of C=C and C=0 bonds
in the latex which indicated that unreacted acrylic is present. Comparison of ATR-FTIR
results of the dry films and the latex indicated that the film forming mechanism involves
the evaporation of water. NMR analysis revealed that the mol fraction of VDF and
HEP in the copolymer was 87.9% and 12.1 % respectively. Flow characteristics of the
commercial poly(VDF-co-HFP) was observed to be non-Newtonian and shear thinning.
Partcle size distribution indicated that the copolymer was unimodal with an average
particle size of 0.41 pm. Core-shell morphology of the commercial poly(VDF-co-HFP)
is proposed since production by Arkema is described as a 2 step polymerisation using
poly(VDF-co-HFP) as seed material.

5.1.2 Modification of poly(VDF-co-HFP) copolymer

Chapter 4 described the experimental procedure for modifying the commercial poly (VDF-
co-HFP). The method of seeded emulsion polymerisation was used. The resulting latexes
were characterised using the same analysis techniques that were used to characterise the
commercial poly(VDF-co-HFP) in chapter 3. The modified latexes showed differences

compared to the commercial poly(VDF-co-HFP) such as increased average particle size,
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different flow characteristics (i.e. some latexes displayed shear thickening behaviour),
higher surface tension, shifted melting and crystallisation temperatures. Lower density
and viscosity was observed for latexes produced with more polar monomers. Particle
size distribution showed an increased particle size for latexes 2-6 indicating either graft
or core-shell morphology, however 19F NMR showed no modification of the VDF-HFP
backbone. This suggests that the method of attachment of the monomers to the com-
mercial poly(VDF-co-HFP) is mechanical rather than chemical. Peel tests showed no
superior adhesion properties compared to the commercial poly(VDF-co-HFP) and film
formation was observed at temperatures below 25 °C. Both observations are contradictory

to claims made by Kato et al [49)].

5.2 Suggestion for further work

Characterisation of the resultant latexes showed that the poly(VDF-co-HFP) copolymer
backbone was not modified during the experiments. Further studies to determine the
reaction mechanism and accurate chemical structure need to be done. SEM is proposed
to confirm the core-shell morphology of the commercial poly(VDF-co-HFP) and modified
latexes. Stability tests are also proposed to determine the lifetime of the modified latexes

since separation of the samples was noticed after some time.
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