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ABSTRACT

This thesis aims to improve the performance of latex-based pressure-sensitive adhesives
(PSAs). PSA performance is usually evaluated by tack, peel strength and shear strength.
Tack and peel strength characterize a PSA’s bonding strength to a substrate while shear
strength reflects a PSA’s capability to resist shear deformation. In general, increasing
shear strength leads to a decrease in tack and peel strength. While there are several
commercial PSA synthesis methods, the two most important methods consist of either
solvent-based or latex-based techniques. While latex-based PSAs are more
environmentally compliant than solvent-based PSAs, they tend to have much lower shear
strength, at similar tack and peel strength levels. Therefore, the goal in this thesis was to
greatly improve the shear strength of latex-based PSAs at little to no sacrifice to tack and
peel strength.

In this study, controlling the polymer microstructure of latexes or their
corresponding PSA films was used as the main method for improving the PSA
performance. The research was sub-divided into four parts. First, the influence of chain
transfer agent (CTA) and cross-linker on latex polymer microstructure was studied via
seeded semi-batch emulsion polymerization of butyl acrylate (BA) and methyl
methacrylate (MMA). Three techniques were used to produce the latexes: (1) adding
CTA only, (2) adding cross-linker only, and (3) adding both CTA and cross-linker. It was
found that using CTA and cross-linker simultaneously allows one to expand the range of

latex microstructural possibilities. For example, latexes with similar gel contents but
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different M. (molecular weight between cross-links) and M,, (molecular weight of sol
polymers) could be produced if CTA and cross-linker concentration are both increased.
However, for the corresponding PSAs with similar gel contents, the relationship between
their polymer microstructure and performance was difficult to establish as almost all of
the medium and high gel content PSAs showed very low tack and peel strength as well as
extremely large shear strength readings.

In the second part of this thesis, in order to improve the tack and peel strength of
medium and high gel content PSAs, the monomer composition and emulsifier
concentration were varied. It was found that changing the monomer mixture from
BA/MMA to BA/acrylic acid (AA)/2-hydroxyethyl methacrylate (HEMA) while
simultaneously decreasing emulsifier concentration dramatically improved the
corresponding PSAs’ shear strength as well as tack and peel strength. The addition of
polar groups to the PSA increased its cohesive strength due to the presence of strong
hydrogen bonding; meanwhile, PSA films’ surface tension increased.

In the third part, two series of BA/AA/HEMA latexes were generated by varying
the amounts of CTA either in the absence or presence of cross-linker. The latexes
produced in the absence of cross-linker exhibited significantly larger M, and M,
compared to their counterparts with similar gel contents prepared with cross-linker. The
PSAs with the larger M. and M,, showed much larger shear strengths due to improved
entanglements between the polymer chains.

In the final part of the thesis, the performance of the BA/AA/HEMA PSAs was
further improved by post-heating. Compared with original latex-based PSAs with similar

gel contents, heat-treated PSAs showed not only significantly improved shear strengths,
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but also much larger tack and peel strengths. The different shear strengths were related to
the PSAs’ gel structures, which were discrete in the original PSAs but continuous in the
heat-treated PSAs. The improved tack and peel strengths were related to the PSA films’
surface smoothness. During the post-heating process, the PSA polymer flowed, resulting
in much smoother surfaces than the original PSA films. In addition, the effect of post-
heating was related to the polymer microstructure of the untreated PSAs. Decreasing the
amount of very small or very big polymers or simultaneously increasing M. and My,
could lead to post-treated PSAs with significantly better performance. Moreover, it was
found that by optimizing the polymer microstructure of the original latex-based PSAs, it
was possible to obtain a treated PSA with similar or even better performance than a
solvent-based PSA with similar polymer microstructure.

Our original objective was surpassed: in two cases, not only was shear strength
greatly improved, but so were tack and peel strength due to the simultaneous

modification of PSA bulk and surface properties.
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RESUME

Cette these vise a améliorer la performance des adhésifs sensibles a la pression (ASP) a
base de latex. La performance des ASPs est généralement évaluée par leur habileté a
adhérer a une surface. L’adhérance a coller et la résistance au décollement caractérisent
une force de liaison d’ASP a un substrat tandis que la résistance au cisaillement reflete la
capacité d'un ASP a résister a la déformation de coupe. En général, ce qui augmente la
résistance au cisaillement conduit a une diminution de I’adhérance a coller et la résistance
au decollement. Bien qu'il existe plusieurs méthodes de synthese commerciale d’ASP, les
deux méthodes les plus importantes different par milieu de fabrication: a base de solvant
ou a base de latex. Alors que les ASP a base de latex sont plus conformes aux normes
environnementales que les ASP a base de solvant, ils ont tendance a avoir une résistance
au cisaillement beaucoup plus faible. Par conséquent, I'objectif de cette thése était
d'améliorer considérablement la résistance au cisaillement des ASPs a base de latex sans
sacrifier leur adhérance et leur résistance au décollement.

Dans cette étude, le contrdle de la microstructure des polymeéres de latex ou des
films de I’ASP a été utilisé comme la méthode principale pour améliorer la performance
de I’ASP. La recherche a été sous-divisée en quatre parties. Premierement, I'influence de
I'agent de transfert de chaine (ATC) et de réticulation sur la microstructure du polymere
de latex a été étudiée par polymérisation d'acrylate de butyle (AB) et de méthacrylate de
méthyle (MAM) en émulsion ensemencée semi-continu. Trois techniques ont été utilisees

pour produire le latex: (1) en ajoutant que de I’ATC, (2) en ajoutant seulement I’agent de

Vi
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réticulation, et (3) en ajoutant les deux. Il a été constaté que l'utilisation simultanée
d’ATC et d’agent de réticulation permet d’élargir I'éventail des possibilités de la
microstructure du latex. Par exemple, les latex avec des contenus de gel similaires, mais
avec des différentes valeurs de M. (poids moléculaire entre réticulations) et de M,, (poids
moléculaire de polymeéres sol) peuvent étres produits si les concentrations de I’ATC et de
I’agent de réticulation sont augmentées. Toutefois, pour les ASPs correspondant a une
teneur en gel similaire, il a été difficile d'établir la relation entre leur microstructure du
polymere et de la performance parce que presque la totalité des ASPs a moyen et a haut
contenu en gel a montré une trés faible habileté a coller et de résister au décollement,
ainsi que des mesures trés grandes de résistance au cisaillement.

Dans la deuxiéme partie de cette thése, afin d'améliorer I’habileté a coller et la
résistance au décollement des ASPs avec des moyens et hauts contenus en gel, la
composition de monomeres et la concentration d’émulsifiant ont été variées. Il a été
constaté que la modification du mélange de monomeres de AB/MAM a AB/acide
acrylique (AA)/2-hydroxyéthyl méthacrylate (HEMA) simultanément avec la diminution
de la concentration d’émulsifiant, ont considérablement amélioré la résistance au
cisaillement des ASPs ainsi que leur habileté a coller et de résister au décollement.
L'ajout de groupes polaires sur I’ASP a accru sa force de cohésion en raison de la
présence d’une liaison d’hydrogéne forte, et en méme temps, la tension de surface des
films ASP a augmenté.

Dans la troisieme partie, deux séries de latex avec AB/AA/HEMA ont éte
génerées en variant les quantites d’ATC, soit en Il'absence ou la présence d’agent de

réticulation. Le latex produit en absence d’agent de réticulation a montré un niveau plus

vii
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large du M. et M,,, comparativement a leurs homologues ayant les mémes teneurs en gel
préparé avec agent de réticulation. Les ASPs avec les plus grands M. et M,, ont montré
une résistance supérieure au cisellement la plus grande en raison de l'augmentation de
I’enchevétrement entre les chaines de polymeres.

Dans la derniére partie de la thése, la performance des ASPs du AB/AA/HEMA a
été encore améliorée par post-chauffage. Par comparaison avec les ASPs d’origine a base
de latex avec des teneurs similaires de gel, les ASPs traités avec la chaleur ont montré
non seulement une considérable amélioration a la résistance au cisaillement, mais aussi
une plus grande habileté a coller et a résister au décollement. Les différentes résistances
au cisaillement ont été liées aux structures de gel, qui ont été discrets dans les ASP
originaux, mais continues dans les ASPs avec traitement thermique. L'augmentation de
I’habileté a coller et la résistance au décollement a été liée a la rugosité de surface des
films d’ASPs. Au cours du processus de post-chauffage, le polymere ASP a coulé,
entrainant des surfaces beaucoup plus lisses que les films d’ASP originaux. En plus,
I'effet de post-chauffage est lié a la microstructure du polymeére des ASP non-traitées. La
diminution de la quantité des polymeéres tres petits ou tres grands ou en augmentant
simultanément le M, et le M,, pourrait conduire aux ASPs post-traitées avec de biens
meilleures performances. D’ailleurs, il a été constaté que par l'optimisation de la
microstructure du polymere des ASPs a base de latex originaux, il a été possible d'obtenir
un ASP avec des performances similaires ou encore mieux que I’ASP a base de solvant
avec une microstructure similaire.

Notre objectif initial a été surpassé: dans deux cas, non seulement la résistance au

cisaillement a été améliorée grandement, mais aussi I’habilité a coller et la résistance au

viii
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décollement en raison a la modification simultanée des propriétés en vrac et des surfaces

des ASPs.
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A pressure sensitive adhesive (PSA) can adhere immediately to a substrate upon
application of light pressure.!! PSAs are viscoelastic, usually polymeric, materials, and
their performance is mainly evaluated by three properties: tack, peel strength and shear
strength. Tack reflects a PSA’s capability to deform and adhere quickly. Peel strength
shows its ability to resist removal by peeling. Shear strength measures its ability to resist
flow under shear forces and is mostly related to the cohesive strength of the PSA. In
general, it is not possible to increase shear strength simultaneously with tack and peel
strength. The reason is that in order to increase shear strength, the cohesive strength of
the PSAs must be enhanced; however, this will lower the PSA’s capability to deform and
flow, and accordingly its capability to wet the substrate.

PSAs are used widely in many commonplace articles such as tapes, labels and
shoes to high technology products such as electronic parts and controlled drug delivery
systems. PSAs can be classified into four categories based on their mode of production:
latex-based, solvent-based, hot melt and radiation cured PSAs.! Among these PSAs,
latex-based and solvent-based PSAs are more widely used. Moreover, lately latex-based
PSAs have become dominant in the PSA market due to their environmental compliance
and lower production cost. However, in some applications where very large shear
strength is needed, latex-based PSAs still cannot compete with solvent-based PSAs. The
reason is that in general, latex-based PSAs have much lower cohesive strength and
consequently much smaller shear strength, compared with solvent-based PSAs.

It is known that PSA performance is strongly related to its bulk properties (or
viscoelastic properties) as well as surface properties such as surface tension and surface

smoothness.”) PSA viscoelastic properties can be measured via dynamic mechanical
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analysis (DMA) and these properties are controlled by the PSA’s polymer properties; for
example, the PSA’s copolymer composition, glass transition temperature (Tg) as well as
its polymer microstructure (i.e., gel content, molecular weight of sol polymers (M),
molecular weight between cross-linking points (M;) and molecular weight between
entanglement points (M.)).B™ For PSAs with similar bulk properties, increasing their
surface tension and smoothness will lead to higher tack and peel strength.*! In addition,
for PSAs with similar surface properties and composition, increasing their gel content
will result in larger shear strength but smaller tack and peel strength. Moreover, for
similar gel content PSAs with the same composition, the one having a continuous gel
network will have a larger cohesive strength and consequently, larger shear strength
compared to the one with the discontinuous network.**% Although much research has
been done in the past to study the influence of PSAs’ polymer microstructure on their
performance, most of the work has focused on either latex-based or solvent-based PSAs.
To our knowledge, only Tobing et al.®®! have systematically studied the polymer
microstructure difference between these two kinds of PSAs. They pointed out that the gel
network is discrete in latex-based PSAs, but continuous in solvent-based PSAs (see
image “a” and “b” of Figure 1.1). The discontinuous gel network endows latex-based
PSAs with a lower cohesive strength and accordingly, a lower shear strength.

The polymer microstructure of latex-based PSA films is related to the process for
forming these films. Images “b” and *“c” of Figure 1.1 provide a good illustration of this
process. First, latexes are cast on a backing film (see image b for an example of latex’s
polymer microstructure). Then, the water in the latexes evaporates and at the same time,

some sol polymers of one latex particle will diffuse across the particle boundary. If the
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latex polymer microstructure is appropriate (i.e., My, > 2M, and M. > = M,), the diffused
sol polymers will entangle with the sol polymer or gel polymers from another
particle.®*®) Meanwhile, the latex particles will deform and the particle boundary will
disappear gradually, and finally latex-based PSA films will form (see image c). From
image “c” of Figure 1.1, one can see that in latex-based PSA films, the gel is discrete, and
the small microgel polymers are connected by the sol polymer chains via entanglement.
Actually, this is the best scenario, and in some cases, the microgels cannot entangle. By
analysis of the film formation process, one can envisage that the polymer microstructure

of latex-based PSA films is directly related to that of their corresponding latexes.

Figure 1.1: Polymer microstructures of PSA films and latex-based PSA film formation
process. (a: solvent-based PSA film, b: latex particles, c: latex-based PSA film, d: Post-
treated latex-based PSA film.)

(Note: In images a through d, the grids and associated solid dots represent the gel
polymers and their cross-link points, respectively; the long curled lines represent sol
polymers with size larger than 2M.; and the short lines refer to the small sol polymers
incapable of entanglement with other sol polymers or gel polymers. The solid dots in
image d linking the grids and sol polymers represent newly formed cross-linking points

during the post-treatment process for the latex-based PSA films.)
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By comparing the polymer microstructures of latex-based and solvent-based
PSAs, one can see that in order to improve the performance of latex-based PSAs to the
same level as that of solvent-based PSAs, their discrete microgel structure must be
changed into a continuous gel network. One possible way to achieve this is to produce
latex-based PSA films with functional groups and then post-treat these films. Tobing et
al.® reported that for gel free latex-based PSAs, if the M., was larger than 2M,, then the
sol polymers could entangle with each other; for gel-containing PSAs, if M. was larger
than M, and M,, was larger than 2M. but smaller than 20M, then the sol polymers could
entangle with the microgels. After post-treating these two types of latex-based PSAs
under suitable conditions, some of the entanglement points could become cross-linking
points if there were functional groups in their vicinity able to react during the post-
treatment process. As a result, a continuous gel network could form in the post-treated
latex-based PSA films (see image d of Fig. 1), and consequently the shear strength could
be greatly increased. The post-treatment method was also used in other studies, but these
studies focused on optimizing the functional groups.™**"? Up to now, even post-treated
latex-based PSAs still have a much lower shear strength compared to solvent-based PSAs
with similar properties such as gel content, M. and M,,. Hence, more research is still
needed in order to improve the performance of latex-based PSA films.

The present study aimed to improve the performance of latex-based PSA films by
controlling their polymer microstructure. By verifying the microstructure of post-treated
latex-based PSAs, it was found that although their gel network is continuous, it is not
uniform. Weak points often exist around the edges of the original microgels in the treated
PSAs if the microgels are not connected by a sufficient number of cross-linking points.

5
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The presence of these weak points can lead to lower cohesive strength of the treated PSA
films and accordingly, lower shear strengths for these PSAs. The elimination of these
weak points could be accomplished in two steps: (1) Optimize the latex polymer
microstructure, so that a sufficient number of sol polymers entangle the microgels in the
latex-based PSA films; (2) post-treat the latex-based PSA films with good polymer
entanglements under appropriate conditions to ensure that a sufficient number of

entanglement points become cross-linking points in the gel network of the treated PSAs.

1.1 Objectives of the Research
The principal objective of this research was to improve the performance of latex-based
PSA films. In particular, we sought to improve shear strength at little or no sacrifice to

tack and peel strength. To achieve this, the following tasks were established:

(1) Study the influence of chain transfer agent and cross-linker concentration on the
polymer microstructure of latexes produced via a seeded semi-batch emulsion
polymerization approach.

(2) Study the influence of the polymer microstructure and surface properties of latex-
based PSAs on their performance.

(3) Study the influence of polymer microstructure of latex-based PSAs on their
viscoelastic properties.

(4) Study the influence of polymer microstructure of latex-based PSAs on the

performance of their corresponding post-treated PSAs.
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1.2 Structure of the Thesis

The research was accomplished following a systematic plan that contemplated the
requirements needed to achieve the main goal of improving the performance of latex-
based PSAs by controlling their polymer microstructure. The research was divided into
several sections, with each section designed to fulfill one of the tasks outlined above. A

schematic diagram of the research methodology is shown in Figure 1.2.

Polymerization Process
__.-7| * Polymerization Rate
* Particle size and distribution

Latex Polymer Properties
* Composition
Model * Glass Transition Temperature

23 Factorial Design > « Microstructure

« Chain Transfer Agent concentration * Gel content o .
« Cross-linker concentration * Molecular weight between cross-linking points (M)

* Molecular weight of sol polymers (My,)
¢ Molecular weight between entanglement points (Mg)

Starved Seeded semi-batch
Emulsion polymerization

N
.
N

L-
Latex-based Pressure Sensitive Adhesives Post-treated Latex-based
- - - Pressure Sensitive Adhesives
Performance Viscoelastic Properties

® Tack e Storage Modulus (G’) *Performance

* Peel Strength * Loss Modulus (G”) * Tack

* Shear Strength *Tand * Peel strength

7 * Shear strength

Figure 1.2 Schematic overview of research methodology

The thesis is prepared in a journal article format and includes seven chapters.
With the exception of this introductory chapter, the theoretical background chapter

(Chapter 2) and the general discussion and conclusion chapter (Chapter 7), each chapter
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is associated with a section in the research plan shown in the scheme. In addition, each
chapter corresponds to an independent publication that has been or will be submitted to a

scientific journal. The details of each chapter are provided below.

Chapter 2: Theoretical Background and Research Methodology

This chapter provides the reader with concise background and fundamental information
necessary for understanding the subsequent chapters. It covers the principles of emulsion
polymerization as well as information related to PSA performance. This chapter also
includes a research methodology section. The section contains detailed information on
polymerization and characterization methods, which may not be provided in the
following chapters due to the concise nature of journal publications. Citations to thorough
reviews are also given for those readers who wish to expand their knowledge on emulsion

polymerization and latex-based PSAs.

Chapter 3: Manipulation of Chain Transfer Agent and Cross-linker Concentration
to Modify Latex Polymer Microstructure for Pressure Sensitive Adhesives. Qie L.,
Dubé M. A., European Polymer Journal 2010, 46(6): 1225-1236.

In this chapter are presented the results regarding the influence of CTA and cross-linker
concentration on the latexes’ polymer microstructure as well as the influence of the
latexes” polymer microstructure on the corresponding PSAs’ performance. A starved
seeded semi-batch emulsion polymerization approach was used to produce butyl acrylate
(BA)/methyl methacrylate (MMA) latexes. During the polymerization process, the CTA

and cross-linker were added in three ways: (1) only CTA, (2) only cross-linker, (3) both
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CTA and cross-linker. The focus was on using both CTA and cross-linker to adjust latex
polymer microstructure. A range of BA/MMA latexes with differing polymer
microstructures was produced. However, the relationship between polymer
microstructure and PSA performance was difficult to establish for PSAs with similar gel
content, because almost all of medium and high gel content PSAs showed very low tack

and peel strength as well as extremely large shear strength readings.

Chapter 4: The Influence of Butyl Acrylate/Methyl Methacrylate/2-Hydroxy Ethyl
Methacrylate/Acrylic Acid Latex Properties on Pressure Sensitive Adhesive
Performance, Qie L., Dubé M. A., International Journal of Adhesion and Adhesives
2010, 30(7): 654-664.

This chapter describes our aims to resolve the poor PSA performance of the latexes
described in Chapter 3. More specifically, improving the tack and peel strength at no or
small sacrifice of the shear strength for medium and high gel content PSAs. For this
purpose, the CTA, cross-linker and emulsifier concentrations as well as the monomer
mixture composition were manipulated to produce latexes with versatile polymer
microstructures and compositions. The influence of the latexes’ polymer microstructure
and composition on the corresponding PSAs’ performance and viscoelasticity were

reported.

Chapter 5: Manipulating Latex Polymer Microstructure using Chain Transfer
Agent and Cross-linker to Modify PSA Performance and Viscoelasticity. Qie L.,

Dubé M. A., accepted by Macromolecular Reaction Engineering, in 2010.
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The similar gel content BA/AA (acrylic acid)/HEMA (2-hydroxy ethyl methacrylate)
latexes were produced via two different techniques and the results of this effort are
presented in Chapter 5. One technique was to vary the amount of CTA in the absence of
cross-linker, and the other was to use both CTA and cross-linker during a starved, seeded,
semi-batch emulsion polymerization process. The polymer microstructures of these
latexes were compared. In addition, the influence of the latexes’ polymer microstructure

on the corresponding PSAs’ viscoelastic properties and performance was studied.

Chapter 6: Influence of the Polymer Microstructures of Latex-based Pressure
Sensitive Adhesives on the Performance of their Post-treated PSAs. Qie L., Dubé M.
A. This chapter will be submitted to the Journal of Applied Polymer Science.

This chapter reports on a study of the influence of the polymer microstructures of
BA/AA/HEMA latexes (or their corresponding latex-based PSASs) on the performance of
the corresponding post-treated PSAs. More specifically, gel-free or very low gel content
latexes were used to study the influence of the amount of very small sol polymers (i.e.,
size < 2M) in the original PSAs on the performance of the treated PSAs, under the
condition that the original PSAs had M,, larger than 2M.. For gel-containing latex-based
PSAs, the influence of the amount of either very small or very large sol polymers (i.e.,
size < 2M, or size > 20M,) in the original PSAs on the performance of post-treated PSAs
was studied under the condition that original PSAs had M, larger than M. and also M,,
larger than 2M. but smaller than or close to 20M,. The possibility of simultaneously
increasing the M. and M,, of the original latex-based PSAs on improving the performance

of their corresponding post-treated PSAs was also explored under the condition that the
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original PSAs had M larger or close to M, and also M, larger than 2M. but smaller than

20M¢ In addition, the treated latex-based PSAs were compared with original latex-based

PSAs and solvent-based PSAs, under the condition of similar polymer properties (e.g.,

gel content, M,, and M) with respect to their gel network and PSA performance.

Chapter 7: General Discussion and Conclusions

This final chapter presents a general discussion relating all aspects of the thesis. A

summary of several possible ways for achieving this objective is provided.
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This chapter includes two sections. The first section covers the principles of emulsion
polymerization as well as the basic knowledge needed to understand PSA performance.
The second part provides detailed information about the research methodology employed

in this study.

2.1 Theoretical Background

2.1.1 Emulsion polymerization

Emulsion polymerization is a widely used process for producing synthetic latexes. It is a
chain growth reaction initiated by free radicals. It has an important feature of
heterogeneity: multiple phases (e.g., organic and inorganic phases) exist during the whole
polymerization process.™

The main ingredients for conducting emulsion polymerization include monomers,
water, emulsifier, and water-soluble initiator. In addition, chain transfer agent (CTA) and
cross-linker are often used in order to modify the latexes’ polymer properties.!!!

Emulsion polymerizations can be carried out in several ways; e.g., via a batch
process or a seeded semi-batch process. A schematic diagram of a batch process is shown
in Figure 2.1. In the batch process, usually water and emulsifier are first added to the
reactor and mixed. The amount of emulsifier equivalent to the critical micelle
concentration (CMC) will dissolve in the water, but any amounts beyond the CMC will
aggregate and form micelles. Next, monomer (or a monomer mixture) is added. Most of

the monomer will form large droplets (e.g., micrometer size) with emulsifier on their
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surface to stabilize them. The monomer will partition between the water phase, the
monomer droplets and the micelles (e.g., nanometer size) (see image 2-1A). The reactants
are heated to the desired temperature and, at that point, water-soluble initiator is added to
the reactor. The initiator dissociates in the aqueous phase and forms highly reactive free
radicals, which will polymerize the monomer dissolved in water, and thereafter become
primary radicals (see image 2-1B). Once these primary radicals reach a size where they
become hydrophobic, they will begin to migrate into the monomer-swollen micelles and
initiate the polymerization therein. At this point, the “nucleated micelle” is referred to as
a growing latex particle containing both monomer and polymer. As the polymerization
proceeds, the number of micelles decreases and the number of growing latex particles
increases until micelles are no longer present in the reaction mixture. After that, the
number of growing latex particles is constant. Under these conditions, the main locus of
polymerization is inside the growing latex particles. The monomer from the droplets
diffuses into the growing latex particles until the droplets disappear. After that point, the
number of latex particles remains constant, but the monomer concentration in the latex
particles gradually decreases with time. At the end of the polymerization, essentially all
of the monomer inside the latex particles is polymerized (although under a variety of
instances, residual monomer may be present). Hence, the final product, latex, consists of

polymer particles stabilized with emulsifiers and suspended in water (see image 2-1C).
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Figure 2.1: Scheme of batch emulsion polymerization process.
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It is known that the polymerization rate is associated with the number of latex
particles (N), the monomer concentration in the growing particle ([M]) as well as the rate
coefficient for propagation (kp), which depends on both the monomer composition and

polymerization temperature (see Equation 2-1™).

kp[M]AN
R =N,

2-1)
In Equation 2-1, nn is the average number of radicals per particle, and Na is Avogadro’s
number.

The molecular weight of the latex polymer is related to the number of latex
particles (N), the rate coefficient for propagation (kp), and the initiator and monomer

concentrations (see Equation 2-2!1).

kp[M]AN
Xn = R—I

(2-2)
In Equation 2-2, x, is the number-average degree of polymerization, which is associated
with the size of the latex polymer chains; and R, is the rate of radical generation, which is
related to the initiator concentration as well as the polymerization temperature. (Note:
The effect of CTA and cross-linker concentration on the size of the latex polymer chains
is not considered in Equation 2-2.)

As mentioned earlier, during batch emulsion polymerization, the monomer

concentration in the growing latex particles [M] is not constant for the whole process.
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Hence, according to Equations 2-1 and 2-2, one can see that the polymerization rate and
the size of the latex polymer chains will drift during the polymerization process. In
addition, Equations 2-1 and 2-2 are for batch homo-polymerization. When two monomers
are copolymerized, the polymerization rate and number-average degree of polymerization

can be described with Equations 2-3 and 2-4.

_ (kpy1[Mq] + kp12[M3] + kpay [My] + kpop [M])IN
b=
Ny

(2-3)

X = (kPll[Ml] + kPlZ[MZ] + kPZl[Ml] + kPZZ [MZ])ﬁN
=
R,

2-4

where kyij is the propagation rate coefficient for the addition of monomer j to a polymer
radical ending in monomer i. [M;] and [M] are the concentrations of monomers 1 and 2,
respectively.

With Equation 2-3, one can see that when two monomers with very different
polymerization coefficients (kp) are copolymerized in a batch process, then one monomer
will react much faster than the other. As a result, the monomer composition will change
during the polymerization process and the latex copolymer will have a heterogeneous
composition.

The seeded, semi-batch process was developed to avoid the drift in latex
properties as well as in polymerization rate associated with the batch process.[” In
general, a seeded semi-batch process includes three stages: (1) A short batch stage where
a small amount of monomer or monomer mixture (i.e., ~5 wt% of the total monomers)

are polymerized batch-wise to produce a seed latex with a narrow particle size
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distribution; (2) A substantially longer feeding stage during which a monomer emulsion
and aqueous initiator solution are often added very slowly to grow the seed latex without
generating new particles (Note: Monomer emulsion generally includes monomers, water,
emulsifiers, and in some cases CTA and/or cross-linker); (3) A short cook stage to fully
react the remaining monomer in the latex particles. From the above description, one can
see that almost all of the latex polymers are produced in the feeding stage during a seeded
semi-batch emulsion polymerization process. In addition, compared with the batch
process, the seeded semi-batch process offers improved latex polymer property control.
For example, if a proper polymerization formulation and feeding rates are adopted, then
no coagulation between latex particles or formation of secondary latex particles will
occur. Hence the number of latex particles (N) will be constant. Meanwhile, if the
feeding rates of the monomer emulsion and initiator solution are constant, then the
monomer and initiator concentrations in the growing latex particles will be constant
during the whole feeding stage. Under this condition (i.e., constant number of latex
particles as well as constant monomer and initiator concentrations), the latex polymers
produced during the feeding stage will have consistent polymer properties (see Equation
2-4). Moreover, compared with the batch process, seeded semi-batch processes can also
offer better control of the latex copolymer composition. For example, if the monomer
emulsion and initiator solution are fed slowly enough (i.e., a monomer-starved feed
condition), then the fed monomers will be able to react more or less instantaneously.
Hence, under this condition, even though monomers with different reactivity are present,
the resulting latex copolymer will have a homogeneous composition equal to the

composition of the monomer mixture in the monomer emulsion feed. One should keep in

19



Chapter 2

mind that the starved-feed condition results in high polymer concentrations throughout
the polymerization and a higher propensity for branching and cross-linking reactions may
exist. This is sometimes a desirable property but may also be deleterious to the eventual
polymer properties.

Since the seeded semi-batch emulsion polymerization process has so many
advantages over the batch process, it is more widely used in industry. In addition, it is

also used in this study to produce latexes for making latex-based PSA films.

2.1.2 Control of latexes’ polymer microstructure

In a polymer material, the size of polymer chains varies a lot (e.g., from small movable
and dissolvable sol polymers to very larger polymer network (or gel polymer)). Polymer
microstructure is often used to describe the size and packing of the polymer chains in a
polymer material. It covers molecular weight of sol polymers (My), gel content and
structure, molecular weight between cross-linking points (M¢) and molecular weight
between entanglement points (Me). Polymer microstructure greatly affects the polymer
material’s bulk properties (or viscoelastic properties) as well as the performance of the
final products (e.g., PSAs).>*®! Hence, in the past, much research has been done on
manipulating the latexes’ polymer microstructures. The method used including varying
initiator, CTA and cross-linker concentrations, initiator and monomer feed rates,
monomer composition, and seed properties, during a seeded semi-batch emulsion
polymerization process.*"

Among the above mentioned polymerization conditions, CTA and cross-linker

concentrations are the two most effective and commonly used factors for tailoring
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emulsion polymer microstructural properties. It is well known that adding CTA can
decrease M, in the case of gel-free latex, or in the case of gel-containing latex, decrease
gel content.l*#2225%1 Adding cross-linker can increase gel content, but decrease M. and
M. In any of these two cases, it is not possible to manipulate the gel content
independently of the M,,. In contrast, the effect of combining CTA and cross-linker is not
well studied. Chauvet et al.”? reported some unique phenomena caused by combining
CTA and cross-linker in a seeded semi-batch emulsion polymerization of butyl acrylate
(BA) and acrylic acid (AA). They showed how gel content and M, could be increased
simultaneously at the same cross-linker concentration by decreasing the concentration of
CTA. However, the latexes produced with both CTA and cross-linker covered a narrow
gel content range from 71 to 88%. Kajtna et al.?”) also studied the effect of combining
CTA and cross-linker but in a batch suspension polymerization of ethyl-hexyl acrylate
and ethyl acrylate. They reported that at the same cross-linker concentration, the addition
of CTA could lead to a lower gel content and higher M,,. The trend in M, is
contradictory to what was reported by Chauvet et al. In addition, they found the polymer
molecular weight distribution (MWD) of the sol polymer was very broad when CTA and
cross-linker were combined,; i.e., the polydispersity ranged from 21 to 27. The molecular
weight between cross-linking points (Mc), which has a crucial influence on the properties
of high gel content polymer, was not reported in either of the above two studies.

Based on the above information regarding manipulating latexes’ polymer
microstructure, it was decided to use three techniques in this study to produce latexes
with versatile polymer microstructure via a seeded semi-batch emulsion polymerization

approach. The three techniques were using CTA only, using cross-linker only, as well as
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using both CTA and cross-linker. My research focused on studying the polymer
microstructures of the latexes produced with the third technique. More specifically, our
goal was to study the M. and M,, change over a broad gel content range for latexes
produced by simultaneously using CTA and cross-linker. In addition, the latexes
produced with the three different techniques were compared with respect to their polymer
microstructures, their corresponding polymer materials’ bulk properties (or viscoelastic
properties) as well as their corresponding final products’ (i.e., PSAs’) performance. This
way, the better polymer microstructures of latexes for improving the performance of

latex-based PSAs could be identified.

2.1.3 Control of the polymer microstructure of latex-based PSAs

Besides controlling the latexes’ polymer microstructure, post-treating a latex-based PSA
is another effective way to manipulate a PSA’s polymer microstructure.'’>*! For
example, it is well known that if post-treating gel-containing latex-based PSAs with
proper polymer microstructure, their discrete microgel structure can be transformed into a
continuous gel network, which can lead to great improvement in the PSA’s
performance.>* In this study, post-treating latex-based PSAs was also used to modify
their polymer microstructure. In addition, the influence of the original PSAs’ polymer
microstructures on the treated PSAs’ polymer microstructures and performance was also
studied. Information on how to optimize the polymer microstructures of latex-based

PSAs in order to get treated PSAs with better performance is provided.
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2.1.4 Pressure sensitive adhesives

Pressure sensitive adhesives (PSAS) are viscoelastic materials. They are permanently
tacky and can stick to a substrate even under light, finger pressure. The performance of
PSAs is typically evaluated by tack, peel strength and shear strength. Tack reflects the
adhesive’s capability to deform and adhere quickly. Peel strength refers to its ability to
resist removal by peeling. Shear strength is a measure of its ability to resist flow under
shear forces.[®!

To achieve desirable performance, commercial PSAs are commonly produced
using at least two monomers.[?®) One monomer, such as butyl acrylate (BA) and 2-ethyl
hexyl acrylate (EHA), will yield a polymer with a low glass transition temperature (Tg)
(e.g., <-40°C), and therefore impart good deformability and flow ability to the PSA. In
contrast, the other monomer, such as methyl methacrylate (MMA), methacrylic acid
(MAA), and acrylic acid (AA), will lead to a polymer with a high Ty (e.g., >100°C), and
accordingly endow the PSA with sufficient cohesive strength. In this study, BA/MMA,
BA/MMA/HEMA (2-hydroxy ethyl methacrylate), and BA/AA/HEMA were chosen as
the monomer systems.

Commercial PSAs are often produced via three techniques: hot-melt techniques,
solution polymerization and emulsion polymerization.’? The first method uses melt
copolymer to make PSA films, the second uses polymer organic solutions, and the third
one uses latex, which is polymer particles stabilized by emulsifiers and suspended in
water. Among these three methods, the emulsion polymerization technique is considered
more environmental friendly, since the production and application of latex and latex-

based PSA involve water instead of organic solvents. Latex-based PSAs have become
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dominant in the PSA market due to their environmental compliance and lower production
costs. However, they still cannot replace solvent-based PSAs in some applications where
very large shear strength is required, since at similar tack and peel strength, solvent-based
PSAs usually have much larger shear strength, compared with latex-based PSAs.[*?™*]
The better performance of solvent-based PSAs is due to their continuous gel network; in
latex-based PSAs, the gel is present as discrete microgels.*>*® Thus, the performance of
latex-based PSAs must be improved in order to expand their range of applications, and
the effective way to achieve this is to optimize their polymer microstructure.

It is well known that the PSA performance is related to surface properties as well
as bulk properties (or viscoelastic and/or rheological properties).*3¥ For example,
increasing a PSA’s surface tension and smoothness as well as decreasing the amount of
impurity (e.g., emulsifier) on a PSA’s surface could lead to higher tack and peel strength.
In addition, a PSA’s rheological properties in the small strain regime have been
characterized with dynamic mechanical analysis (DMA) at small strain (e.g., ~1%). It
was found that the larger the storage modulus (G’), the larger the PSA’s capability to
resist deformation and consequently the larger its shear strength.? The peel strength was
proportional to the ratio of the loss modulus at the debonding test frequency to the

storage modulus at the bonding test frequency (i.e., G”(@1)/G’(a»)) as shown in Equation

2-5.1%

G"(wq)
G'(w3)

Peel strength « (2-5)
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Equation 2-5 was established according to the peel strength test procedure, which
involves both a bonding and debonding process. If a PSA’s storage modulus at the
bonding frequency is smaller, then the PSA can deform and flow more easily, leading to
better wetting of the PSA on a substrate during the bonding process and consequently,
larger peel strength. If a PSA’s loss modulus at the debonding frequency is larger, then
the PSA can dissipate more energy during the debonding process. In order to peel such a
PSA off the substrate, a larger force will be needed, and therefore the PSA shows larger
peel strength.

A PSA’s elastic properties have been characterized with a tensile test, which
involves a much larger strain scale than for the DMA test and is related to the PSA’s peel
strength.*53¢) If a PSA experiences a larger strain during the tensile test, then it is very
possible that it would form longer fibrils during the debonding processing of a tack and
peel strength test. Consequently, it would experience larger strain during the debonding
process, dissipate more energy, and therefore exhibit larger tack and peel strength.

A PSA’s bulk properties depend on their composition, T, and polymer
microstructure. At similar T4 and polymer microstructure, compared with a PSA with a
non-polar group, a PSA with polar groups tends to have larger cohesive strength, due to
the larger interaction force between the polymer chains. Consequently, it will exhibit
larger shear strength.l”®! At similar polymer microstructure, increasing the T, of a PSA
will lead to larger cohesive strength and consequently larger shear strength. The influence
of polymer microstructure on a PSA’s bulk properties and consequently, its performance,
has attracted much more research interest, compared with that of composition and T.

The reason is that the polymer microstructure is very versatile, and therefore
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manipulating a PSA’s microstructure is a very effective way to modify its bulk properties
and performance.

Hereafter, the effect of polymer microstructure is summarized for PSAs made
with polymer generated using traditional methods (i.e., using only CTA, only cross-linker
or neither). For gel free or low gel content PSAs, with increasing molecular weight, their
cohesive strength will increase while deformability and flow ability will decrease. As a
result, their shear strength increases, but tack and peel strength will exhibit a maximum
point then decrease (see Figure 2.2). Gel content is usually the dominant factor among all
the polymer microstructure properties (e.g., gel content, M¢, M,, and M,) with respect to
their influence on a PSA’s bulk properties and performance. In general, increasing gel
content tends to increase a PSA’s cohesive strength while decreasing their deformability.
Consequently, with the increase in gel content, shear strength increases, while tack and
peel strength decrease. Prior to our research, latex polymers with similar composition and
gel contents, which were generated using traditional methods, were never compared for
microstructural properties to those generated with the simultaneous use of CTA and
cross-linker. Moreover, the influence of their polymer microstructure on their PSAs’
viscoelastic properties and performance have never been studied either.

A PSA’s gel structure plays an important role on bulk properties and
performance. For example, at similar gel contents, a continuous gel structure will endow
a PSA with significantly larger shear strength compared with discrete one possessing a
microgel structure.'>™¥! In latex-based PSAs, the gel is present as a discrete microgel.
Thus, in order to improve their performance, the microgel structure should be

transformed into a continuous gel network by post-treating the PSAs. Tobing et al.
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showed that the gel structure of treated PSAs depend on the polymer microstructure of
the original latex-based PSAs. If a PSA has M. = Mg as well as 2M, < M,, < 20M, then
its microgels could be converted into a continuous gel network.'?** In this study, the
influence of polymer molecular weight distribution on the performance of post-treated
latex-based PSAs was studied. More specifically, the influence of the presence of a
significant amount of very small sol polymers (i.e., < 2Mg) or very larger sol polymers
(i.e., > 20My) in the original latex-based PSAs with M, > M, as well as 2M, < My, <

20M, was investigated.

Shear strength

Peel strength

Molecular weight

Figure 2.2: Influence of molecular weight on a PSA’s performance (ref. 37)

2.2 Research Methodology

2.2.1 Materials

Butyl acrylate (BA), methyl methacrylate (MMA), acrylic acid (AA), 2-hydroxyl
methacrylate (HEMA) monomers, allyl methacrylate (AMA) cross-linker, 1-
dodecanethiol (NDM) chain transfer agent (CTA), sodium dodecyl sulphate (SDS)
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surfactant, sodium bicarbonate (NaHCO3) buffer, potassium persulfate (KPS) initiator
and hydroquinone (HQ) inhibitor were all obtained from Sigma Aldrich and were used as
supplied. All the above materials were reagent grade except HEMA, which had a purity
of 97 wt%. Distilled deionized water (DI-H,0) was used throughout the study. Ammonia
(30 wt% in H,O for pH control) was obtained from British Drug House. All solvents used
in the polymer characterization such as tetrahydrofuran (THF, HPLC grade, EMD
Chemicals), toluene (99.8%, Fisher Scientific) and di-iodomethane (99%, Sigma-Aldrich)
were also used as supplied by the manufacturer. Nitrogen gas (Linde Canada) was used to
purge the reactor. PTFE porous membranes with pore size of 0.2 um, for use in gel

content measurements, were purchased from Cole-Parmer Canada.

2.2.2 Polymer latex preparation
All latexes were produced via a starved seeded semi-batch emulsion polymerization
approach. The polymerization process includes three stages. The first stage was a batch
seed production step, the second was a continuous stage involving feeding a monomer
mixture and initiator stock solution, and the third stage was a batch finishing stage to
increase the monomer conversion to completion.

For the initiator stock solution, 0.8996 g KPS was dissolved into 90 g DI-H,0.
The amount of KPS fed to the reaction was 0.26 parts per hundreds parts monomer (phm)
for all runs. The monomer emulsion stock solution consisted of 6.7 g SDS dissolved into
89 g DI-H,0, along with 338.4 g monomer mixture. The composition of the monomer

mixture was not the same for all runs. Varying amounts of the chain transfer agent,
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NDM, and cross-linker, AMA, were added to the monomer emulsion stock solution prior
to the reaction.

A homogeneous aqueous solution containing 202 g DI-H,0O, 0.048 g NaHCOs3,
and 0.45 g SDS was charged into a one-litre Mettler-Toledo LabMax™ reactor. The
stainless steel reaction vessel was equipped with an anchor stirring blade and various feed
and sampling ports. The stirring speed was maintained at 250 rpm throughout the runs.
The reactor was purged with N, and the reactor temperature was increased to 70°C within
30 min. An initiator solution containing 0.45 g KPS and 15 g DI-H,O and a monomer
mixture containing 12 g monomer mixture were charged to the reactor to form the seed
latex. The composition of the monomer mixture was not the same for all runs. The
temperature was then raised to 75°C within 5 min and the seed polymerization was
continued for an additional 10 min. At that point, the initiator and monomer emulsion
stock solutions were added slowly to the reactor using two separate metering pumps
(Model: Prominent gamma G/4b; Prominent Fluid Controls Inc.). The feeding times for
the initiator and the monomer emulsion stock solutions were 3.5 and 3.0 h, respectively,
for some experiments, or 3 and 2.5 h, respectively, for the others. After the feed was
completed, the reaction was allowed to proceed for an additional 50 min to increase
monomer conversion. The latex was then cooled to below 30°C, and NH,OH (30 wt.%)
was added to increase the pH to about 3.5 or 5.5 in order to enhance the shelf stability of

the latex.
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2.2.3 Latex particles characterization

The latexes’ particle size and size distribution were measured using a Dynamic Light
Scattering (DLS) instrument (Malvern NanoS Zetasizer) with an angle of 176°. One drop
of the latex was diluted with 2 mL DI-H,O in a 4 mL polystyrene cuvette. The reported
diameter is an intensity-weighted average particle size. The polydispersity index values
(PDI) given by the instrument reflect a narrower distribution with PDI values closer to
0.01. Latexes having a PDI smaller than 0.4 were considered to have a narrow particle

size distribution. The detection range of the instrument was 0.6 nm to 6 um.

2.2.4 Latex solid content

A gravimetric method was used to calculate latex solid content. About 1 g latex was
weighed and put in an aluminum dish, then the dish was dried in a fume hood at room
temperature for a week and then in an vacuum oven at 30°C for 2 days to get dry

polymers. The solid content (S) was calculated with the following equation.

(2-06)

In the above equation, Wp.s is the weight of the dry latex sample; W;s is the

weight of the latex sample.

2.2.5 Monomer Conversion Characterization
Instantaneous monomer conversion was calculated based on the total amount of

monomer added to the reactor up to the sampling time; while overall monomer
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conversion was calculated based on the total amount of monomer in the polymerization
recipe. The calculation was complicated, and used the information about both the
polymerization (i.e., formulation and feeding rate) and latex (i.e., solid content). In the
Appendix, the detailed calculation procedure for Run 1 from Chapter 3 is provided. In
this chapter, only two basic equations are provided for calculating the monomer

conversions as follows:

Wpt
= : 2—17
Xt A ( )
Wp.
Xot = W (2-198)
™

In the above two equations, x;; and xo, are the instantaneous and overall
monomer conversion at feeding time t, respectively; Wp, is the amount of polymer
produced in the reactor up to feeding time t; Wry, +is the total amount of monomer added
to the reactor up to the sampling time; and W, is the total amount of monomer in the

formulation, which is the same as the total amount of monomer added to the reactor up to

the end of polymerization.

2.2.6 Latex polymer characterization

Gel content

For gel content measurement, a modification of the method by Tobing and Klein**

was
used. Around 0.03 g dry polymer was weighed and sealed in a PTFE coated membrane

pouch. Then the membrane pouch was immersed into 25 mL THF in a 100 mL glass
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bottle. The bottle was then tightly capped and put on a shaker for 24 h. The membrane
pouch was then removed and dried in a fume hood until it reached a constant weight. The

weight of the remaining dry gel was measured and the gel content was calculated using:

WD G

DP

gel content = (2-9)

In the above equation, Wpe and Wpp are the weight of the dry gel and dry

polymer, respectively.

Weight- and number-average molecular weight of the sol polymers (M, and M)

The THF solution remaining from the gel content test was concentrated, if necessary, and
analyzed for sol polymer molecular weight (i.e., My, and M,). The solution was filtered
using a 0.45 um syringe PTFE filter (Pall Corporation) and then analyzed with a Waters
Gel Permeation Chromatography (GPC) instrument equipped with a Differential
Refractive Index detector, a manual injector and three Waters Styragel columns (HR®,
HR4 and HR3) in series. THF was used as the eluent and the flow rate was set at 0.3
mL/min. The internal temperature was set at 37°C. The data were analyzed using
Empower 2 software from Waters. The calibration curve included a set of 12 polystyrene
standards (EasiCal from Polymer Laboratories) with a range of 162 to 6,035,000 g/mol.
In the Mark-Houwink equation ([n] = kM%]), the k£ and o parameters of the latex
copolymers were calculated according to their composition. For example, the Mark-
Houwink parameters, K and o, for BA and MMA are 1.1 x 10 dL/g and 0.708, and 1.28
x 10™ dL/g and 0.690, respectively."*™! If the copolymer composition was BA/MMA
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(weight ratio: 90/10), then the K and o would be 1.12 x 10 dL/g and 0.706. For the
copolymer having a very large amount of BA and a small and negligible amount of

HEMA and/or AA, the K and o of the copolymer were taken as that of the polyBA.

Measurement of the molecular weight between cross-linking points (M)

To measure M, a new method was established. About 0.03 g of dry gel polymer was
weighed and put in a 15 mL glass vial with a diameter of ~10 mm, and then 10 mL
toluene was added. The bottle was then tightly sealed with a plastic cap and put on a
shaker for a range of times (0.5, 1, 5 and 20 h). Next, the toluene was removed using a
glass pipette, and the solvent-swelled gel was weighed. It was found that the amount of
toluene absorbed by the dry gel did not change significantly with swelling time. Thus, the
shortest swelling time, 0.5 h, was chosen for future M. tests. To calculate M., the

following Equation was used:™*

{vipe [+ - 91}

Me = Cln = @) + 0+ 267D

(2 —10)

In the above equation, V1 is the molar volume of toluene, 106.3 cm*/mol;**! and
pp 1S the density of copolymer. The density was calculated according to the copolymer
composition. For example, given that the density of PBA and PMMA are 1.06 g/cm® and
1.19 g/lem?®, respectively'™ the density of BA/IMMA (weight ratio: 90/