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Propositions

. The key for grasping the complex behavior of waterborne coatings is
to understand the force-distance dependence of its core-shell resin par-
ticles (this thesis).

. The remarkable match of SCF predictions and colloid probe AFM ex-
periments enhances the credibility of both approaches (this thesis).

. Research should only be coined ”"drug delivery” when clinical trials are
performed (Alexander V. Kabanov lecture series in Moscow, 2003).

. Science has to be driven by curiosity more than by funding.

. Foreign students doing a PhD in the Netherlands would perform better
if they knew how a PhD in the Netherlands differs from that in their

home country.

. Paint formulating not only benefits from detailed physical insights in
the processes involved, but also from inspiration and improvisation.

. Locking the laboratory during night hours inhibits creative processes:
enlightening ideas seem best in the dark.

. It is a waste to use a rich mixture of chemicals such as oil or gas as a
fuel. One can make polymers out of it instead.

Propositions belonging to the thesis:
Core-Shell Particles
Experiments and Self-Consistent Field Modeling
P.A. Takovlev
Wageningen, May 13, 2011
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Seven Strophes

I was but what you'd brush

with your palm, what your leaning
brow would hunch to in evening's
raven-black hush.

I was but what your gaze

in that dark could distinguish:
a dim shape to begin with,
later - features, a face.

It was you, on my right,

on my left, with your heated
sighs, who molded my helix
whispering at my side.

It was you by that black
window's trembling tulle pattern
who laid in my raw cavern

a voice calling you back.

I was practically blind.

You, appearing, then hiding,
gave me my sight and heightened
it. Thus some leave behind

a trace. Thus they make worlds.
Thus, having done so, at random
wastefully they abandon

their work to its whirls.

Thus, prey to speeds

of light, heat, cold, or darkness,

a sphere in space without markers
spins and spins.

J. Brodsky, 1981

XXX

M. B.

f Gpin TOMEKO TEM, YErQ

TH KACANack JaloHbIo,

Haj 4YeM B TNYXYH), BOPOHLIO
HO4YE CKIIOHAI4 4eNo.

51 6BU1 THIOE TEM, YTO TH
TaM, CHH3Y, pa3nuyana:
CMYTHHIA 00IIMK cHavana,
MHOTO TIO33KE - YEPTEL.

3TO THI, TOPSYAE,
OIIy10, ORECHYIO

DPAEKOBHHY YIIHYIO
MHE TBODH/A, [Ien4a,

2TO TH, Tepebsa

IITOPY, B CHIPYIO NONOCTE
PTa BIOXWIA MEE TOIOC,
OKNAKABINAN Taba.

£l BLIT MOEPOCTY CTIel.
TH, BO2HNKASA, IPAYACH,
JapoBana MAe 3pA9ecTh.
Tak OCTaB/IAT CHen.

Tak TBOPATCS MHPEHL
Tak, COTBOPHEB HX, 9aCTO
OCTaBNAIOT BpallaThCH,
pacTodas Jap.

Tak, 6pocaeMm To B 3Eap,

TO B XOJIOH, TO B CBET, TO B TEMEHH,
B MHPO3IaHLH NMOTEPSH,

KPYXKHUTCS Map.

H.Bpopckwuii, 1981
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Chapter 1

Introduction

1.1 General introduction

A large portion of man-made objects around us is covered by a coating
of some sort. Coatings are applied for many reasons. Very often this is
done to protect objects from external harm, such as erosion, oxidation,
dissolution, etcetera. In this case the coating is used to extend the lifetime
of a product. The surfaces of objects may also be modified for aesthetic
reasons. Ewven though the objects that needs protection typically differ
in properties, application and appearance, coatings or paints often have
quite similar compositions. Classical solvent-based paints are composite
liquids before drying. Most of the paint compositions contain three main
components: {i) a pigment, which gives color to the final coating layer, (ii)
a binder, which holds the pigment particles together in the resulting film,
and (iili} a solvent, which makes the pigment and binder disperse before
application. Upon drying of a paint, the solvent typically evaporates. Then
the pigments and binder come in intimate contact, eventually forming an
opaque solid film. There are, of course, exceptions to this recipe, such as
powder coatings, which contain no solvent and are melted upon application
to form a continuous film, or coatings in which the binder initially has the role
of a solvent and upon application turns into a hinder by way of a chemical
reaction. In these cases no solvents come free.

‘When ohjects need to be protected in outdoor applications, one of the
main targets for a coating is to protect a product against water. Most paints
used to acquire a long-lasting performance are still based on some apolar
organic solvent. Such solvent is ideal to mix with the pigment and binder,
both of which are for obvious reasons also apolar. As a result, the paint
solution is stable and all components are nicely dispersed or even dissolved

5



6 Chapter 1. Introduction

in the solvent. Upon drying the resulting film is robust and water-repellent.

Indeed, solvent-based paints often give excellent results. The films are
nice and smooth, they resist water and are long-lasting. What is unsatisfactory
about these products is their general toxicity in a broad sense of the term.
Due to the evaporation of large amounts of organic solvent, they are toxic
when produced and applied. Organic solvents are often referred to as volatile
organic compounds (VOC}, VOCs harm both the people involved in the
industrial processes, as well as the environment. Several decades ago this
problem came to the attention of legislature all around the waorld and actions
have been taken to limit the use of solvent-based paints. It is now widely
accepted that the VOC emissions should be reduced significantly. In our
view, such reduction is possible through innovation.

T'here are many options to limit the adverse effect of VOCs. The fastest
and most straightforward ones are (i) to collect the VOCs at the application
sites, (ii) to increase the content of the other components in the paint (and
thus to decrease the solvent content) and (iii) to apply less harmful solvents.
"These actions may help on the short term, but are not expected to be the best
ones in the long run. One of the more challenging, but also more promising
actions, is to change the solvent in the coating formulation. More specifically
one should radically change from using some organic dispergent to water as
the solvent. This route is not easy nor straightforward. Changing the solvent
from an apolar to a polar one means changing the pigment and binder as
well. Moreover, using water as a solvent introduces much more structure:
making dispersions or emulsions means presence of many interfaces. This
implies a complete re-design of the paint formulation. By changing the
formulation, one should keep in mind that the final coating needs to remain
water-repellent. In recent years large investments and research efforts were
directed to meet this challenge.

Apart from dispersion issues there may be many more aspects to take into
account when paints are switched from solvent-borne to water-borne. One of
these is that the equipment that is needed to preduce and apply the coatings
requires corresponding modifications. For instance, all the tubing should be
exchanged to stainless steel. There are also logistical consequences, as water
freezes at 0 °C at normal atmospheric pressure and this may give problems
when paints are being transported in wintertime, e.g., in Siberia.

‘The toxicity issues, which drive the changes in technology, are not the only
reason to switch to water-based paints. There are other positive outcomes of
the replacement of solvent by water. As new performance-oriented coatings
are being developed the switch to water-borne technology can also reduce
energy consumption and costs, e.g., because water is much less expensive
than corresponding VOCs it is replacing.
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One may argue that the best solution is still 100% solids paints {(which
may be still liquid), however, this is extremely difficult to achieve, and
dispersing and dissolving binders and pigments in water is considered easier
as a short-term solution.

1.2 Water-borne coatings

It is necessary to mention here that so-called water-borne (WB) paints are
already used in the automotive industry for coating of cars since the 1990s.
For these paints the term water-borne is used even though in practice the
formulations still contain large amounts of organic co-solvent. These organic
co-solvents are undesired and tighter regulations may limit the co-solvent
usage in the near future. Due to this there is a continued demand for
innovations.

If we compare water as a solvent with typical organic counterparts, it
is noticed that organic solvents have few tunable parameters to become
compatible with the other paint compounds, while there are many more
for water. In organic solvent the main tuning parameter is the temperature,
which changes the density and viscosity of the solvent. In addition to the
temperature, for water one can vary the salinity and acidity with little effort.
We will see that these options introduce a level of complexity to WB coatings,
and opens up many opportunities for paint developments. On the other hand
is of course the fact that there are many organic solvents and only one water,
s0, in case of VOCs, the proper solvent could be picked up to match the other
components, while in water-based paints the binder and pigment should be
tuned to match water.

Now, let’s list the essential physical properties of a coating, with an
emphasis on automotive coatings. The most important characteristics, omitting
the price and energy issues for the time being, are:

¢ Long shelf life. A paint formulation must be a stable dispersion. This
means that the particles that are in the dispersion should not precipitate
nor aggregate for long periods of time hefore the paint is applied, nor
should the WB paint be contaminated with fungi or microbes.

e Easy application and exellent appearance. This requires that the paint
should have a low viscosity when pumped through the tubing and the
spray-gun nozzle and a high viscosity when it sits on the surface that
is being coated. These two conditions imply that the dispersion must
be pseudoplastic or shear-thinning. Normally, a difference of several
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orders of magnitude in viscosities between the low and high shear rates
is desired.

s Homogeneous film formation. Upon drying and further weathering, the
film should be plastic to avoid cracking. The dispersed particles should
coalesce well to form a continuous phase.

¢ Good performance. The coating should not only be water-insoluble,
but also resistant to organic solvents. The film should withstand UV-
exposure and must be strong enough so that it does not suffer much
damage from impacts of small stones.

o Durable. All the desired properties of coating listed above should be
robust and long-lasting.

In fact, all these demands put together are too much for any single coating
to achieve, be it solvent-borne or water-borne. 'I'herefore, many objects
requiring high quality coatings are covered by a multy-layer coating, where
each individual layer specializes in one or more of the demands mentioned
above.

Some of these requirements are not yet fully implemented in WB coatings
without the use of organic co-solvents. For instance, the homogeneous film
formation is still impossible without the use of co-solvents. Other requirements
may seern incompatible from a first glance. For example, the stability of
the dispersion means that the interactions between particles in water are
repulsive. Under these conditions water likes to be between the particles.
The final film should be water-repellent. This means that the resulting film
should deny water to penetrate. Hence upon drying the film should switch
from being hydrophilic to hydrophobic. This requirement calls for a ”smart
design” of the WB paints. To date there is still room for improvement and
various approaches are in the stage of development.

The stricter rules set by regulations, together with higher performance
demands from manufacturers, provide a constant need for improvement in
coating formulations. There are several possible ways to approach this need.

In the paint industry, many improvements are now achieved by way of
combinatorial chemistry and subseguent testing. In this approach a large set
of slightly different formulations are produced. The products and formulations
that performs best are selected via some high-throughput screening test.!?
One should realize that this is not a completely blind procedure. Of course
one must have insight in the basic properties of the chemistry that is needed
and know the rules how to design dispersions. In general the combinatorial
route is helpful in fine-tuning a particular formulation.
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It is instructive to formulate, in somewhat more detail, the physical
chemical properties of water-hborne paint formulations. 'L'o ensure the insclubility
of the final coating layer, it should contain considerable amounts of hydrophobic
material. [Initially, that is, in the dispersion, this hydrophcbic maiterial
should be made compatible with water. How to achieve this? Usually the
hydrophobic material is dispersed into small colloidal particles, and these
particles are stabilized somehow in water to avoid precipitation. T'here are
of course, several ways to stabilize colloidal dispersions and there is a whole
branch in physical chemistry dealing with this. Probably the easiest way
to do this is by adding surfactants. Surfactant molecules will adsorb onto
the hydrophobic colloids rendering their surface hydrophilic and making it
compatible with water. This is not the ideal soluticn because the surfactants
will stay in the film when the coating forms. A consequence of this is that
the water-resistance is compromised. Moreover surfactants readily can form
foams which are unwanted in paints. Another possibility is to add some
water-soluble co-polymers to the dispersion. These may adsorb onto the
colloidal particles with their hydrophobic part, keeping the hydrophilic one
dissolved. By using polymers one can implement some tricks to overcome
the requirement that the coating turns hydrophobic.

Onme of the tricks, which is probably most frequently used to solve the
issue, ig to introduce ionic species to the formulation. Water is polar, so it
readily dissolves ions and electrostatic interactions play an important role
in water. Relatively few charges on the surface of a colloid can make it
repel other ones. Hence, charges can help the particles to be dispersed in
water. Next, if it appears possible to suppress the charges when a coating
has formed, and if small additions of water to the coating do not regenerate
the charges, the target is in sight. It turns out that placing the charges
directly on the surface of solid colloidal particles is not the best choice.
A much more clever way is to use some additional charge-carriers, namely
polyelectrolytes, and attach these to the surface of the colloids. The true
charm of polyelectrolytes is that the same polymers can help to turn the
repulsion between colloids to attraction upon drying: if the ionic groups
are separated by a few hydrophobic segments in the polymer chains, that
is when hydrophobic polyelectrolytes (HPE) are used, the interplay between
electrostatic and hydrophobic forces can provide a switch in interaction from
repulsion to attraction depending on the distance between the particles (and
thus upon drying). On top of this, it turns out that these polyelectrolytes
not only provide electrostatic repulsion to keep the particles in solution, but
they also can introduce other essential properties to a paint solution, such as
the extreme shear thinning,

The use of hydrophobic polyelectrolytes is a good example of a "smart
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design” of WB coating systems. In true applications it is accompanied
with various other smart tricks, such as cross-linking, which we do not
describe here as these typically belong to the secret kitchen of the paint
and resin producers. As a result present-day WB coatings can be applied
to various ohjects, including automobiles.> On the other hand, many ideas
about the internal structure and interactions that play role in coatings at
different stages from synthesis to application and usage are not or only
marginally supported by theoretical and/or experimental evidence. In other
words, though being successfully produced and applied, the physics of WB
coatings is, in general, not really well understood, and there is a lack of
theoretical underpinning. This severely limits further developments of water-
borne coating systems.

Colloidal stabilization by means of polymer adsorption or grafting is a
classical topic in the field of colloid science. The topic is not only relevant for
paints, but for a multitude of other areas such as food industry, pharmaceutics,
healthcare, etcetera. Focusing on polyelectrolytes, the first systems that
were studied systematically were quenched anionic polymers. More recently,
polyacids have gained more attention.* It must be mentioned that in most
investigations there was a clear emphasis on colloidal stability issues while
other important properties, such as the corresponding rheological behavior,
are much less studied. Moreover, typical for academic research, ideal, well-
defined, systems are preferred over complex ones. The cbvious reason for this
is that well-defined systems allow for a better understanding of particular
properties. However, the latter type of systems are not typical for industrial
formulations. This gap between industrial and academic research is not
particularly helpful to quickly progress developments towards better WB
coating systems. In this project we attempt to bridge the gap between
industrial and academic research and work on a system provided by the
industry in an academic setting.

1.3 The project and parties involved

The drawbacks of the poor knowledge about the intrinsic physico-chemical
properties of coating dispersions in industry, and sometimes rather idealistic
academic approach are well realized, and there ig an effort to remove them.
The Dutch government was willing to invest in academic research in this area
and thus an ” Economy-Ecology-Technology” (E.E.T.) project named Water-
borne Automotive Coatings (Dutch name "E.E. T K01155 Water borne automotive
lakharsen”) emerged in 2002. This project involves collaboration of a number
of universities and industry. The participants are Akzo Nobel Chemicals
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B.V., Nuplex Resins B.V., TU Delft {Laboratory of Joining and Mechanical

Behavior of Materials), TU Delft (Laboratory of Polymer Materials and

Engineering), Twente University (Computational Dispersion Rheology group),
and Wageningen University (Laboratory for Physical Chemistry and Colloid

Science). Nuplex Resins, Akzo Nobel Chemicals together with Delft university
were mostly involved in issues concerning the design and mechanical properties
of coatings. This included studies into developing standardized methods for

stone damage tests and theory on how the coating reacts on impacts and

how the damage could be reduced.

Other groups, i.e. Nuplex Resins, the Molecular Modeling group of
prof. Briels at T'wente University and our group at Wageningen were mostly
investigating properties of the polymeric binder which forms the basecoat on
automobiles. The main goals of this collaboration were to (i} find cut how
the molecular properties of binder resin determine its rheology, i.e. shear-
thinning, (ii) to understand what the main role is of the co-solvent in the
dispersion during shelf-life and upon application, and more generally (iii) to
develop a good understanding on how the design and chemical composition
of the particles provides for the properties of dispersion. Nuplex Resins
provided a sample basecoat dispersion and chemical data about the synthesis
step, as well as their expertise and views on how the dispersion is designed
on molecular level and on how it works in a paint. Our mission was to check
their knowledge and views from a physico-chemical perspective, point out
the most relevant features of the particle design, and study inter-particle
interactions which play a key role in the performance. In parallel, the
basic information was used by the Twente Group to predict the dynamical
properties of concentrated dispersion, such as the rheological behavior of the
paint from a pure physical perspective, applying molecular dynamics tools.

1.4 Core-shell particles

The main objects of interest, studied in this thesis, are colloid particles
that make up the binder component of a paint (see figure 1.1}, As is
outlined in this figure the system contains particles that are of the core-
shell type and behave strongly pseudo-plastic. The chemistry is in line
with the requirements discussed ahove. The core is made of hydrophobic
material while the shell {corona) is a hydrophobic polyelectrolyte. We study
the structure of these core-shell particles and their interactions in solution.
We further try to point to the most relevant properties of the particle design.
More generally, the physics of the dispersion is studied on a single-particle
level. Additionally, the particular role of the co-solvent is investigated, aiming
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core
{giass)

Figure 1.1: An illusiration of core-shell particles (CSP) struciure at different
levels of magnification. a) AFM image of an adsorbed CSP layer (see chapter
2 for details); b) a very simplified overoll structure of a single particle; ¢) a
simplified representation of the shells, which contain ionic species and counterions;
d) chemicol structure of acrylic monomers, composing the particles. Here Ry is
either o hydrogen (H), in case of acrylic monomers or a methyl group (CHy) in
case of methacrylics and Ry could be hydrogen once again, making (meth)acrylic
acid;, CHy, making (methjacrylate; CHy — CHy — OH, making hydroxyethyl
(meth)acrylate or (CHa)s — CHy, maoking butyl (meth)acrylate (for particular
composition see chapter 2).
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Figure 1.2: Hlustration of changes in the shell structure with change in acidity of
the solution: at low pH methacrylic groups are deionized, and shells are collapsed
due to hydrophobic forces. With rise in pH the shells charge and swell due to
osmotic pressure of the counterions that are trapped in the shells to compensate
for the charges (see chapter 2 for details).

at the reduction or elimination of co-solvents in water-borne paints. Cur
research is performed in close collaboration with the group of prof. Briels at
Twente University, who model the pseudo-plastic behavior of concentrated
dispersions. Their modeling work requires input such as the particle pair
interaction potential, which falls in the scope of our study.

The laboratory at Wageningen University is equipped with necessary tools
to do the job. There are instruments for the molecular characterization of
particles, such as potentiometric titration set-ups, light scattering equipment
and atomic force microscopes. Additionally, the lab has a well-developed
numerical method for modelling of polymeric systems. This method is used
to underpin experimental findings and support the experimental program.

1.5 Outline of this thesis

‘This thesis is composed of four technical chapters complemented with a
summary and a general discussion. We will briefly introduce these chapters
focusing on the main targets and the methods used. We refer to the summary
for an outline of the most important results.

In chapter 2 the target was to characterize the model paint dispersion
that was provided to us by our industrial partner Nuplex Resins BV. We
focused on the physical chemical properties of the binder {resin) particles
and looked into the synthesis steps to get an idea of what properties these
particles have. We show results for the molecular weight, size and charge of
the particles. It turns out that the particles are surprisingly monodisperse
{as found by atomic force microscopy (AFM)). We also give information on
how the particles behave upon changing conditions, i.e., salinity and acidity
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7€) chains can rotate

. chaing can fiip o—
: @

degrees of treedom

Figure 1.3: An illustration of different models studied theoretically. o) Polymer
brushes, composed of hydrophobic polyelectrolytes and interactions between them,;
b) bilateral brushes, where chains are grafted to some layer on the lattice, and
are allowed to travel through this layer when the layers are in confinement; ¢)
polyelectrolyte stars. The degrees of freedom for polymer choins increase from the
brushes to the stars - in tnteracting brushes the choins do not have space to escape
from the contact with enother brush, while in stars inhomogeneous conformations
are possible (see chapter 2).

of water. As illustrated in figure 1.2 it was found that the shell layer can
dramatically change its dimension with increasing pH. Such responsive nature
is typical for weak polyelectrolyte brushes and therefore we argued that the
corona structure has a brush-like nature.

With detailed knowledge of the structure of the particles and their response
to changing conditions, we have put much effort to into modelling of these
complex particles. Results of this can be found in chapter 3. We focused on
the equilibrium inter-particle interaction potentials and their dependence on
the solvent properties and, most importantly, the ionic strength and pH. Any
theoretical description requires, of course, many simplifications. We tried to
keep the most relevant properties that are key for the way the particles
interact in our model. Simplification may also have its advantages. The
need to simplify forces one to think about the most important elements of a
system and this helps to obtain more insight in a problem.

In slightly more detail we discuss in chapter 3 the Scheutjens-Fleer self-
consistent field (SF-SCF) theory for hydrophobic polyetectrolyte (HPE) brushes
in various geometries. This approach which implements mean-field approximations
was initially developed in our group for calculation of homopolymer adsorption
from solution onto macroscopic surfaces. The approach implemented in SF-
SCF is anchored on theoretical considerations developed for macromolecules
in the second half of the 20th century by Flory,” Volkenstein,® Ptitsyn and
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Birshtein.® Additionally, the analogy between paths followed by Brownian
particles and conformations of long polymer chains, noticed in works of
Edwards!®'! and De Gennes,*? is used in the method by means of the
Edwards diffusion equation. The diffusing particle (chain conformation) is
affected by a mean-field potential, which itself is dependent on the paths
taken by particle or polymer chain. A numerical procedure is used to optimize
the field, so that the free energy of the system is minimal. This proved
to be successful in predicting many aspects of polymers in inhomogeneous
systems (that is, at interfaces). The method was extended to account for
several additional features. For example, the electrostatics are accounted for
by simultaneously solve the Poisson equation, leading to information on the
electrostatic potential for a given space charge density. Initially, calculations
considered systems with just one gradient direction (implementing the mean
field approximation in the remaining two dimensions). Later, centrally-
symmetrical (cylindrical, spherical) systems were considered as well. Subsequently
also two-gradient coordinate systems were congidered and, more recently,
full three-gradient problems are being addressed. In the theory chapter
we make use of these geometries which are schematically shown in figure
1.3. Caleulations normally yield results that represent full equilibrium of all
components in the system, which corresponds to a minimal free energy in the
system. However, when the system suffers a first order phase transition, it
is possible that close to the points of transition from one state to the other,
meta-stable states can also be probed. The method produces for a given
model many experimentally accessible predictions. Here we mention that
one of the predictions is that the pair potentials between two opposing brush
layers can be predicted. These can be compared, e.g. to the atomic force
microscopy (AFM) measurements. However, one has to keep in mind that
in experiments one typically probes the system in the dynamic state and for
polymers the full equilibrium is not always reached.

Armed with detailed knowledge on the characterization and with detailed
predictions of the equilibrium interactions between the particles, we proceeded
to find experimental evidence of the theoretical predictions. We decided to
measure the interaction force between particles using the colloid probe AFM
approach. The results of this work can be found in chapter 4. The resin
particles turned out to be rather small, that is, they are on the order of 100
nm. So, it was decided to measure interactions not on two particles, but
rather on an ensemble of particles. The colloidal probe technique is ideal for
this. As shown in fig. 1.4 a layer of adsorbed particles is present both on the
flat substrate and on the 6 pm colloidal probe. The forces that eccur upon
bringing these layers in close contact are measured. This requires certain
assumptions and additional measurements, but in the end it yields a rather
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Figure 1.4: A schematic representation of the colloidel probe AFM set-up: the
colloidal probe is glued to the cantilever tip; both the probe and the opposing surface
are hydrophobized with silozane, and then the particles are adsorbed both on probe
and surface. Inferaction forces are then measured between these two layers, placed
in agueous solution (see chapter 4).

side views

(b ()

Figure 1.5: An illustration of the bilayer bending problem, studied in chapter 5.
Polymer chains are grafted to both sides of some membrane, changing the radius of
curvature we can derive the bending moduli. If we allow the chains to flip from one
side of the membrane to the other, and study the bending in cylindrical coordinate
system, in effect, it becomes similar to the bottle-brush bending problem.

clear picture. Particle interactions have been studied both in water and in a
water - co-solvent mixture. We studied the interaction dependence on solvent
properties in the range where particle structure changes most (information
from chapter 2). The role of butyl glycol as co-solvent was monitored by
following the changes in particle structure and the effect on the interaction
between the particles.

In chapter 5 results are shown of a theoretical side project, which, on
first. sight, seems unrelated to the coating problem. T'he central issue of this
chapter is to generate information on the physics of the bending rigidity of
a polymer brush. One of the reasons why the numerical SF-SCF theory
was ugsed for this problem is that varicus (more approximate) theoretical
approaches resulted in different conflicting predictions. Upon closer inspection
this problem appears more directly related to the physics of particles covered
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by polymer brushes. That is why the results of this study are included in
this thesis. It turns out that the concept of the bilateral brush plays not only
a dominant role in the bending problem, but also has a clear function in the
study of the interaction between two hydrophobic polyelectrolyte brushes.
The fundamental issue here is that upon bending of a bottle brush, or upon
confinement of & HPE brush, the chains can escape from a compressed region
to a less compressed one (see fig. 1.5). The bilateral brush is used in both
approaches.

This thesis shows that the combination of characterization, theory and
experiments is a powerful approach to understand complex systems. Even
though many questions remain to be solved, we now have a deeper insight in
how in water-borne paints the core-shell particies are used to simultaneously

solve several seemingly conflicting requirements. These insights will be important

to further develop WB-coatings.



Chapter 2

Characterization of a dispersion of
acrylic core-shell particles

2.1 Abstract

In this chapter we present the physical-chemical characterization of an aqueous
dispersion of acrylic core-shell particles (CSP). The system is a model for
dispersions used in waterborne automotive coatings. The particles were

synthesized at elevated temperatures via a two-step emulsion droplet polymerization

and have mostly methacrylic polymer cores and acrylic polymeric shells. At
room temperature, the cores are in a glassy state. I'he corona chains contain
a fraction of methacrylic acid groups and may be classified as hydrophobic
polyelectrolytes. The hydration of the shell strongly depends on the pH. The
shell polymers are not chemically coupled to the core chains. Nevertheless,
they remain associated with the core upto high pH values. Apparently,
the shells are trapped with some of their {hydrophobic) moieties in the
{(glassy)} core. We discuss results from potentiometric titrations, dynamic
and static light scattering on dilute solutions of CSP, and tapping mode
AFM imaging on physisorbed layers of particles. ‘T'he data obtained from
these measurements, together with the overall molecular composition of the
particles and supplementary size-exclusion chromatography (SEC) data for
the shell polymers, are used to forward a model for the CSP structure.
This model sets constraints for the structural modeling with the mean-
field Scheutjens-Fleer self-consistent-field (SF-SCF) theory. The parameters
are tuned to give good quantitative agreement with experimental data, in
particular with respect to the dramatic swelling of the shell polymer layer
upon an increase of the pH.

19
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2.2 Introduction

In paints, waterborne acrylic resin dispersions are progressively used as substitutes
for solvent-based products. 'L'hey find applications in decorative, industrial,
and maintenance applications. Despite high demands for the performance
in automotive coatings, recent improvements of waterborne coatings made
them suitable for this type of applications as well® The main approach
that resulted in better formulations, involved high throughput combinatorial
chemistry methods: many batches of similar resins are synthesized, and then
these batches are screened for the best samples on the basis of a few relevant
tests, 1213

Combinatorial chemistry 1s the method of choice when there are many
relevant variables. For example combinatorial chemistry proved to be very
fruitful in developments of catalysts. Indeed, for the design of a possible resin
there is a large set of acrylic monomers. The number of feasible variants of
arranging these into polymers is virtually unlimited as these will depend on
mixing ratios, reaction conditions, rates of monomer feed, etcetera. There
are, however, also important bottlenecks and drawbacks associated with this
technique. The choice of the ”‘best”’ formulation from a large set is based
on some high-throughput test experiments. There may be numerous cases
of false positive or false negative outcomes of such tests, which remains
unnoticed especially when the physics of the dispersions, which somehow
underpins these tests, is poorly understood. The other relevant issue for the
industry is that high investments are needed to operate a high-throughput
set-up. In this respect there is a potential to greatly reduce the costs, if
certain part of the research protocols can be omitted. Again, molecular level
knowledge of the dispersions and the ability to predict changes in properties
of coatings upon certain changes in formulations, can reduce the costs of such
set-ups to a great extent.’® Qur proposition is that the coatings performance
may more efficiently be improved when deep insight in the behavior of the
particles is available. In this chapter we report on the physical chemical
characterization of a CSP system, which is a first step in the direction to
obtain more realistic insights in these systems.

There is relatively little academic research on these complex and sometimes
poorly defined systems. Indeed, the production samples are synthesized
mainly via emulsion droplet polymerization, and this process is often described
as random, or chaotic. This results in particles with chaotic polymer compositions,
wherein the polymers themselves are typically (somehow) random copolymers.
Additionally, the dispersions typically contain multiple remains of the reactions
or some additives. Another issue lies in the scope of research activities, which
typically focuses to some particular feature of a coating dispersion under



2.2. Introduction 21

study. 'The relevance of the collected date for the overall performance of a
paint is often rather speculative.!* This situation may be improved when
muliiple aspects of the problem are considered. The characterisation of the
CSP discussed in this chapter sets the stage for further investigations.

The core-shell particle (CSP) dispersion that we consider in this chapter
was supplied to us by Nuplex Resins. The dispersion is a model system
specially prepared for this study. It differs slightly from the real commercial
product. The model system and the real product have key properties, such
as the core-shell architecture, the glassy cores, the pH sensitivity of the
shell chains and various physical properties, such as the extreme shear-
thinning, in common. 'T'he model resign is simplified: some components
essential for, e.g., the durability of the final paint are left out. In our study
we focus on the properties of the shell polymers which are relevant for the
colloidal stabilization and the inter-particle interactions and the mentioned
shear-thinning behavior. We do not consider the mechanical properties of
the drying films nor issues related to the final coating, but focus on the
digpersions. Therefore, we trust that our results for this model resign are
relevant for the corresponding properties of the real systems.

The particles are synthesized in two distinct steps: first the cores are
polymerized at elevated temperatures and the reactions were terminated.
Then the shell monomers are added and subsequently polymerized. The
core monomers are methacrylates, so they undergo a glass transition when
after the synthesis the system is cooled down to room temperature. They
serve as impermeable, uncharged and hydrophobic polymer colloids to which
the shells are adsorbed or, effectively, grafted (in a physical sense) during
the synthesis step. The shells are acrylics except for a minority fraction
of methacrylic acid monomers. The shells provide colloid-chemical stability
of the cores and are believed to play a role in the pseudoplasticity of the
dispersion. In our study the structural properties of the shell layer are placed
central. We consider the cores as inert carrier particles.

In order to understand the properties of the particles that are most
relevant for the applications we investigate the molecular structure and try
to interpret these in terms of the conformations of polymers within single
acrylic core-shell particles in dilute solutions or adsorbed onto a hydrophobic
surface. We aim to correlate the molecular composition of the particles
to their physical-chemical properties. Our ingsights are used to forward a
molecular model for the shell chains that serves in subsequent self-consistent
field investigations.

In strong contrast to few studies on industrial dispersions, there are
many studies on better-defined experimental gystems with similar overall
characteristics. 'The concept of the stabilization of colloidal dispersions with
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polyelectrolytes, is discussed in works of Pincus* and Wang.'® The group of
Ballauff et al. studied well-defined so-called spherical polyelectrolyte brushes,
which are latex particles onto which polyelectrolyte chains are grafted.516-1%
Well-defined core-shell particles {micelles) made of block-copolymers in selective
solvents are also well known. There are numerous experimental works on
micelles with a polyelectrolyte corona.?®2% The influences of the solvent
quality, the pH and ionic strength, are well understood and explained or
predicted in a number of theoretical works.?3® The particular case of
polyelectrolyte layers in a poor solvent, which characterizes the shells of our
particles, is studied in several theoretical works as well. *'35 We will address
these studies either for comparison purpose, or when we discuss possible
differences beiween theory and experiment in relation to various scenarios of
the structure of the shell layers of our core-shell particles.

This chapter is organized in the following manner: first we give information
on relevant aspects of the synthesis, the chemical composition and possible
arrangements of monomers in the polymers and their subsequent aggregation
into particles. Then we briefly describe the experimental techniques used to
characterize the particles. This is followed by the presentation of the key
results and a critical discussion of the experimental data. We will summarize
the properties of our core-shell particles, and forward a model of a particle
which is based on collected data. The model is used in the theoretical analysis
of some of the experimental findings.

2.3 Materials and Methods
2.3.1 Core-Shell Particles

Monomer composition

Here we list all the acrylic monomers that are used in particle synthesis
and briefly describe relevant properties for each monomer. We pay some
more attention to the shell monomers and point to relevant properties of
homopolymers of each shell monomer. We finalize this section with a table
that lists the monomers and proportions in which they are used during
particle synthesis.

The monomers that compose the cores and shells of the particles are
shown in figure 2.1. The methylmetacrylate (MMA) and n-butylmethacrylate
(BuMA) core monomers are relatively hydrophobic and are widely used
for the production of polymer glasses. Poly(MMA) has a glass transition
temperature of T, = 115 °C. For poly(BuMA) the glass transition temperature
is T, = 20 °C. BuMA monomers are mostly used as co-monomers to add
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Figure 2.1: The chemical formulas for the core and shell monomers. The quelity
of water ns @ solvent for each monomer decreases from left to right.

plasticity to glasses. 2-Hydroxyethylmethacrylate (HEMA), and respective
polymers, are water-soluble due to the presence of a polar hydroxyl group.
It is added in a small quantity for further cross-linking of the cores in a
final paint film. Cross-linked poly(HEMA) gels are hygroscopic and widely
used in biomedical industries. The mixture of water-soluble and apolar
monomers in copolymers become insoluble already at relatively small degrees
of polymerization.

n-Butylacrylate (BuA) is one of the shell monomers. It is water-soluble
up to 2 g/L. It forms polymers that have a low glass transition temperature
Ty = —49 °C. Hydroxyethylacrylate (HEA) is also a shell monomer. HEA
polymers are water-soluble, similarly to poly(HEMA), and are even more
hydrophilic. HEA monomers are added both to get better shell solubility in
an aqueous solution and for the possibility to further cross-link the film once
it is formed. This cross-linking will not be considered in any respect here.

Methacrylicacid (MAA) monomers are the most responsive ones in the
shell. The stability and various other properties of dispersions of the CSP
may be tuned by controlling the charge that originates from this monomer.
Homopolymers of MAA are weak polyelectrolytes with a pKyg = 7.3% and
respond to changes in pH and ionic strength. At a low pH, pMAA is still
soluble in water. In these conditions it is in a relatively compact conformation
and MAA shows some affinity for non-polar cosolvents.?* At high pH the
chains are swollen due to the electrostatic repulsion between the monomers.
The latter may be screened by salt.

The ratios in which the above mentioned monomers are added for particle
synthesis are presented in table 2.1.
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Table 2.1: Monomer composition of the core and the shell. (The molecular masses
of the core and the shell are number-average masses of an gverage monomer)

Monomer | %wt in | M, Y%mon in | %wt Y%mon
core/shell core/shell | total total
Clore 87.5 133.2 - - -
BuMa 79.4 142.2 74.4 69.5 63.4
MMA 14.7 100.12 19.6 12.9 16.7
HEMA 5.9 100.12 6 5.2 5.2
Shell 12.5 110 - - -
BuA 56.5 128.17 48.4 7.1 7.2
HEA 25.4 116.12 24 3.2 3.5
MAA 18.1 72.06 27.6 2.3 4.1

Particle synthesis

The monomers presented above are used to synthesize the core-shell particle
dispersions. This is done in a two-step emulsion droplet polymerization
reaction.® ! In the first step the cores of the particles are produced. In the
second one the shells are formed. Importantly, in between these two steps,
the synthesis of the core polymers is terminated. Hence, there is no chemical
linkage between core and shell polymers. Instead, the shell polymers are
physically adsorbed on the cores during the reaction conditions, i.e. low pH =
4 values and temperature of T = 85 °C. Upon cooling down of the dispersion,
the cores undergo a glass transition (I, = 33 °C) and the shell polymers
hecome effectively grafted to cores. This scenario is not straightforward, but
it follows, as we will discuss, from our experimental results presented in this
chapter and is discussed in subsequent chapters 3 and 4 as well.

Different types of monomers, synthesized into chains form co-polymers.
All monomers of the core are methacrylates which are known to form more
or less tandom polymers when mixed.#> We thus believe that the cores are
composed of random, rather homogeneous, copolymers. The situation for the
shells may be different. Methacrylicacid radicals are known to react rapidly
and more likely with similar monomers than with acrylic ones. Hence, the
polymerization of MAA is earlier and the copolymers are expected to contain
more MAA towards one of the ends.*?** "The tapered nature of the shell
chains may be important in the mechanism by which parts of the shell chains
are trapped in, or {effectively) grafted to, the core.

After the synthesis the resulting dispersion contains a number of low

molecular weight residues, namely the surfactants that stabilized the hydrophobic

polymeric species during the synthesis, unreacted initiator molecules, salts
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Figure 2.2: SEC data on shell polymers, synthesized in the absence of cores,

obtained in hexafluorcisopropanol + 0.02M kalium fluorfacetote solution with gel-
permeation chromatogrophy. The date was provided to us by Nuplex Resins.

and small water-soluble copolymers which did not adsorb onto cores. To
eliminate adverse effects from these residues, the dispersion was dialyzed
for at least two weeks against demi-water, using 50000 Mw Spectra-Por
membranes. The effectiveness of dialysis was checked with conductometry.

The size exclusion chromatogram (SEC} data for shell polymers, provided
by the particle manufacturer, is presented in figure 2.2. Here the left peak
corresponds to shell polymers, while the right one at low M, point to the
presence of short water-soluble polymers (these are most likely removed
by dialysis). The mass-averaged molecular weight of the shell polymers,
determined from this figure {left peak) is M, = (1.22 £ 0.02)10° g/mol,
and the number-averaged molecular weight is M,, = (1.07 £ 0.02)10° g/mol,
so that the polydispersity index, PDI = 1.14 £ 0.02. 'l'aking the average
molecular weight of one monomer as M,, = 110, we estimated the degree of
polymerization of the shell polymers to be N = 9000.

2.3.2 Methods
Static Light Scattering: Zimm plots

In order to get information on molecular weight of the particles, as well as

their radius of gyration and second virial coefficient, light scattering measurements

al different angles and concentrations have been performed. Such static
light scattering (SLS) experiments were analyzed by the method of Zimm.
The measurements were carried ouf using a light-scattering set-up equipped
with a 400 mW argon ion laser with a wavelength of A = 514.5 nm. The




26 Chapter 2. Characterizaton

reference toluene solution and CSP solutions have been filtered several times
to avoid any dust in the scattering cells. ‘I'he temperature was controlled by
a Haake C35 thermostat to T = 298 £ 0.1 K. A refractive index matching
bath of filtered cis-decalin surrounded the quartz cylindrical scattering cell.
The total static light scattering intensity {I) was recorded as a function of
scattering angle {(15°-120°}). A set of solutions with decreasing concentration
was prepared from the dialyzed CSP dispersion. The pH was set to the value
of pH = 7.8 and the ionic strength to 2 mM with phosphate buffer.

The refractive index increment of the particles was measured with a
differential refractometer (Shodex RI-71, Separations) coupled to a pump.
This set-up was first calibrated with a NaCl solation, then the refractive
indexes of CSP solutions at different concentrations was measured.

Dynamic Light Scattering titrations

Dynamic light scattering (DLS) measurements were performed with the same
optical setup as used for the SLS ones. In this case the light scattering
apparatus was used with a home-built scattering cell which allowed acid-
base titrations between the measurements, using a Schott-Gerite automatic
titration setup. In this way the hydrodynamic radius of the particles could
be measured under varying pH conditions, while the integrity of the particles
was monitored by observing the scattered light intensity. DLS measurements
were performed at 90° scattering angle. 'l'he change in pH was implemented
through the titration of 0.005 to 0.1 mL of acid (HCI) or base (NaOH) in
consecutive steps and the pH was monitored during the titration. The ionic
strength of the acid or base solution matched the ionic strength of the initial
CSP solution, so that the ionic strength of solution remained constant during
the titration. ‘I'he intensity of the light scattering is corrected for the dilution.
The acid titration to reach low values of the pH {below 5), typically result in
a (reversible) precipitation of the sample. Hence, in the experiments we first
increased the pH and then decreased it again to estimate the reversibility of
the changes that are observed.

Potentiometric titrations

Equilibrium potentiometric (PT) titrations were performed using a Schott-
Gerate TR 250 titrator with a feed-back loop to adjust the speed of titration
te the response of the system when the pH is changed. Measurements were
performed using a pre-calibrated reference electrode, using dialyzed CSP
dispersions of 2 g/L and corresponding blank solutions.
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AFM in tapping mode

Particles were adsorbed from a critical solution (I = 1 M; pH = 6; ¢, = 2
g/L, under these conditions particles precipitate within a day) onto silica
surfaces that were hydrophobized with hexamethyldisilazane (for the description
of adsorption procedure see chapter 4). Under these critical conditions the
resulting adsorbed layer is a dense monolayer (random close packing) of CSP.
AFM images were collected in tapping mode using a Nanoscope III AFM
(Veeco) with standard tapping mode cantilevers {Veeco), either on freshly-
dried CSP layers, or an freshly-prepared monolayers in acontact with solution
using a fluid cell. The scans are taken consecutively for several hours to let
the system fully equilibrate and to eliminate the drift of the AFM apparatus.

Theoretical fitting of DLS-titration data

Below we will develop a molecular model of a CSP tailored to fit (especially)
the DLS-titration data. In this model the shell chains are mimicked by an
effective polymer brush composed of (homodisperse) hydrophobic polyelectrolytes
grafted onto a curved hydrophobic substrate. This simplified model suites
the self-consistent field approach in its classical form, that is making use
of the machinery of Scheutjens and Fleer using a one-gradient spherical
coordinate system. An extensive description of the theory and its application
to hydrophobic palyelectrolyte brushes may be found in chapter 3 of this
thesis, and is not repeated here.

In the model the cores of the particle are implemented as curved impenetrable
hydrophobic surfaces to which the shell pelymers are end-grafted. The radius
for the cores is taken from AFM and DLS data for the cases when the shells
are collapsed. A correction of the radius is made for the contribution of the
shell chains (hence, the ratio of the fractions of core to shell monomers, as
follows from the synthesis of CSP, is used). In order to keep the number
of parameters as low as possible, the shell polymers are considered to be
monodisperse and are taken as regular copolymers, consisting of just two
types of segments: weak acid groups, separated by a few hydrophobic segments
with x,, = 1. The fraction of acid groups is fixed to f = 0.25, which
corresponds to the monomer composition of the shell. We have lowered
the fraction of acid groups somewhat with respect to the monomer feed, to
correct for the loss of some monomers to short water-soluble polymers during
synthesis. The total number of ionizable groups per particle is kept constant,
at n. = 2.5 x 10%, which corresponds to the number that is determined via a
combination of SLS and PT data (see below). 1'he polymer chain-length N
was varied to find the best fit for the DLS data. Instead of a hydrodynamic
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Figure 2.3: The Zimm plot for ¢ CSP dispersion af pH = 7.8 and I = 2 mM. The
concentrations of CSPs ave 0.06; 0.024; 0.012; 0.006 ¢/L from right to left and
the constant is 1017m3 /kg.

radius as determined by DLS, we calculate the first moment of the free
polymer ends distribution, and used this as a reasonable approximation for
the hydrodynamic radius in the case of spherical particles:

5, Lirjrolr, N) o
> Lir)e(r,N) '
In this equation r is the lattice coordinate (in the case of the one-dimensional
calculations) which represents the distance to the substrate {in units of the
segment size). The value L{r) = 4/3x{r® — {r — 1)3) is the number of lattice
sites at a specific coordinate and @(r, N} is the end-point distribution. As we
solely model the shells of the particles, taking the core as just an impenetrable
surface, we inserted the value for the core size K. in equation 2.1 to obtain
the overall particle size R,,.

Apart from the distribution of the brush chains, we also obtain information
on the local degree of dissociation of the acid groups. The overall degree of
dissociation of the acid groups « will be used to compare to the potentiometric
titration data.

Ry =R+

2.4 Results

SLS - Zimm plot

For Zimm plots it is necessary to know the refractive index increment of
the CSP solution. Using the approach mentioned above we obtained a value
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of dn/dc = 0.15 4 0.005 mL/g. This value was used for all lonic strength
conditions and pH values used in our study. From the Zimm plot we find
estimates for the mass, the size and the interaction radius of the CSPs.

In figure 2.3 we show the Zimm plot for pH = 7.8 and I = 2 mM. Under
these conditions the particles are negatively charged, the corona chains are
swollen and the particles repel each other. As usual, two extrapolations, one
to zero concentration and one to zero scattering angle, were performed. The
combined limit of zero concentration and zero scatiering angle points to a
well defined intercept, which is interpreted as 1/M,,. The slope of the fit to
zero coneentrations gives the value of the gyration radius. The slope of the
fit to zero angle points to the second virial coefficient, which is positive as
expected. The SLS results are the following: M,, = (7.940.1) x 10° kg/mol;
By(pH = 7.8) = (1.1 £0.1) x 107> mol m®kg 2 and R,(pH = 7.8) = 74 + 3
nm.

Potentiometric titrations

In figure 2.4a we present a typical potentiometric titration curve for our
CSP solution at 7/ = 0.1 mM. In this plot the degree of dissociation of
the MAA groups o, where it is taken that « = 1 at high pH, is given
as a function of the pH. As expected an increase of the pH results in the
dissaciation of the methacrylicacid groups. 'he effective pK of the particles,
that is the value of the pH at which half the groups is dissociated, is found
to be pK.g = 7.88 £ 0.02. This value is close to the value of pK = 7.3
for pure poly(MAA).%¥ The slightly higher value may be due to the fact
that in our case the polyacids are not dissolved in solution, but attached to
the cores of the particles, wich results in a greater interaction between the
charged groups. T'he overall titration curve has a distinctive S-shape, which is
relatively sharp (the changes take place in a limited pH interval). Such sharp
S-shaped titration curve is reasonable for hydrophobic polyelectrolyte (HPE)
chains. Clearly HPE's can switch rather suddenly from a neutral {deionized)
form, where the chains are, due to hydrophobic forces, in a collapsed state,
to a highly charged state where the shell layer is swollen and the chain
conformations are stretched by the electrostatic forces. Intermediate states,
wherefore the shell layer is weakly charged and the chains are not strongly
stretched, are relatively unfavorable and the particles undergo the collapse-
to-swollen transition in a rather narrow window of pH values.

The pH = pK will be the central pH value for our investigations.
Around this value, the CSP system is most adaptive to changes and not
surprisingly the interest from an application point of view is in this pH range.
Alongside with changes in the degree of dissociation of the carboxylic acids
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Figure 2.4: o) Potentiometric titration (PT) curve of the CSP system. The
particle concentration ¢ = 5 g/L and the ionic strength is 10 mM. b) Theoretical
curves for the degree of dissociation of shell chains as a function of the pH for the
CSP model {details are given in the text) at different ionic strengths values I = 1,
5, 10, 25, 50 and 100 mM (from left to right)

groups, we may anticipate changes in the size of the particles and variations
in the strength of interactions between CSPs.

AFM imaging

Next, we present several AFM images of the adsorbed layer of particles at
the highest density of this layer. Again we refer to chapter 4 for the details of
how the surfaces are hydrophobized and how the adsorption of the particles
was optimized. Here we focus on the direct observations of the particles using
the tapping mode approach. Observables are the average size of the CSPs
and the polydispersity of the size.

In the top left view graph of figure 2.5 a typical CSP adsorption pattern is
shown. 'The image is obtained on the dry layer of particles. The particles are
still separated from each other and the surface coverage was determined to be
I' = 52 + 2% (this coverage has been corrected for the broadening effect due
to the pyramidal shape of the tip). The coverage is close to the random closed
packing limit [',m = 54.7%, which is the maximal possible value for random
and irreversible adsorption of spherical particles, also known as the jamming
limit.%%€ ‘I'he other important feature, readily seen from this image, is that
the particles are rather monodisperse. We recorded the sizes of a 100 of
particles and determined their polydispersity to be Py = 1.03

The remainder of Fig. 2.5 is used to illustrate how the sizes of the particles
are estimated. In short, we consider pairs of particles that are in intimate
contact (cf. fig. 2.5 right top/left bottom where three individual pairs are







