
ABSTRACT

SHAY, JENNIFER SUSAN.  Aqueous Colloidal Dispersions with Grafted
Poly(Ethylene Oxide) Chains:  Synthesis, Microstructure, and Rheology.  (Under
the direction of Saad A. Khan.)

Water-based coatings are an environmentally benign alternative to the

solvent-based systems traditionally used in industry.  Water-based systems contain

colloidal particles dispersed in an aqueous medium and are typically stabilized

through electrostatic means.  Widespread acceptance of water-based coatings has

been hindered by their low solids content, which leads to slow drying rates and

inconsistent quality.  This study focuses on developing a model coating system

based upon a novel poly(ethylene oxide) (PEO)-based macromer that can be grafted

to the surfaces of the colloidal particles, stabilizing the particles against flocculation

and allowing the coating to be processed at a high solids content.  The initial phase

of this study involves the synthesis of colloidal polystyrene (PS) latex dispersions

sterically stabilized with these PEO-based macromers, and the identification of the

effects of synthesis parameters on molecular and structural properties.  Electron

microscopy reveals the spherical, submicron morphology of the latex particles, and

proton nuclear magnetic resonance data confirms a direct correlation between the

amount of macromer in the reaction feed and the amount grafted to the PS particles.

In the second phase of the research, rheological techniques are used to investigate

flow behavior and interparticle interactions for latex dispersions with different

amounts of grafted macromer.  Dynamic rheological experiments reveal that, at



high macromer concentrations, the PEO surface layer effectively shields the

attractive interactions between the core PS particles that lead to flocculation.

However, at low macromer concentrations, strong interactions are seen even at low

particle weight fractions, indicating the presence of a flocculated system.  Steady

shear rheological evaluations show that the latex systems possess suitable flow

behavior for coating applications, even at high particle contents.  Steady shear data,

in conjunction with the Krieger-Dougherty model, confirm that the stabilizing layer

thickness decreases as particle concentration increases, indicating a compressible

system.  In addition, the relationship between the strength of interparticle

interactions and PEO graft density is gauged by a power law model relating the

elastic modulus to particle concentration.  The third phase of the study examines the

effects of temperature on interparticle interactions and dispersion stability.

Dynamic rheological experiments reveal a sol-gel transition as temperature is

increased, with the transition temperature being dependent on the PEO graft

density.  Dynamic light scattering measurements show a change in apparent particle

size at the sol-gel transition.  The transition is postulated to be due to the collapse

of the PEO chains as temperature is increased (i.e., solvent quality is decreased),

which allows the attractive forces between the PS particles to dominate the steric

repulsion provided by the stabilizing layer.  The PEO chain collapse is attributed to

the disruption of the structured orientation of the hydrogen-bonded water molecules

that surround the PEO.
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1. INTRODUCTION

1.1 Motivation

1.1.1 Commercial application

Since the 1960’s, many government regulations have been enacted in North

America and Europe to reduce environmental emissions of volatile organic

compounds (VOC’s) in industrial coating processes1.  These regulations, combined

with the need to reduce production costs to remain competitive, have led the

coatings industries to attempt development of environmentally benign and less

costly water-based coatings to replace solvent-based systems.  Water-based systems

typically consist of a binder, pigments, and low concentrations of additives such as

defoamers and biocides.  The binder, a stable polymeric latex (i.e., a colloidal

dispersion of particles in an aqueous medium), serves to bind pigment particles to

each other as well as to the coating substrate.

Although water-based technology has been adopted by the package printing

industries and is used in printing on paper bags and corrugated cardboard boxes,

other coatings industries have been reluctant to deviate from traditional solvent-

based systems, due to several problems associated with present aqueous systems.

First, because of water’s high latent heat of evaporation (580 cal/g compared with

less than 100 cal/g for organic liquids), processing speeds are greatly reduced to

allow enough time for complete water removal during the coating application2.

Second, fiber swelling effects and variations in moisture content lead to

inconsistent quality.  Third, low molecular weight surfactants are often added to

water-based latex formulations to provide particle stability against flocculation

during polymerization and film-formation.  These stabilizing surfactants can cause

surface tension variations, and can migrate within the dried film, also affecting

quality.  Finally, electrostatic stabilization, the traditional method by which stability

is imparted to the latex, requires strict pH control during processing to maintain a
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stable configuration and, as will be discussed, does not permit a high solids

concentration.

There is, therefore, a need to produce coatings that reduce or eliminate the

problems of current water-based technology.  This can be accomplished by using a

higher-solids composition that will reduce the amount of water in the latex

formulation, thereby both increasing drying rate and reducing coating

inconsistencies.  With current water-based systems, however, increasing the solids

content to an acceptable level increases viscosity beyond the rheological limits of

coating processes.  (Viscosity must be low enough to allow satisfactory flow from

the point of origin to the coating substrate.)  Viscosity problems associated with the

present technology can be alleviated by employing our novel method for stabilizing

the polymer latex particles that function as binders, since the latex binder is the

component present in the highest amount (over 40%)3, and its formulation has a

particularly significant impact on the properties of the coating.  The system we have

developed eliminates the need for low molecular weight surfactants or

supplementary polymeric components and permits higher concentrations of solids

in the latex formulation while maintaining a viscosity range that is acceptable for

printing.

1.1.2 Fundamental knowledge

In practical applications, such as for coatings as described above, tailoring

latex composition to possess specific properties is typically done on an empirical

basis.  This is due to the lack of understanding of the relationships between latex

synthesis parameters and the resulting chemical and morphological structure, and

the relationships between this structure and the dispersion behavior.  Therefore, in

addition to the need for an improved water-based coating, the desire to characterize

fully and methodically the structure-property relationships in our new

polymerically-stabilized colloidal dispersion is a motivation for this project.  To
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examine the mechanisms by which the latex particles are polymerized, a systematic

characterization should be performed to confirm the effects of varying synthesis

parameters on the formation of the latex particles.  In addition, rheological studies

using both steady shear and dynamic rheological techniques are required to probe

the microstructure and processability of latex dispersions, including effects of graft

density and particle volume fraction on flow behavior and interparticle interactions.

Finally, an exploration of the theoretical basis for the effects of dispersion medium

quality on system stability must be performed in an attempt to reconcile theories on

the origin of dispersion instabilities.

1.2 Project Goals

One goal of this project is to produce novel polymer latex systems that are

stable, high in solids content, and low in VOC’s to serve as precursors to real

water-based coatings.  Another goal is to use various characterization techniques

including rheology to obtain fundamental understanding of latex particle interaction

and stability, knowledge of the effects of synthesis parameters on chemical and

morphological structure, and information on flow and microstructural behavior of

colloidal dispersions.  To accomplish these goals, a three-phase approach is used.

The first phase involves synthesis of the model polystyrene latexes which are

dispersed in a water-based medium.  One component of the latex systems is the

poly(ethylene oxide)-based macromers (i.e., short-chain polymers) that stabilize the

latexes.  Parameters that are varied in the synthesis protocol include macromer

molecular weight, initiator concentrations, stabilizer/monomer ratios, and

water/alcohol ratios.

The second phase of the research involves molecular and structural

characterization of the macromers and latex dispersions.  For the macromers, purity

and relative molecular weight are obtained through gel permeation chromatography,

and Fourier transform infrared spectroscopy is used to confirm molecular
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composition.  Morphology of the latex particles is characterized using scanning and

transmission electron microscopy, and a nuclear magnetic resonance technique is

employed to determine the graft density of macromers on the particle surfaces.

The final phase of the work involves probing the rheology of the latex

systems.  Steady shear and dynamic rheological tests are performed to obtain

information on the effects of synthesis protocol on latex structure and behavior.

These experiments give information on the types and levels of interaction among

particles as a function of particle volume fraction and macromer graft density, both

under conditions of shear and at rest.  In addition, temperature-dependent studies

are undertaken to determine the effects of dispersion medium quality on dispersion

stability and colloidal interaction.

The integrated results of the three phases of the research provide us with a

fundamental understanding of the correlations involved in chemistry,

microstructure, and rheology of our model latex system.  This knowledge will

facilitate the development of new technology that will improve the formulations of

coatings.  These new materials are expected to perform as well as solvent-based

coatings and conform to present and future environmental legislation designed to

reduce VOC’s in the coatings industries.

1.3 Thesis Overview

Chapter 2 illustrates many of the basic concepts involved in the synthesis

and study of sterically stabilized dispersions.  It includes descriptions of various

techniques that are used to characterize latex materials.  Each of the subsequent

thesis chapters, Chapters 3, 4, and 5, is a self-contained description of a portion of

this research.  Chapter 3 details the synthesis of the latexes components used in the

project and contains a sample protocol for the creation of a sterically stabilized

latex dispersion.  Chapter 4 is a comprehensive rheological study of the colloidal

latex systems and includes both fundamental and structure-property-processing
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relationships.  In Chapter 5, a study of temperature-induced particle flocculation

elucidates the effects on interparticle interactions of changes in the quality of the

dispersion medium.  Chapter 6 provides general conclusions based upon the entire

thesis and offers suggestions for further research in this area.
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2. BACKGROUND

2.1 Introduction

The purpose of this chapter is to provide readers who are unfamiliar with

the study of the behavior of colloidal dispersions a foundation on which to base the

comprehension of the remaining chapters.  This chapter introduces basic concepts

in dispersion stabilization, synthesis, and characterization.  It then discusses

rheological concepts, both general and specific to colloidal dispersions.  Included

throughout this chapter are concise reviews of work previously performed in the

area of colloidal dispersion synthesis and characterization.

2.2 Synthesis

The focus of this section is on describing the techniques for preparing stable

latex dispersions.  It begins with a discussion of the fundamental concepts of

dispersion stabilization and how electrostatic and steric stabilization differ.  The

section then follows with descriptions of the various types of polymers that are used

in steric stabilization as well as typical methods that have been used to synthesize

each component of a sterically stabilized latex dispersion.  Finally, an overview of

the synthesis protocols used in this project is presented.

2.2.1 Dispersion stabilization

In a system containing colloidal particles, there is an attractive van der

Waals force among the particles.  This force that acts to form aggregates through

collisions caused by Brownian motion when temporary dipoles in the molecules of

a particle induce dipoles in neighboring particles4,5.  The total attractive

interparticle force can be quantified by the Hamaker constant (Am) which is

dependent on the particle composition and its surrounding fluid.  The general form

for this component of the interparticle potential (VD) which is a measure of the van

der Waals forces is:
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VD=-AmHg (2.1)

where Hg is a function of particle shape and interparticle distance6.  VD becomes

zero as interparticle distance increases but is infinitely attractive as distance

between particles goes to zero.  This is why particles tend to flocculate as they

come into close contact.  Electrostatic and steric stabilization are methods by which

colloidal particles can be stabilized to balance the attractive effects of van der

Waals forces.  These methods provide a repulsive component of the total

interparticle potential that prevents flocculation.

Electrostatic stabilization employs charged groups adsorbed to the surface

of each particle.  These charges, in turn, attract a layer of opposite charges in the

solvent layer surrounding the particle which acts to neutralize the adsorbed charges.

The electroneutral double layer consists of a diffuse outer part, the Gouy layer, and

a compact, inner part, the Stern layer.  The electrostatic double layer resists overlap,

and this repulsive force stabilizes the particles7.

Steric stabilization involves grafting or adsorbing a polymer with a lyophilic

portion to the surface of a colloidal particle4.  The lyophobic portion extends into

the solvent, providing a steric barrier to particle overlap.  Steric stabilization

balances the van der Waals attraction by two mechanisms.  The first is the

repulsive, entropic contribution arising from the loss of configurational freedom

associated with interpenetration or compression of particle stabilizing layers as

interparticle distance decreases.  The second is the enthalpic contribution arising

from the change in free energy associated with the partial demixing of chain

segments and solvent as the stabilizing layers overlap.  This contribution can be

either attractive or repulsive depending on the polymer-solvent interaction

parameter (χ) for the particular system8.

In many systems, steric stabilization is more desirable than electrostatic

stabilization.  Some of the advantages include pH insensitivity (the ion

concentration does not have to be controlled), the ability to use both aqueous and
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nonaqueous dispersion media (provided the stabilizing layer is soluble in the

particular dispersion medium), and better freeze-thaw stability9.  Steric stabilization

also allows a more concentrated stable dispersion.  The stabilizing layer can be as

little as 3-10 nm thick for sterically stabilized systems and still provide effective

stabilization, whereas for electrostatically stabilized systems, the layer can be as

thick as 100 nm due to its diffuse nature.  The shorter range of the steric

interactions means that a higher particle density is permitted before the maximum

particle packing fraction is exceeded.  The higher solids content of sterically

stabilized latex systems makes them more desirable for use as coatings.

2.2.2 Polymeric stabilizers

Polymeric steric stabilizers are anchored to the colloidal particle in one of

two ways.  They are chemically grafted directly to the surface of the particle, or

they are physically adsorbed to the particle surface.  As adsorbed stabilizers,

amphiphilic molecules (molecules containing both lyophilic and lyophobic groups)

are most effective and are used extensively10-15.  The lyophobic portions of the

molecule adsorb to the particle surface, and the lyophilic portions extend into the

solvent, creating a steric barrier to flocculation.  Certain types of copolymers

function well in this capacity, including AB block, ABA block, BAB block, and

graft copolymers8.  Graft copolymers allow the lyophobic backbone to be strongly

anchored to the particle, while each solvated side chain extends into the dispersion

medium16.

Many researchers have synthesized amphiphilic graft copolymers for use as

adsorbed stabilizers and studied the effects of copolymer components on dispersant

properties17-20.  Because of their strong hydrophilicity, poly(ethylene oxide) (PEO)

side chains and their derivatives, grafted to a hydrophobic backbone, have been

investigated extensively for use as stabilizers in aqueous solutions.  The anchoring

backbone is often either poly(methyl methacrylate) or a styrenic compound.  Some
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of the copolymer parameters that have been found to influence the subsequent

dispersion stabilization properties, e.g., steady shear viscosity (discussed in Section

2.4), include backbone molecular weight, side chain graft density, and side chain

length17,19.

Chemical grafting, however, is a more effective means of stabilization than

physical adsorption, due to the irreversibility of the particle/stabilizer bond.

However, very few polymers have been found that are capped with a suitable

functional group that will chemically bond to the forming dispersion particle21-24.

One of our objectives is to identify a synthetic strategy that will allow a

functionalized macromer to be chemically grafted to colloidal particles.

2.2.3 Latex synthesis

Emulsion polymerization is a typical method for latex preparation.  As

described by Tuncel et al.25, monomer droplets are suspended in the dispersion

medium along with an initiator and an emulsifier.  The purpose of the emulsifier is

to prevent the polymer particles from aggregating as they form.  The emulsifier

molecules associate with one another until their concentration exceeds the critical

micelle concentration, at which point the molecules form micelles which act as the

dispersing agent26.  A small amount of the monomer is absorbed by the micelles but

most of it is in the form of droplets of much smaller size than the micelles.

Polymerization takes place as the monomer moves from the droplets to the interior

of the micelles.

Dispersion polymerization is another method of producing polymeric

latexes.  In general, dispersion polymerization is a better method than emulsion

polymerization for preparing sterically stabilized latexes.  For example, Bromley21

finds that dispersion polymerization produces latexes with better pH stability and

better film-forming properties upon drying than those produced by emulsion

polymerization.  In dispersion polymerization, unlike emulsion polymerization, the
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dispersants rarely form colloidal micelles26.  The loci of polymerization are the

monomer droplets for dispersion polymerization rather than the micelles as in

emulsion polymerization.  Another difference is that the initiator is dissolved in the

monomer (oil-soluble initiator) in dispersion polymerization, rather than in the

aqueous phase (water-soluble initiator), as is the case for emulsion polymerization.

Also, constant agitation, rather than colloidal micelles, prevent polymer aggregation

in dispersion polymerization.

Homogeneous nucleation is the three-stage mechanism by which dispersion

polymerization takes place21,27,28.  In the first stage, polymerization is initiated by

the decomposition of initiator into free radicals followed by the addition of

monomer.  In the second stage, the growth of the oligomeric radical proceeds until

a critical chain length is reached.  The oligomers then become insoluble in the

dispersion medium, precipitate out of solution, and form an insoluble phase of

spherical particles.  At the end of this stage, the particle number is fixed.  In the

final phase, the small particles serve as nucleation sites, and any remaining

hydrophobic monomer absorbs into the particles, polymerizing and swelling the

polymer particles29.  Any additional particles that begin to form during the third

stage are captured and absorbed by the existing particles and continue to grow

within them30.  To prevent flocculation of the particles in the second stage, the

polymerization may be done in the presence of a stabilizing species.  In the case

where a polymeric stabilizer is employed, it is generally present in the dispersion

media at the beginning of the reaction, and the polymerization is done through a

semibatch “seed and feed” process21.  This is a method by which an aliquot of the

monomer and initiator solution is added to the stabilizer/dispersion medium

solution.  The monomer incorporates the polymeric stabilizer as it polymerizes and

forms the seed particles.  The remainder of the monomer and initiator is then fed to

the dispersion medium.  The feed rate is generally slow in order to prevent non-

stabilized homopolymer from forming.  The seed and feed process produces latexes



11

with higher solids content and lower particle polydispersity than a “one-shot”

polymerization31.

A few investigators have chemically grafted stabilizing side chains directly

to the latex particles.  Ottewill and Satgurunathan22 investigate the mechanism of

stabilizing chain attachment using aqueous polystyrene latexes sterically stabilized

with methoxy poly(ethylene glycol) methacrylate (MeOPEGMA) chains.  They

compare glass transition temperatures (Tg) of the particles before and after dialysis

against an ethanol/water mixture.  Dialysis would cause physically adsorbed

MeOPEGMA to desorb which would increase Tg32.  Since Tg does not change

appreciably after dialysis, the authors conclude that the MeOPEGMA chains

chemically graft, rather than physically adsorb, to the particle surface.  Bromley21

synthesizes aqueous latexes with a variety of monomers and stabilizes them using

end-functionalized poly(ethylene oxide) (PEO) side chains.  The PEO-stabilized

systems are unaffected by the addition of ionic species, changes in pH, elevated

temperatures, and solvent transfer (as long as the new solvent solubilizes PEO).

These materials also coalesce easily upon drying at relatively low temperatures.

This feature offers a great advantage for final product film-forming properties.

Prestidge and Tadros and Liang et al. chemically graft PEO side chains to

polystyrene latexes for rheological studies23,24.  Their work is discussed in Section

2.4.

Tuncel et al.25 synthesize polystyrene particles stabilized with adsorbed

polyacrylic acid and describe the effects of graft-stabilizer concentration, alcohol

polarity, water/alcohol ratio, initiator concentration, and monomer/dispersion

medium ratio on size and size distribution of the latex particles.  They find that

average particle size decreases with increased stabilizer concentration or with

increased polarity of the dispersion medium.  The effect of stabilizer concentration

on particle size is explained by the fact that nucleation begins around the stabilizing

chains.  With more chains available, there are more nucleation sites, producing a
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larger number of particles, but of smaller size.  In the study by Tuncel and

coworkers, the higher polarity of systems with lower (straight-chain) alcohols or

higher water/alcohol ratio leads to smaller particle sizes.  This phenomenon is

determined to be the result of polymer solubility during the polymerization process.

The relatively apolar polystyrene oligomers have lower critical size at which

nucleation occurs when they are in a more polar environment.  Thus, more

nucleation sites are produced, and the ultimate particle size is decreased.

Bromley21, however, finds that smaller particle sizes result from the use of higher

alcohols and attributes the smaller particle size to different chain transfer

characteristics of different alcohols.  Higher alcohols function more efficiently as

chain transfer agents and can stop the polymerization of the dispersion particles at a

lower molecular weight.  Tuncel et al.33 find that average particle size increases

with increasing initiator concentration or with increasing monomer/dispersion

medium ratio.  A higher concentration of initiator provides more opportunities for

polymerization, leading to lower molecular weight polymer chains.  Since

dispersion polymerization requires the polymer chains to reach a critical size before

nucleation can occur, fewer nucleation sites are available.  Fewer particles are

produced, but they are of larger diameter.  With a higher monomer/dispersion

medium ratio, Tuncel’s group reasons that the lower polarity of a mixture with less

dispersion medium results in larger particles, as explained above.

Paine30 develops a mathematical model to predict sterically stabilized

particle size from information on stabilizer type and concentration, monomer

concentration, initiator concentration, and solvent type.  The model is valid for full

surface coverage by the grafted stabilizer.  The author finds good agreement with

the experimental data of others researchers, although deviations seem to indicate

that partial coverage may be the more realistic case.  This model can also be used to

predict the number of particles formed when the final product is monodisperse.
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The studies discussed above show that one can control properties such as

latex particle size by adjusting synthesis parameters.  An understanding of how

specific parameters affect latex properties is essential in this work, since we are

interested in varying particular aspects of the latexes in order to understand the

behavior of colloidal systems.

2.2.4 Synthesis protocol

Dispersion polymerization techniques are utilized to synthesize materials for

this research.  The latex particles for the model system are composed of polystyrene

(PS), and the dispersion medium is a mixture of n-propanol and water in various

ratios.  Preliminary experiments indicated that n-propanol is more effective than

methanol or ethanol in producing a stable latex (i.e., n-propanol results in less

apparent coagulation), and a higher alcohol would require higher refluxing

temperatures and would be more difficult to remove21.  Also, the increased

solvency of the polymer in higher alcohols would decrease the effectiveness of the

dispersion polymerization process34.

The stabilizing layer is a PEO-based macromer with terminal functionality

that enables it to graft directly to the polystyrene particles during the latex

preparation.  To prepare the sterically stabilized dispersions, two sets of syntheses

are done in series; the materials prepared in the first set are used in the subsequent

set.  The first set of syntheses is the condensation reactions that create the

macromer.  Macromer lengths are varied by using different molecular weights of

the polymeric precursor.  The reaction that produces the macromer involves

bonding an unsaturated isocyanate at its urethane linkage to a hydrophilic low

molecular weight PEO to create an alkene-functional macromer.  Due to the steric

hindrance provided by the isocyanate head group, this high-yield procedure creates

a product with good hydrolytic stability, which is important when considering long-

term storage of a latex product.
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The second set of syntheses is the free-radical dispersion polymerizations

that produce the PS latexes.  This involves a “seed-and-feed” process, as described

previously, where the reaction begins with the stabilizer dissolved in the aqueous

phase, and a small portion of the styrene monomer and initiator is fed to the reactor.

Constant, effective stirring during this polymerization is critical to prevent

aggregation and to ensure monodisperse particle size.  After about 30 minutes, the

polystyrene seed particles have formed through homogeneous nucleation, and the

remainder of the monomer and initiator feed is added over several hours.  During

the formation of the polystyrene seed particles the hydrophilic macromer

chemically grafts along the backbones of some of the polystyrene chains.  Due to

their hydrophilic nature the macromer chains tend to move to the surface of the

polystyrene particles, creating a steric barrier to flocculation which imparts latex

stabilization.

2.3 Molecular and Microstructural Characterization

An integral part of this project is the molecular and microstructural

characterization of the latexes and their components.  Knowing how variations in

the synthesis protocol affect parameters such as latex particle size and density of

PEO chains on the particle surfaces provides fundamental understanding of the

effects on the microstructural behavior of our systems.  This section contains

succinct descriptions of many polymer characterization methods that are useful in

the analysis of polymer latexes and their components.  Techniques summarized

include gel permeation chromatography, nuclear magnetic resonance, infrared

spectroscopy, differential scanning calorimetry, electron microscopy, and light

scattering.  Details on these techniques are given in many polymer chemistry

texts35-43.
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2.3.1 Gel permeation chromatography

Gel permeation chromatography (GPC), or size exclusion chromatography,

provides information on the molecular weights and molecular weight distribution of

polymers.  A dilute solution of a polymer is injected into a column packed with

porous beads.  The extent that the polymer molecules diffuse into the bead pores

depends on the size of the molecules and the size distribution of the pores.  The

smaller molecules diffuse more easily into the pores, therefore, they have the

longest retention times in the column.  The largest molecules flow through more

quickly.  Retention times of the polymer molecules are compared with those of

calibration standards.  Number-average ( M n) and weight-average molecular

weights ( M w) and the ratio of M w to M n, the polydispersity index (PDI), can be

calculated using this technique.  It is important to note, however, that the molecular

weights obtained by a typical GPC system are only relative and not absolute, unless

the calibration standards and elution solvent exactly mirror actual conditions.  This

is because GPC is a volume-based technique and coil size (polymer volume) has

strong dependence on the solvent phase.  The advanced GPC system developed for

use in this research, however, provides absolute rather than relative molecular

weight data.  The GPC system will be described in greater detail in Chapter 3.

Through GPC evaluation we are able to gain information on relative molecular

weights and purity of the macromer as compared to the original poly(ethylene

glycol) methyl ether (MPEG), as received from the supplier.

2.3.2 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) utilizes the spin properties of the nuclei

in a polymer to provide information on polymer chain configuration, composition,

and structure.  As explained by McMurry44, a magnetic field is applied that splits
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the energy level of the nucleus into spins oriented parallel and antiparallel to the

applied field.  When the oriented nuclei are irradiated at the correct frequency,

energy is absorbed and the parallel (lower energy) state “spin-flips” to the

antiparallel (higher energy) state.  After the spin-flip occurs, the nucleus is in

“resonance” with the applied radiation.  The amount of energy required for

resonance depends on the identity of the nucleus and its environment.  Types of

NMR include 1H-NMR and 13C-NMR, which employ isotopes of hydrogen and

carbon, respectively.  Together, 1H-NMR and 13C-NMR spectra can identify the

locations of hydrogen and carbon atoms in the polymer structure.  Because the

environments of different hydrogen atoms can be discerned in our latex particles,
1H-NMR is used to differentiate the PEO stabilizing chains from the PS latex

particles and the ratio between the two is quantified.

2.3.3 Infrared spectroscopy

Infrared (IR) spectroscopy can help characterize the chemical structure of a

polymer.  It employs the vibrational energy of a molecule to identify the chemical

linkages and functional groups in that molecule.  When the frequency of the IR

radiation source is equal to one of the transitions between the discrete vibrational

energy levels of the molecule, the molecule is excited from one energy state to the

next higher state, and the molecule absorbs IR radiation.  The absorption frequency

is related to stretching vibrations (bond length changes) and bending vibrations

(bond angle changes) of a functional group.  Stretching vibrations can be either

symmetric (atoms at each end of a bond move simultaneously in one direction) or

asymmetric (atoms at each end of a bond move simultaneously away from or

toward each other).  Only asymmetric stretches cause IR absorption, since only

asymmetric stretches cause changes in the dipole moment, which is required for

absorption to take place.  Certain functional groups in the polymer molecule are

associated with characteristic absorption bands.  The frequencies, relative
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intensities, and shapes of these characteristic bands can be used to qualitatively

characterize the functional groups in a polymer molecule.  Chemical structure of

our macromer relative to the MPEG starting material is determined by IR

spectroscopy45,46.

2.3.4 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a thermal analysis technique that

can be used to measure specific heat and enthalpies of transition.  During a

predetermined time-temperature scan, the polymer sample holder and a (usually

empty) reference holder are heated under the command of a temperature controller

which works to maintain a zero temperature difference between the two sample

holders.  A signal proportional to the difference in heater power needed to maintain

equal sample holder temperature is plotted as a function of temperature.  At a

thermal transition, the area under the power difference vs. temperature curve is a

measure of the specific heat of that transition.  DSC is a good method for

determining the glass transition temperature (Tg) of a polymer.  The specific heat-

temperature curve will rise linearly with temperature until the Tg is reached, at

which point the curve rises more steeply.  DSC can be used to determine the Tg of

latex particles.  DSC is used by Ottewill et al.47 to determine that the Tg for their

sterically stabilized PS particles (Tg=77°C) is substantially lower than that for

electrostatically stabilized PS particles (Tg=103°C).  They and others have

postulated that this effect is due to plasticization of the PS by the incorporated

polymeric stabilizer48.  In our case, we determine Tg for our PS latexes and find a

similar lowering of the expected Tg.

2.3.5 Electron microscopy

Scanning electron microscopy (SEM) and transmission electron microscopy

(TEM) are imaging methods that can show particle size and size distribution.  In
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SEM, a high-energy, finely-focused incident (primary) electron beam is scanned

across the sample surface, and the secondary (near-surface) and backscattered

(primary electrons that have interacted with the nucleus of an atom) electrons

emitted from the sample are detected, amplified, and used to modulate a second

electron beam on a cathode ray tube.  The cathode ray tube is used to form an

apparent three-dimensional image of the sample.  Because of its three-dimensional

nature, SEM is helpful in determining the surface topography as well as surface

morphology of polymers.

TEM has greater resolution than SEM for determining the surface

morphology of polymers.  In TEM, the accelerating voltage of the incident electron

beam is much higher than that in SEM (80-400 keV for TEM vs. 1-40 keV for

SEM), and the sample must be thin enough for the electrons to transmit through the

sample.  Changes in amplitude and phase of the electron wave functions occur

when the incident electrons pass through the sample.  These changes are used to

adjust the contrast of the resultant image.  TEM images are two-dimensional

projections along the direction of the electron beam.  Three-dimensional images can

be constructed by obtaining a series of two-dimensional images at different electron

beam angles and combining the images.

SEM and TEM are the typical methods for measuring latex particle size and

shape.  Some authors report both as a means of verification12,49.  Particle size

distribution is also measurable from electron microscopy47.  Ottewill and

Satgurunathan22 use SEM micrographs to determine qualitatively the degree of

packing among the latex particles.  We use both SEM and TEM to observe particle

morphology.

2.3.6 Dynamic light scattering

In dynamic light scattering (DLS), measurements are made of the scattered

light that is the result of the Brownian motion of the particles.  The particle motion
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is related to the diffusion coefficients (translational and rotational) of the particles

in a solution or suspension.  The diffusion coefficients, in turn, are related to

physical characteristics of the particles such as molecular weight, particle shape and

size, and solvent interaction50.  DLS is a method that can be used to determine

particle size for larger particles34.  It is useful for evaluation of the latex particles in

this project, which are on the order of less than a micron in diameter.

Light scattering methods differ from SEM and TEM in that the particle size

measured is the hydrodynamic particle size in the dispersion medium51.  SEM and

TEM images show the core particle size, without the contribution from the

stabilizing layer, since the stabilizing layer normally collapses onto the particle

surface when the dispersion medium is evaporated prior to imaging.  Choi and

Krieger10 estimate that the thickness of the stabilizing layer, when collapsed on the

surface of the particle, is negligible.  They are then able to conclude that the

difference in diameter measurements obtained by DLS and those obtained by TEM

is the size of the stabilizing layer.  However, they state that this method is only

valid for small particles (diameter<200 nm), since the size of the stabilizing layer

on larger particles is small relative to the experimental error inherent in DLS

measurements (±4%).

2.4 Rheological Characterization

This section begins with a brief discussion of the basic concepts of

rheology.  The rheological behavior of dilute and concentrated dispersions is then

considered.  In this context, a variety of studies are reviewed in which rheological

experiments are used to characterize dispersion behavior.  This section concludes

with a description of the rheological apparatus and techniques used in this study.
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2.4.1 Rheological concepts

Rheology is used in the evaluation of the processability of materials to

provide information on flow and deformation properties.  It is also a powerful tool

for obtaining detailed information on the microstructure of a material52.

Rheological experiments can be conducted under either extensional or shear

deformation modes, but all work relevant to this project is done under shear.

Shear rheology can be divided into steady or dynamic (oscillatory) shear.

Steady shear experiments can be used to obtain information on viscosity as a

function of steady shear rate.  A shear deformation (γ) is imposed at a particular rate

(γ� ) and the resulting shear stress (τ) can be measured, or the shear rate can be

measured from an applied shear stress.  Shear stress and shear deformation are

related by the steady shear viscosity (η):

γηγητ �==
dt
d . (2.2)

Newtonian fluids are those whose viscosity is independent of shear rate.  For non-

Newtonian materials, viscosity is a function of shear rate.  Most non-Newtonian

materials behave as Newtonian fluids at low shear rates and then display steadily

decreasing viscosity as shear rate increases.  These materials are known as shear-

thinning, or pseudoplastic.  A few materials show Newtonian behavior at low shear

rates and then steadily increasing viscosity as shear rate increases.  These materials

are shear-thickening, or dilatant.  Some materials do not flow to any practical extent

until a certain stress threshold is reached.  These materials are described as having a

yield stress.  Another example of non-Newtonian behavior seen in steady shear

testing is thixotropy, the change over time in shear stress response of a material due

to structure formation or breakdown.

Dynamic experiments involve measurements at low strain amplitudes that

provide information on microstructure of a material.  Dynamic tests are

nondestructive in that they can be performed without disrupting the microstructure
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of a sample, unlike steady shear.  In one technique, a sinusoidally varying strain (γ)

is applied to the material:

)sin(0 tωγγ = (2.3)

where γ0 is the strain amplitude, ω is the frequency of strain oscillation, and t is

time.  The stress response (τ) of the material can be expressed as a sum of in-phase

and out-of-phase components:

)cos()sin( 00 tGtG ωγωγτ ′′+′= . (2.4)

The elastic or storage modulus (G′) is the stress that is in phase with the strain and

is a measure of the solid-like or structured nature (i.e., energy storage) of a material.

The viscous or loss modulus (G″) is the stress that is 90° out of phase with the

strain and is a measure of the liquid-like nature (i.e., viscous dissipation) of a

material.  Thus, G′ and G″ provide information on the microstructure of a material

by decoupling its elastic and viscous properties.  The complex modulus (G*) is the

complex sum of G′ and G″:

G*=G′ + iG″ (2.5)

where i is equal to ( )−1 .  An alternate method of performing dynamic testing is

to apply a sinusoidally varying stress and measure the sinusoidal strain output.

Dynamic measurements must be performed in the linear viscoelastic (LVE)

region of the material.  In this region, the stress is linearly related to the strain and

the moduli are functions only of frequency, and not of strain amplitude or test

instrument parameters.  The LVE region normally occurs at low strain amplitudes

and/or low shear stresses.

2.4.2 Steady shear rheology of dispersions

Solid particles dispersed in a liquid medium affect the rheological properties

of the dispersion by changing the flow field.  As discussed by Mewis and

Macosko6, if the particles are colloidal, interparticle forces can cause viscosity to be



22

increased by more than an order of magnitude.  Even if the dispersion medium is a

Newtonian fluid, adding particles to the system can introduce non-Newtonian

behavior.  Parameters of dispersions that can affect the system rheology include

particle size distribution, particle shape, and particle-medium and interparticle

interactions.  Rheologists have used steady shear experiments to determine the

effect of particle concentration on viscosity, the thickness of particle stabilizing

layers, the existence of a yield stress, and shear-thinning or shear-thickening

behavior.

Particle concentration strongly influences rheological behavior of

dispersions, even in the dilute regime where there are no interparticle interactions.

Einstein53,54 observes that the dependence of dilute dispersion viscosity on particle

volume fraction is:

�
�
�

� += φηη
2
510 (2.6)

where η is the dispersion viscosity, η0 is the viscosity of the pure dispersion

medium, and φ is the particle volume fraction.  This relationship is valid for dilute

(φ<0.02), noninteracting dispersions of hard (incompressible) spheres.  Hard

spheres can be thought of as billiard balls, in that two hard spheres interact with

infinite repulsion at distances less than the sum of the two radii and effectively zero

repulsion (or attraction) at distances greater than the sum of the two radii55.  Other

assumptions inherent in Einstein’s equation include:  (i) no wall effects, (ii) no

particle migration or settling, and (iii) a Newtonian dispersion medium6.

Large deviations from Newtonian behavior occur in the concentrated

regime.  Because most dispersions are processed at non-dilute concentrations,

considerable effort has been devoted to developing better correlations between

viscosity and volume fractions.  Many authors have tried to correlate viscosity data

for more concentrated hard-sphere dispersions by adding higher order terms to the

Einstein equation56-58:
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Batchelor56 introduces effects of interaction, calculating a quadratic term (b=6.2;

c=d=...=0) in Equation (2.7) that fits viscosity data for low concentrations (φ<0.2).

Jones et al.57 add empirically-derived second and third order terms (b=5.0; c=53)

for concentrations up to 0.2 of stearyl-coated silica particles in a high boiling

hydrocarbon.  Russel58 reviews work on the theoretical approaches to quantify the

interparticle interactions and rheological behavior of hard-sphere dispersions as a

function of concentration.

Krieger and Dougherty59 derive a relationship between viscosity and

particle concentration using a different approach.  They postulate a mechanism for

hard spheres in a flow field that combines the independent rotation of individual

spheres with the “dumbbell” rotation of pairs of spheres.  They obtain a relationship

between viscosity and shear stress which they then apply to latex dispersions to

derive the well-known Krieger-Dougherty equation.  It relates viscosity to the

particle concentration for hard spheres:
[ ] max

max
0 1

φη

φ
φηη

−
�

��
�

�
−= (2.8)

where η0 is the viscosity of the pure dispersion medium, [η] is the intrinsic

viscosity (2.5 for hard spheres), and φmax is the maximum packing fraction at which

viscous flow can occur.  Through experiments, de Kruif et al.60 observe the

maximum packing fraction for sterically stabilized silica particles to be

approximately 0.64 (the value for random close packing of spheres) as γ�→0 and

0.71 as γ�→∞.  They obtain these values by plotting relative viscosity, ηr (ηr

=η/η0), as a function of φ for both high and low shear rates and defining φmax to be

the point where ηr diverges.
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Stabilizing polymeric chains grafted or adsorbed to the surface of dispersion

particles cause deviations from hard sphere behavior.  Sterically stabilized particles

comprise a larger effective volume fraction than the same particles would if they

were not stabilized, due to the volume occupied by the stabilizing polymer chains.

The relationship between the volume fractions is:
3

1 �
�
�

� +=
reff
δφφ (2.9)

where the thickness of the stabilizing layer is represented by δ, φ is the volume

fraction of particles without the stabilizing layer, φeff is the effective volume

fraction including the stabilizing layer, and r is the particle core radius.

For particles with stabilizing layers, φeff as calculated from Equation (2.9)

must be substituted for φ in Equation (2.8) when computing the viscosity of a

stabilized dispersion.  It is obvious that an increase in stabilizing layer thickness

will cause an increase in the dispersion viscosity and may affect processability of

the material.  Because stabilizing layer thickness is a function of particle volume

fraction, it is important to be able to determine how they are related.  Many

researchers have used steady shear rheological experiments to measure stabilizing

layer thickness in concentrated dispersions stabilized by side chains of known

size23,24,61-63.  Prestidge and Tadros23 find that, for a constant stabilizing chain

molecular weight, δ decreases as φ increases, due to increased compression of the

stabilizing layers as the particles approach close packing.  They measure relative

viscosity as a function of particle volume fraction for polystyrene latexes sterically

stabilized with grafted PEO chains ( M n=2000).  They then use the Krieger-

Dougherty equation (Eqn. 2.8) and Equation (2.9) to fit the data for ηr as a function

of φeff.  For Equation (2.8), they calculate a value for φmax by plotting 1/(ηr)0.5 as a

function of φ and extrapolating to 1/(ηr)0.5=0.  They find the value for φmax to be

equal to 0.7, which is in agreement with the value of de Kruif60 for high shear rates,
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although it is unclear if their ηr data represents high or low shear rates.  Their value

for particle radius (r=175 nm) is obtained from dynamic light scattering

measurements.  The values for δ are given as those chosen to fit the viscosity-

volume fraction data to the Krieger-Dougherty equation.  The stabilizing layer

thicknesses range from 20.5 nm (φ=0.33, φeff=0.460) to 9.2 nm (φ=0.57, φeff=0.665)

for constant PS particle size.

The findings of Liang et al.24 are in general agreement with Prestidge and

Tadros in that δ decreases with higher volume fractions, although the values

obtained for a corresponding particle size are not equivalent.  They also use

polystyrene latexes graft-stabilized with PEO side chains ( M n=2000) and use the

same method as Prestidge and Tadros to calculate φmax and then δ.  Their stabilizing

layer thicknesses range from 12.0 nm (φ=0.508, φeff=0.570) to 10.1 nm (φ=0.603,

φeff=0.665) for constant PEO chain size and polystyrene particle size (r=153 nm).

Liang et al. investigate the effect of particle size on φmax and δ.  They report that for

small particles (r<100 nm), φmax is about 0.592 as ηr→∞, whereas for larger

particles (r>150 nm), φmax is about 0.624-0.644 as ηr→∞, which is near the

theoretical value for random close packing of spheres (0.64).  Adding a polymeric

stabilizing layer to the surface of latex particles changes the interparticle interaction

from a hard-sphere, incompressible interaction to a "softer", compressible

interaction  (i.e., increasing interaction as the particles come into contact, with a

gradual shift from zero to infinite repulsion, rather than a sudden shift as for hard

spheres).

Yield stresses, shear-thinning, and shear-thickening are commonly seen in

colloidal dispersions.  The appearance of a yield stress means that interparticle

interaction dominates over hydrodynamic interactions at low shear rates24. The

existence and magnitude of a yield stress are affected by particle concentration as

well as amount of stabilizer present on the particle surfaces.  Neuhausler and
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Richtering64 find yield stresses for sterically stabilized polystyrene particles at

moderate to high concentrations (φ>0.25).  De Kruif et al.60 observe shear-thinning

in dispersions in cyclohexane of silica particles sterically stabilized with octadecyl

side chains at φ≥0.3.  In their work with sterically stabilized poly(methyl

methacrylate) particles, Choi and Krieger65 report shear-thinning at φ≥0.3 with both

low and high shear rate limiting Newtonian regions.  They also observe slight

shear-thickening at the highest shear rates, although this may be due to

inhomogeneous flow that often develops at high shear rates6.  Knowledge of yield

stresses, shear-thinning, and/or shear-thickening behavior is desired for coating

processing as well as for observing particle interactions under shear.  From steady

shear rheological experiments, we can obtain profiles of viscosity as a function of

stress or shear rate to determine the existence and magnitudes of these features.

2.4.3 Dynamic rheological behavior of dispersions

Dynamic experiments can be used to acquire information on the structure

and behavior of concentrated dispersions14,15,23,24,61,62,66-69.  Since dynamic

measurements do not disrupt microstructure, the dynamic moduli, measured as a

function of frequency, are a direct reflection of the interparticle forces67.

Dispersions are very sensitive to strain amplitude; therefore, special consideration

must be taken to ensure that dynamic experiments are being performed in the LVE

region.  Frith et al.66,67 in their work with sterically stabilized poly(methyl

methacrylate) particles find that the critical strain limit of the LVE region for

dispersions is up to two orders of magnitude lower than that for normal polymeric

systems.

From the magnitude of the frequency dependence of the dynamic moduli,

the degree of stability and interaction can be determined as a function of particle

content and stabilizer concentration.  For a latex with a high stabilizer graft density
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such that the particles are fully stabilized, a transition from a viscous (sol) to an

elastic (gel) dynamic profile is typically found as particle content increases,

indicating a more structured system with a higher degree of interparticle interaction.

Sol-gel behavior and the magnitude of the dynamic moduli are affected by stabilizer

graft density, temperature, and particle concentration.  It should be noted that, for a

latex with low graft density, there may not be a sol-gel transition.  An elastic,

frequency-independent profile may be seen for even very low particle content,

indicating that the particles have flocculated due to the insufficient steric barrier

against interparticle attraction.

Researchers have used the sol-gel transition as an indication of the onset of

interparticle interaction.  Liang et al.24 investigate the sol-gel transition and how it

is affected by particle volume fraction.  They define the transition as the point on

the moduli vs. volume fraction curve at which G′=G″ (at ω=1 Hz) and identify φ at

this point as the critical volume fraction (φcr).  They observe an increase in G′

relative to G″ with increased volume fraction for PEO on polystyrene latexes.  The

material changes from viscous behavior (G″>G′) to elastic behavior (G′>G″) as the

volume fraction increases and the interparticle interaction begins to contribute an

elastic effect.  Above φcr, G′ continues to increase until the material is

predominantly solid-like, indicating extensive overlap or compression of stabilizing

layers.  Pingret et al.68 also identify φcr as the point at which G′=G″ at ω=1 Hz.

They determine that for polystyrene latexes with an adsorbed layer of

poly(propylene oxide) (PPO)-b-PEO copolymer of approximately 4500 molecular

weight, φcr occurs at about 0.48.  Other researchers employ a different method to

determine φcr.  Miano et al.14,15 adsorb PEO-PPO ABA block copolymers to the

surface of carbon black and measure G′ as a function of frequency for various

volume fractions of particles from 0.42 to 0.485.  G′ shows an increase of four

orders of magnitude from the lowest to the highest volume fraction and, at φ=0.485,
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the material behaves as a solid, indicated by the fact that G′ is almost independent

of ω.  Therefore, they report that above this critical volume fraction, steric

interaction effects begin to influence G′.  A sol-gel type conversion can also be seen

in a latex as the dispersion medium quality is adjusted, indicating a sharp transition

from a stable to a flocculated microstructure73.

From the frequency dependence of the elastic modulus (G′), scaling factors

can be used to gain knowledge on the dispersion interparticle interactions67.  Tadros

et al.61 utilize dynamic rheology to determine the scaling relationship between

moduli and volume fraction using an exponential scaling law of the form:

G′=kφn (2.10)

where n is a measure of the degree of interaction of the particles and k is a constant

determined by a linear fit of the log-log plot in the elastic (high φ) region.  While

there is some disagreement among researchers on the effects of magnitude of

interaction on n24,70-73, G' scaling is a good, quantitative measure of the magnitude

of interparticle interactions.

2.4.4 Experimental methodology

In this project, rheological testing is performed on a Rheometrics Dynamic

Stress Rheometer, (DSR), a controlled-stress instrument.  For these measurements,

a stress (either steady or oscillatory) is applied to the material and the

corresponding deformation, or strain, is measured.  Stress is applied through a

torque placed on the moving portion of the fixture and the strain is measured by the

shift in the fixture position.  For a cone-and-plate geometry with a cone angle β and

a radius R, the working equations for steady shear are as follows:

shear stress: 32
3

R
M
π

τ = (2.12)



29

shear rate:
β
Ωγ =� (2.13)

where τ is the shear stress, M is the torque placed on the cone, �γ  is the shear rate,

and Ω is the angular velocity of the rotating cone, as measured by the optical

encoder.  From the calculated shear stress and shear rate, apparent viscosity can be

calculated from Equation (2.2).

Fixtures that are used in this project include a 40 mm diameter cone-and-

plate (0.04 radian cone angle), a 25 mm diameter cone-and-plate (0.1 radian cone

angle), and a couette (bob-in-cup), depending on the viscosity of the sample.  With

large spherical particles, there can be problems with wall slip, gap effects, and

settling during rheological testing6.  Wall slip occurs during shear when the

dispersion particles tend to migrate away from the fixture surface (wall) due to the

shear rate gradient.  This leaves a layer near the wall that is more dilute and has a

lower viscosity.  It is in this layer that the shear is concentrated, giving lower stress

values than if the shear had occurred in the bulk.  By running the same rheological

experiment on a material using two different geometries and comparing results, it

can be determined if wall slip is occurring74.  If wall slip is a factor, the results for

the two experiments will not match.  In this case, established correction factors can

be used to account for slippage.  Another option is to use a vane fixture instead of a

solid bob in the couette geometry.  With the vane fixture, the fluid tends to move as

a solid plug, eliminating wall slip6.  Using the wall slip test described above, we

were able to determine that wall slip is not a factor in our experiments.

Gap effects occur when the particle size is large relative to the gap between

the moving and stationary portions of the fixture.  The typical gap between the

truncated cone and the plate in a cone-and-plate geometry is 50 µm.  Gap effects are

normally negligible for particles diameters less than 0.1 of the gap size, but can be

evident at concentrations near φmax66.  Settling, or particle migration due to gravity,
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can also be a problem when there is a significant difference between particle and

dispersion medium densities.  With sterically stabilized colloidal particles, settling

is often negligible, and our particles are small relative to the gap size; therefore, the

possibility of gap effects and/or settling is minimal in our experiments.
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3. DISPERSION POLYMERIZATION OF STYRENE IN n-PROPANOL
AND WATER STABILIZED WITH NOVEL GRAFTED
POLY(ETHYLENE OXIDE) MACROMERS

(A modified version of this chapter by Jennifer S. Shay, Robert J. English, Richard
J. Spontak, C.Maurice Balik, and Saad A. Khan will be submitted to Journal of

Polymer Science Part A: Polymer Chemistry, 1999)

3.1 Abstract

A novel hydrophilic macromer adapted for chemical grafting has been

synthesized.  It consists of methyl-endcapped poly(ethylene glycol) functionalized

with a urethane terminus.  Dispersion polymerization of styrene in an alcohol/water

medium in the presence of the macromer allows chemical grafting of the macromer

to the surfaces of the developing polystyrene (PS) latex particles.  Scanning and

transmission electron microscopies confirm the formation of spherical, submicron

polystyrene particles.  Transmission electron microscopy of films prepared from the

latex particles also permits direct visualization of the stabilizing macromer layer

grafted on the PS particle surfaces.  Data acquired from proton nuclear magnetic

resonance data reveal a direct correlation between the concentration of macromer in

the reaction mixture and the amount grafted to the latex particles.  Rheological

techniques are employed to (i) discern the stabilization efficacy of the macromer

and (ii) identify correlations between latex and flow characteristics.

3.2 Introduction

Water-borne colloidal particles are of tremendous use as resins in a wide

range of industrial applications, including inks, adhesives, paints, and other

coatings.  An important property of these latexes is their resistance to flocculation.

If a method of countering the natural attractive tendency of the particles is not

provided, a latex becomes unstable.  Instability and subsequent particle flocculation

lead to processing difficulties and inhomogeneity of latex products.  Electrostatic
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stabilization and steric stabilization constitute viable methods by which to

neutralize the attractive van der Waals forces between colloidal particles and

prevent flocculation.  In electrostatic stabilization, ionic surfactants place charged

groups on each particle surface so that the particles are stabilized by the resultant

interparticle electrostatic potential1.  Steric stabilization involves grafting or

adsorbing a polymer that is partially lyophilic to the surface of a colloidal particle.

The lyophilic segments extend into the solvent, thereby creating a stabilizing layer

through two thermodynamic effects2-4.  The first effect is entropic in nature, arising

from the loss of configurational freedom associated with interpenetrating stabilizing

layers.  This contribution to the free energy is always positive.  The second effect is

an enthalpic one that reflects the change in free energy associated with the partial

demixing of chain segments and solvent as the stabilizing layers overlap.  The

enthalpic contribution can be either positive or negative, depending on the polymer-

solvent interaction parameter (χ) for a particular system.

In many latex systems, steric stabilization is more desirable than the less

versatile and robust electrostatic stabilization.  Some advantages of steric

stabilization include pH insensitivity (i.e., the ion concentration does not have to be

controlled in order to prevent flocculation), the efficacy of both aqueous and

nonaqueous dispersion media, and improved freeze-thaw stability5.  Steric

stabilization also allows for more concentrated stable dispersions.  The stabilizing

layer thickness can be as small as 3-10 nm for sterically stabilized systems, whereas

the layer in electrostatically stabilized systems can be as large as 100 nm due to its

diffuse nature.  The shorter range of steric interactions permits a higher particle

density before the maximum packing fraction and, thus, processable viscosity are

exceeded.  Increased solids content within a viable viscosity range favors sterically

stabilized latex systems for commercial use in printing inks and coatings.

Polymeric stabilizers designed for steric stabilization are anchored to

colloidal particle either by grafting (chemically bonding) or by physically
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adsorption to the particle surface6.  Grafting is a more effective means of

stabilization than physical adsorption, due to the permanence of the

particle/stabilizer bond.  Relatively few investigators have successfully grafted

stabilizing polymer chains directly to latex particles.  In most of these studies, short

poly(ethylene oxide) (PEO) chains functionalized with an acrylate terminus have

been used as the hydrophilic polymeric stabilizer grafted to polystyrene (PS)

latexes7-13.  Bromley7, however, reports that the macromer synthesis reaction in

which the functional acrylate group is added becomes inefficient as the molecular

weight of the PEO is increased to within the range of effective stability (ca. 2000).

Another concern is that the final products of these methacrylate transesterifications

are not hydrolytically stable.  Using a thiol-functionalized PEO macromer,

Bourgeat-Lami and Guyot14 find that only 15% of the available macromer actually

grafts to PS latex particles.  Our principal objective in the present study is to

identify a synthetic strategy to overcome these difficulties encountered with other

types of functionalized PEO macromers.  In particular, we have developed a novel,

urethane-functionalized, PEO-based macromer that allows in situ grafting to PS

latex particles synthesized through a modified "seed and feed" dispersion

polymerization7,15.  Evidence obtained from proton nuclear magnetic resonance

(1H-NMR) confirms that the PEO macromers graft fully to PS particles at all

macromer concentrations examined.  In addition, we evaluate latex stability by

rheological methods.  Using steady shear rheology, for instance, we have

ascertained how the amount of grafted PEO macromer affects latex stability,

thereby providing a means by which to optimize process characteristics (flow

behavior) on the basis of synthesis parameters (graft concentration).
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3.3 Experimental Methodology

3.3.1 Synthesis

3.3.1.1 Materials

Styrene was passed through a column of basic alumina to remove inhibitor.

All other materials - poly(ethylene glycol) methyl ether, toluene, tin(II) dioctoate, 3-

isopropenyl-α,α-dimethylbenzyl isocyanate, 2-butanone, petroleum ether, n-

propanol, and azo-bis-isobutyronitrile - were used without further purification.  All

chemicals were obtained from Aldrich, with the exception of the azo-bis-

isobutyronitrile (AIBN), which was obtained from Alfa.  The deionized (DI) water

used in chemical reactions was obtained from a Barnstead water purification

system.

3.3.1.2 Macromer synthesis

The macromer used in the latex synthesis was prepared from methyl-

endcapped poly(ethylene glycol) methyl ether (MPEG) and an unsaturated

isocyanate, 3-isopropenyl-α,α-dimethylbenzyl isocyanate (m-TMI) (Fig. 3.1).

Nominal   M n=2000 or 5000 (as reported by Aldrich) MPEG was used to produce

two macromers differing in molecular weight and identified as MPEG2000

macromer and MPEG5000 macromer, respectively.  A solution of 450 g MPEG in

50 g toluene was heated to reflux in a flask equipped with a Dean-Stark trap.  (All

syntheses were performed under a nitrogen atmosphere and constant stirring.)  After

complete elimination of water, the solution was allowed to cool to 70°C, and 0.45 g

tin(II) dioctoate catalyst was added.  After the catalyst dissolved, 47.2 g m-TMI was

added, and the solution was allowed to reflux for about two hours.  The solution

was then allowed to cool to 40°C and was poured into a pan to set.  To remove low

molecular weight impurities, the macromer was dissolved in 2-butanone,
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precipitated in cold petroleum ether, and then vacuum dried.  The precipitation

process was repeated to improve purity.

3.3.1.3 Polystyrene latex synthesis

Material characteristics that were varied in the latex preparations included

macromer length and macromer/monomer ratio.  As an illustrative example of the

dispersion polymerization method, the reactor (a 3-neck 250 mL glass flask) was

charged with 7.2 g MPEG2000 macromer dissolved in 24.0 g DI water and 96.0 g

n-propanol, and the solution was heated to reflux.  A solution of 0.238 g AIBN

dissolved in 30.0 g styrene was prepared, and 20% of this solution was added to the

reactor.  Within 10 minutes of adding the styrene solution, the dispersion mixture

became slightly cloudy.  After 30 minutes, the dispersion appeared milky white,

and the remainder of the styrene/AIBN solution was added dropwise using a

syringe pump (kd Scientific) over a 2-hour period.  After all the styrene/AIBN

solution was added, the dispersion was allowed to react for an additional 3 hours.

Following continued stirring overnight at ambient temperature, the resultant latex

possessed a solids content of approximately 20%.

3.3.2 Characterization

3.3.2.1 Composition

Molecular weights of the macromers were measured by gel permeation

chromatography (GPC) on a multi-detector system consisting of a Waters 2690

Separations Module with a Waters Styragel HR3 GPC column, a Viscotek T-60

light scattering detector and viscometer, and a Wyatt Technologies Optilab DSP

interferometric refractometer.  The mobile phase was 1 mL/min HPLC grade

tetrahydrofuran (THF), used as-received from Aldrich.  Samples were dissolved in

THF (10 mg/mL) and 100 µL amounts were injected.  The advantage of the multi-

detector system was that a molecular weight calibration curve generated from a
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series of standards was not required.  Absolute, rather than relative, molecular

weight information was consequently obtained.  Chemical bonding of the urethane

functional group was confirmed by Fourier transform infrared spectrometry (FTIR).

Spectra were collected at ambient temperature in chloroform with a Nicolet Magna

IR 750 Spectrometer.  Relative compositions of PS and PEO comprising the latex

particles were determined by integrating and comparing characteristic peaks evident

in 1H-NMR spectra.  Samples for analysis were vacuum-dried, dissolved in

deuterated chloroform, and tested at ambient temperature in a General Electric GN-

300 Spectrometer operated at 300MHz.

3.3.2.2 Morphology

Field-emission scanning electron microscopy (FESEM) was performed with

a JSM-6400F electron microscope.  A drop of a highly dilute latex was placed on a

silicon substrate.  Upon evaporation of water, the particles were sputter-coated with

gold, and images were acquired at an accelerating voltage of 1 kV.  Transmission

electron microscopy (TEM) was conducted using a Zeiss EM902 electron

spectroscopic microscope operated at 80 kV at energy-loss settings of 0-100 eV.

Solutions of osmium tetroxide (OsO4) in water (2% v/v) were mixed overnight, and

latex particles suspended in water were subsequently added until the latex content

of the OsO4 solution was 1%.  After the PEO chains on the latex particles had

reacted for 90 minutes, a drop of the solution was placed on a copper TEM grid,

and the liquid was allowed to evaporate.  To obtain statistically meaningful particle

size distributions, the diameters of 100 particles in selected latexes were measured

with the Image 1.61 software package (NIH).  The thickness of the PEO stabilizing

layer was determined by first heating latex particles to 100°C for 15 minutes under

vacuum to form a contiguous film, and then microtoming the film in a Reichert-

Jung Ultracut S cryoultramicrotome operated at –100°C to obtain electron-
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transparent sections (about 70 nm thick).  The sections were exposed to the vapor

of the OsO4 solution described above for 90 minutes to stain the PEO.

3.3.2.3 Properties

Differential scanning calorimetry (DSC) was performed on selected latexes

using a DuPont 910 calorimeter operated under argon.  Samples were prepared by

vacuum drying for several days.  Measurements of the latexes were acquired from

ca. 15 mg samples over a temperature range of –50° to 120°C at a heating rate of

20°C/min.  Rheological tests were conducted on a Rheometrics DSR, a stress-

controlled instrument.  Stress was applied to the material through a torque placed

on the moving portion of the fixture, and the corresponding deformation, or strain,

was measured by the shift in the fixture position.  Fixtures used in these

experiments included a 25 mm diameter cone-and-plate (0.1 radian cone angle), a

40 mm diameter cone-and-plate (0.04 radian cone angle), and a couette, depending

on sample viscosity.  In these tests, n-propanol was replaced with DI water through

centrifugation (11000 rpm for up to 2 hours, repeated 2-3 times).  After each

centrifugation, the supernatant was decanted and replaced with water, and the

particles were redispersed.  The process of mixing each latex thoroughly before

loading into the DSR was identical for each test.  All reported data, collected at

25°C, were reproducible to within 10%.

3.4 Results and Discussion

3.4.1 Latex synthesis

Figure 3.2 is a schematic representation of the two-step procedure that

produced our sterically stabilized dispersions investigated in this work.  The first

synthesis (Step 1) corresponds to the condensation reaction that creates the

stabilizer - a hydrophilic, PEO-based macromer possessing an unsaturated
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isocyanate terminal functional group.  A unique feature of this work is the use of

this isocyanate terminus, which enables the PEO to graft directly to growing PS

particles during latex synthesis.  Due to the steric hindrance provided by the bulky

urethane linkage, this functional group provides excellent hydrolytic stability.  Such

stability is crucial when long-term storage of a latex product must be considered.

The second synthesis (Step 2 in Fig. 3.2) refers to the free-radical dispersion

polymerization responsible for PS latex formation.  Dispersion polymerization

occurs by homogeneous nucleation in a three-stage mechanism16-18.  In the first

stage, polymerization is initiated by the decomposition of initiator into free radicals

and propagates by the addition of monomer.  In the second stage, growth of the

oligomeric radical proceeds until a critical chain length is attained.  The oligomers

then precipitate out of solution, forming an insoluble phase of spherical particles.

To prevent particle flocculation, the polymerization may be conducted in the

presence of a stabilizing agent, such as an amphiphilic polymer, a non-ionic

surfactant, or a macromer.  During the polymerization, the stabilizing moiety grafts

or adsorbs to the small, growing particles.  The particles that do not yet have

adequate stabilizer coalesce until a critical stabilizer concentration is reached at

which the particles become sterically stable19.  At the end of this stage, the particle

number is fixed.  In the final phase, the small particles serve as nucleation sites, and

residual monomer and oligomer are absorbed by the polymer particles, in which

they can further polymerize20.  Any additional particles that begin to form during

the third stage are captured and absorbed by existing particles and continue to grow

within them18.

If a polymeric stabilizer is employed, it is generally added to the dispersion

medium at the start of the reaction, and the polymerization is conducted through a

semibatch “seed and feed” process.  In this method, an aliquot of monomer/initiator

solution is added to the stabilizer/dispersion medium.  The monomer incorporates

the polymeric stabilizer as it polymerizes and forms the seed particles, a process
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requiring about 30 minutes.  The remainder of the monomer and initiator is then

added to the dispersion medium over the course of several hours.  The feed rate is

generally slow to prevent non-stabilized homopolymer from forming.  Unlike

syntheses where all reactants are present at their full concentration at the start of the

reaction14,19,21,22, the seed and feed process produces latexes with higher solids

contents and lower particle polydispersity compared to a “one-shot”

polymerization23.  The dispersion medium employed here, a mixture of n-propanol

and water, was selected because preliminary experiments indicated that n-propanol

is more effective than methanol or ethanol in producing a stable latex.  Also, the

increased solvency of the polymer in a higher alcohol would have decreased the

effectiveness of the dispersion polymerization process24 and hindered removal of

the alcohol for water-based applications.

Table 3.1 lists the polystyrene latexes produced here, as well as their

designations.  Latex characteristics varied during preparation included macromer

length and macromer concentration.  Initiator concentrations for all preparations

except for LD2-004 are 0.5 mol% on the basis of styrene.  The initiator

concentration for LD2-004 is 1.0 mol%.  Parameters differing from the LD2-001

latex are in bold print in Table 3.1.  All of the latexes were prepared in a dispersion

medium composed of 80/20 (w/w) n-propanol/water.  Attempts to use lower

alcohol/water ratios (e.g., 60/40) yielded unstable latexes, as evidenced by the

formation and precipitation of PS particle aggregates during the polymerization.

One possibility for this observation involves the solubility of PS in the n-

propanol/water mixture13.  The solubility parameter of PS (17-21 MPa1/2) is much

closer to that of n-propanol (24.3 MPa1/2) than that of water (47.9 MPa1/2)25.  A

reduction in the solubility of PS in the dispersion medium is accompanied by a

decrease in the extent to which PS chains grow during the second stage of

homogeneous nucleation before they precipitate.  With less n-propanol in the
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dispersion medium, PS readily precipitates, possibly before the PS particles can

incorporate a sufficient quantity of stabilizing PEO chains.

Table 3.1.  Synthesis parameters for PEO-stabilized PS latexes.

Latex Designation Macromer Macromer Concentration

(wt% / mol% based on styrene)

LD2-001 MPEG2000 6 / 0.26

LD2-003 MPEG2000 12 / 0.53

LD2-004 MPEG2000 6 / 0.26

(1.0 mol% initiator)

LD2-005 MPEG2000 18 / 0.79

LD2-006 MPEG2000 15 / 0.66

LD5-001 MPEG5000 6 / 0.11

LD5-003 MPEG5000 12 / 0.22

LD5-004 MPEG5000 18 / 0.33

LD5-005 MPEG5000 15 / 0.27

LD5-006 MPEG5000 24 / 0.44

Another potential cause for latex instability is the effect of the alcohol/water

ratio on chain transfer characteristics of the dispersion medium.  The alcohol, rather

than the water, serves as the chain transfer agent that controls the growth of the

polymerizing dispersion particle7,25.  At a lower alcohol/water ratio, chain transfer

is not as effective, and particles may grow too large to ensure adequate surface

coverage by the stabilizer, thereby resulting in decreased particle stability.  Particle

size analysis of unstable latexes, used to ascertain whether the unstable particles are
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larger or smaller than those in stable latexes, could determine which, if either, of

the above mechanisms consitutes a reasonable explanation for the production of

unstable latexes.  Instability-induced particle aggregation, however, thwarts precise

particle size measurement, and the values are not reported here.  Instead, 1H-NMR

analysis confirms that all of the stabilizing PEO macromer was incorporated into

the unstable latex particles, implying that the effect of alcohol/water ratio on chain

transfer, rather than on PS solubility, is responsible for latex instability.  Results

obtained from 1H-NMR are discussed more fully in the following section.

3.4.2 Latex characterization

Examination of the MPEG macromer by FTIR reveals the presence of a

carbonyl band at 1720 cm-1, as seen in Figure 3.3.  Since this band is not present in

the MPEG precursor, its presence in the macromer confirms the addition of the

urethane functional group, which contains a C=O bond.  In addition, GPC has

provided information regarding molecular weights and macromer purity relative to

the MPEG precursor received from the supplier.  Results obtained from the

multiple-detector GPC system yield the following absolute number average

molecular weight, M n, values:  2140 (MPEG2000 precursor), 2360 (MPEG2000

macromer), 5440 (MPEG5000 precursor), and 5680 (MPEG5000 macromer).

Since the macromer synthesis only involves the addition of a single isocyanate unit

to the end of each PEO chain, the M n and polydispersity index (PDI) of the two

polymer precursors are not expected to (and did not) change extensively as a result

of the reaction.  In fact, comparison of the PDIs of the macromers with their MPEG

precursors indicates that incorporation of the isocyanate group does not affect

polydispersity (e.g., the PDI’s of both the MPEG2000 macromer and the

MPEG2000 precursor are 1.08).
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Particle morphology has been investigated through the combined use of

FESEM and TEM, as shown in Figure 3.4.  A representative secondary electron

image of a dilute LD5-004 latex is presented in Figure 3.4a and demonstrates that

the PS particles are, for the most part, spherical.  Some of the particles, however,

show signs of coalescence due to water evaporation during sample preparation.  For

comparison, an illustrative TEM micrograph of a high-magnification enlargement

of a single particle from latex LD5-004 is displayed in Figure 3.4b.  Quantitative

measurements of particle size distribution have been performed by TEM.  The

particle size distribution obtained from latex LD5-004 is shown in Figure 3.5 and

reveals that the distribution is relatively narrow (with a mean and standard

deviation of 285 nm and 17 nm, respectively).  Average particle sizes of selected

latexes are given in Table 3.2 for sample sizes of 100 particles each.  It must be

remembered that the sizes of particles evident in SEM and TEM images correspond

to the PS core, since the stabilizing layer is relatively thin and then collapses onto

the particle surface when the dispersion medium is evaporated prior to imaging.  As

noted elsewhere26, the thickness of the stabilizing layer, when collapsed on the

particle surface, is negligible.  To identify the PEO surface layer, solution staining

with OsO4 has been employed to enhance contrast between PS and PEO.

According to Figure 3.4b, however, the thin PEO layers remains indiscernible due

to the spherical geometry of the particle (which complicates the phase contrast

mechanism of image formation).

Another approach by which to measure the grafted PEO layer utilizes films

prepared from stabilized latex particles.  Since the short PEO chains are randomly

grafted to PS, they are not expected to be highly mobile during film formation at

100°C, which is just above the measured PS glass transition temperature (Tg=93°C,

according to DSC, for the LD2-001 latex).  Two possible reasons exist for the

apparently depressed Tg (from nominally 100°C for high-molecular-weight PS):  (i)

the PS is plasticized by residual monomer/oligomer or PEO27, or (ii) low-molecular



50

weight PS chains comprise the particles.  A TEM image acquired from a

cryosectioned film is provided in Figure 3.6 and reveals the existence of PEO

boundary layers, which appear electro-opaque (dark) in this micrograph due to

selective PEO staining and which measure about 9 nm thick at the thinnest point.

(Variation in layer thickness in this figure is attributed to slight curvature of the

specimen near the weld line between particles.)  Itremains unclear as to whether the

layers visible in the figure correspond to a bilayer (in which PEO chains from

adjacent particles do not mix during film formation) or a monolayer (in which

either the PEO chains from different particles completely interdigitate, or PEO

chains from one particle reside next to bare PS from a second particle).  A

distribution regarding PEO interdigitation is deemed most likely, but we use the

two limiting cases for simplicity to analyze the extent of chain stretching.

Table 3.2.  Particle diameters of selected latexes from TEM measurements.

Latex Designation Diameter (mean ± std. dev.)

[nm]

LD2-001 377 ± 9

LD2-003 327 ± 14

LD2-004 399 ± 10

LD5-003 376 ± 11

LD5-004 285 ± 17

Theoretical and experimental studies have found that stabilizing chains on a

particle surface exhibit a more extended conformation than do identical polymer

chains, which adopt a typical random-coil conformation, in a dilute solution of the
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same solvent28-32.  The degree to which the chains are extended depends sensitively

on the curvature of the particle surface and the graft density.  In the cases of either a

low radius of curvature (i.e., relatively large particle radius) or a high graft density,

grafted chains are not free to expand along the particle surface and must therefore

extend normal to the particle surface to conserve mass.  The gyration diameter (Dg)

of MPEG5000 in the freely rotating chain limit is estimated from L 32 /n  (where

L denotes the length of a repeat unit and n is the number of units per chain) to be

about 4.3 nm.  If the PEO layer visible in Figure 3.6 represents a non-interdigitated

bilayer, then each layer should measure ca. 4.5 nm thick, which agrees favorably

with the value of Dg deduced above.  If, on the other hand, the layer corresponds to

a PEO monolayer, then the PEO chain is presumed to adopt an extended

conformation relative to its random-coil conformation.

The average particle sizes listed in Table 3.2 reveal interesting trends that

are directly related to synthesis variables.  First, latex particles prepared with a

higher macromer concentration possess a smaller diameter, as is seen for latexes

LD2-003 and LD5-004.  This observation is consistent with the expectation that

nucleation begins around the stabilizing chains.  An increase in the number of

available PEO chains is accompanied by an increase in the number of nucleation

sites, resulting in a larger number of particles, of smaller diameter33.  Another

explanation for reduced particle size has been offered by Bourgeat-Lami and

Guyot14.  They propose that a larger number of stabilizer molecules can stabilize a

large surface area; consequently, yielding more particles, of smaller size.  Second,

the particles in latex LD2-004, with a higher initiator concentration (1.0 wt% based

on styrene), are larger than those in latex LD2-001 (0.5 wt%).  The higher initiator

concentration forms more free radicals for polymerization, thereby producing more

PS chains, but of lower molecular weight17,34,35.  Since the mechanism of

dispersion polymerization requires that the polymer chains reach a critical size prior
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to nucleation, and fewer of the chains in the LD2-004 latex attain this size, fewer

nucleation sites are available in the LD2-004 latex.  Therefore, fewer particles are

anticipated to form, but they are of larger diameter17,34,35.  It should be noted at this

juncture that several studies report a slight decrease in latex particle size with

increasing initiator concentration13,19.  Kawaguchi et al.19 attribute this discrepancy

to a difference in the nucleation mechanism in their system of n-butyl methacrylate

latex particles stabilized with PEO.  Third, particle size is not affected significantly

by macromer molecular weight, as can be seen in comparing latexes LD2-001 and

LD5-003, which have similar macromer concentrations (mol%) and differ only in

macromer molecular weight.

In addition to microscopy, two other methods were used to verify PEO

grafting.  GPC measurements were taken on the centrifuged latex supernatant, and

there were no low molecular weight peaks present in the chromatograms that would

have indicated significant concentrations of ungrafted macromer.  Also, spectra

acquired from 1H-NMR provide verification that the PEO macromers grafted to the

latex particles14,22.  A typical spectrum is presented in Figure 3.7, in which

chemical shifts are reported in terms of parts per million (ppm) downfield from

tetramethyl silane.  The two broad peaks located between 6 and 7.5 ppm primarily

represent the aromatic protons of PS (and a negligible amount from the isocyanate).

The narrow peak at 3.6 ppm arises from the methylene protons of PEO36.

Integration and normalization of the aromatic and the methylene peaks yield the

graft density (GD), which is the total ratio of PEO chains to styrene units in the

latex particles calculated from

(3.1)       1
unit EOper  protons 4

peakproton  EOunder  area
peaksproton  styreneunder  area

unit styreneper  protons 5

EOn
GD ××=
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where nEO is the number of ethylene oxide (EO) units per PEO chain - 49 for

MPEG2000 and 124 for MPEG5000 – on the basis of GPC data.  Figure 3.8 shows

GD as a function of the concentration of stabilizer available to react during the

dispersion polymerization.  Data collected for the MPEG2000 and the MPEG5000

macromers are included in this figure, which indicates a direct (one-to-one)

correlation between stabilizer concentration and GD, even at high stabilizer

amounts.  This correlation implies that sufficient particle surface is available to

accommodate grafting of all of the PEO stabilizer.  In addition, the absence of vinyl

proton peaks that are present between 5 and 6 ppm in the 1H-NMR data for the

ungrafted macromer (data for ungrafted macromer not shown) supports the

implication that no ungrafted macromer remains.  Therefore, on the basis of

evidence from GPC, 1H-NMR, and TEM, we reasonably conclude that most, if not

all, of the available PEO macromer is grafted to the PS particles, and that the

grafting occurs on the particle surfaces.  Surface grafting is expected from the

dispersion polymerization, since the majority of the hydrophilic PEO chains will

tend to migrate to the outer surface of the PS particles to remain in contact with the

aqueous dispersion medium37.

Numerous researchers have synthesized and characterized polymer latexes

with a stabilizing layer and have termed the latexes as sterically stable without

providing sufficient evidence to support claims of stability12-14,22.  In the case of

the present latex systems, we have employed steady shear rheological

measurements to determine stability by analyzing the effect of stabilizer

concentration on steady shear viscosity.  (Additional steady shear and dynamic

rheological analyses of these latexes are detailed elsewhere38,39.)  The steady shear

rate (γ� ) is measured as a function of shear stress (τ) and the calculated steady shear

viscosity (η), and the dependence of η on τ is shown in Figure 3.9 for two latexes

(LD5-003 and LD5-006) at the same particle weight fraction (0.38) but with
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different macromer concentrations.  Particle weight fractions are determined by

gravimetric analysis of the latex before and after drying.  Both latexes have been

stabilized using the MPEG5000 macromer, but LD5-006 possesses 100% more

stabilizer than LD5-003 (Table 3.1).

Since latex LD5-003 consequently has a lower concentration of the

MPEG5000 macromer, the surface coverage of PS particles by the stabilizing

chains is, most likely, incomplete.  (Although at a given bulk stabilizer

concentration, particle surface coverage depends upon particle size, particle

diameter variations must be well over 150 nm before surface coverage is affected

sufficiently to exhibit any rheological effects40.  All latexes synthesized for this

study have average particle diameters between 285 nm and 377 nm.)  Therefore, the

attractive van der Waals forces of the PS particles of latex LD5-003 are not

completely shielded, allowing for small particle clusters, or flocs, to form and

impede flow, especially at low shear stresses.  The formation of flocs results in a

yield stress, which is identified by a significant and abrupt reduction in viscosity as

shear stress increases beyond a critical stress (τc)41.  At τ>τc, the applied stress

either aligns or disperses the flocs to allow unimpeded flow42, which appears in

Figure 3.9 to occur in the LD5-003 latex at τ beyond 10 Pa.  Latex LD5-006, on the

other hand, exhibits Newtonian behavior, in which viscosity is independent of shear

stress, over the entire τ range examined.  The stress-independent behavior of this

latex, in contrast to that of the LD5-003 latex, is due to the higher surface coverage

by the stabilizer, which effectively prevents flocculation through the steric effects

described previously2.  Latexes stabilized with the MPEG2000 macromer show

equivalent flow behavior dependence on surface coverage, indicating that, with

appropriate surface coverage, either macromer can provide adequate stability.

While Newtonian behavior may be ideal for certain types of coatings, other

applications may require the yield stress characteristics of a slightly flocculated
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system.  These rheological results demonstrate that flow behavior can be tuned by

changing the system stability, as expressed in terms of graft density.

3.5 Conclusions

A variety of polymer latexes that are sterically stable in a water-based

medium have been successfully synthesized.  Steric stabilization is achieved

through the use of a chemically grafted PEO macromer endcapped with an

unsaturated isocyanate.  This unsaturated terminus enables in situ grafting of the

macromer to the surfaces of PS latex particles as they form during dispersion

polymerization.  We have shown that the graft density can be determined a priori

from the macromer concentration at the start of the polymerization.  The latex

particles exhibit a relatively narrow size distribution, and the average particle size is

found to (i) decrease with increasing macromer concentration, and (ii) increase with

increasing initiator concentration. TEM images of films produced from the PS

latexes reveal the stabilizing layer to be present on the particle surfaces.

Rheological analyses reveal that stability, and thus flow properties, can be

judiciously tailored to a particular application by adjusting the stabilizer graft

density.
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3.7 Figures

Figure 3.1: Synthetic scheme used to produce the MPEG macromer.
Poly(ethylene glycol) methyl ether (MPEG) and 3-isopropenyl-α,α-dimethylbenzyl
isocyanate (m-TMI) undergo a condensation reaction in toluene at 70°C.
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Figure 3.2: Schematic representation of the procedure to prepare sterically
stabilized polystyrene dispersions.  Two syntheses are conducted in series:  the first
is the reaction that produces the functionalized macromer, and the second is the
dispersion polymerization that forms the latex particles and grafts the stabilizing
macromer to the growing particles in situ.
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Figure 3.3: FTIR spectra demonstrating the presence of a carbonyl band at 1720
cm-1 in the MPEG2000 macromer.  This band provides evidence for incorporation
of the urethane functional group.  The spectrum for the MPEG2000 precursor is
offset for clarity.
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Figure 3.4: Representative FESEM (a) and TEM (b) micrographs of latex LD5-
004 obtained from dilute specimens.  The particles appear spherical, but in some
cases show signs of coalescence during sample preparation.  The micrograph in (b)
is an enlargement of a single particle.

a
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Figure 3.5: Sample particle size distribution generated from TEM images of the
LD5-004 latex.  This relatively narrow distribution is typical for the latexes
synthesized here.  Values of the particle size mean and standard deviation of
selected latexes are listed in Table 3.2.
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Figure 3.6: TEM image of a dried film of the latex LD5-006 upon heating for 15
minutes at 100°C.  The PEO-based macromer is stained with OsO4 and appears
dark.  Note that the PEO forms a contiguous layer and is not dispersed, confirming
that the macromer resides primarily on the surfaces of the PS particles.
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Figure 3.7: The 1H-NMR spectrum for latex LD2-001 in which the relative
amounts of PS and stabilizer are evident.  The two broad peaks between 6 and 7.5
ppm represent the aromatic protons from PS, whereas the narrow peak at 3.6 ppm
arises from the methylene protons of PEO.  These peaks are used to calculate the
graft density (Eqn. 3.1).
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Figure 3.8: Graft density (GD) calculated from 1H-NMR data and presented as a
function of stabilizer concentration (φ) at the onset of the dispersion
polymerization.  Latexes depicted here employ the MPEG2000 and MPEG5000
macromers.  The solid line is a linear fit to all the data.
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Figure 3.9: Dependence of steady shear viscosity (η) on shear stress (τ) for
latexes LD5-003 (circles) and LD5-006 (squares), which differ in graft density (see
Table 3.1).  Particle flocculation in the LD5-003 latex is due to incomplete surface
coverage and promotes a yield stress (τc) in the vicinity of 0.6 Pa (vertical line).
The LD5-006 latex has a higher graft density and exhibits Newtonian behavior.
Each latex is measured at a particle weight fraction of 0.38.
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4. RHEOLOGICAL BEHAVIOR OF A STERICALLY STABILIZED
LATEX FOR USE IN WATER-BORNE COATINGS

(A modified version of this chapter by Jennifer S. Shay, Robert J. English, and Saad
A. Khan has been accepted for publication in Polymer Science and Engineering,

1999)

4.1 Abstract

A unique urethane linkage that permits chemical grafting of poly(ethylene

oxide) (PEO) linear chains to the surfaces of polystyrene (PS) latex particles has

been developed.  Chemically grafting the functionalized hydrophilic PEO-based

macromers to the PS particle surface allows the latex to be sterically stabilized in a

water-based medium.  Advantages of the urethane linkage include the high yield of

the macromer synthesis and the hydrolytic stability of the final latex.  Rheological

experiments are used to examine both processing behavior and interparticle

interactions for latex systems with different amounts of grafted PEO.  Dynamic

rheological experiments reveal that, at high macromer concentrations, the grafted

PEO layer is effective in shielding the attractive interactions of the core PS particles

that lead to flocculation.  However, at low macromer concentrations, strong

interactions are seen even at low particle weight fractions, indicating the presence

of a flocculated system.  Steady shear rheological evaluations show that the latex

systems possesses suitable flow behavior for coating applications, even at relatively

high particle weight fractions.  Experimental steady shear data is utilized in

conjunction with the Krieger-Dougherty equation to determine the size of the PEO

stabilizing layer.  The stabilizing layer thickness decreases as particle concentration

increases, indicating a compressible system.  Finally, the relationship between the

strength of interparticle interactions and PEO graft density is gauged by the power-

law exponent of the elastic modulus dependence on particle concentration.
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4.2 Introduction

Environmental considerations and air quality regulations, including the

Clean Air Act Amendments of 1990, have encouraged coating industries to reduce

volatile organic compound (VOC) emissions from their coating processes1.

Consequently, water-borne coating technology has become increasingly attractive2.

However, certain difficulties with present technology, described below, must be

overcome before universal acceptance can be achieved.

In water-borne coatings, the resin is suspended in water and stabilized

against flocculation.  Without a mechanism for stabilization, particle aggregates

would form and raise the coating viscosity above the processable range.  Currently,

electrostatic stabilization is the standard method by which latex particles that make

up a water-based resin are stabilized3.  This method typically involves adsorbing or

grafting ionic surfactants to the particle surface, and the resultant highly diffuse

charged stabilizing layer can add as much as 100 nm to the effective diameter of

each latex particle4.  An increased effective particle diameter is disadvantageous

because it decreases the maximum particle weight fraction that can be achieved

within a processable coating viscosity range.  In this regard, a high particle weight

fraction is desired to minimize the amount of water that must be removed after the

coating is applied to the substrate.  In addition, a high particle weight fraction is

preferred to prevent loss in coating definition due to fiber swelling and capillary

forces caused by high water content.  The lack of a high-solids, processable resin

has prevented certain types of high-definition printing, such as flexography and

lithography, from being easily adapted to current water-borne coating technology5.

Steric stabilization is an alternative to electrostatic methods (Fig. 4.1).  In

this technique, hydrophilic, linear, short-chain polymers are grafted or adsorbed to

the surface of the latex particles (Fig. 4.2).  The hydrophilic portion of each

polymer chain extends into the dispersion medium, creating a steric barrier to

flocculation.  A notable advantage over electrostatic stabilization is that the short
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length of the polymer chains increases only negligibly the effective particle

diameter.  Thus, a significantly higher particle packing fraction can be achieved

within the viable viscosity range for processing.  Other advantages of steric

stabilization include: i) no supplementary components (e.g., ionic surfactants) are

necessary to obtain stability, ii) pH control is not required to maintain stability, and

iii) stabilization remains effective in a broad range of dispersion media6.

Typical adsorption-stabilized polystyrene latex model systems employ

amphiphilic stabilizing chains.  The hydrophobic portions adsorb to the particle

surfaces and the hydrophilic portions extend into the water-based dispersion

medium, creating the steric barrier.  Adsorption strength depends on the relative

interaction parameters of the dispersion medium, particle, and stabilizer.

Consequently the adsorption-stabilization method is not as robust as the method

whereby the stabilizer is grafted, or chemically bonded, to the particle surface.

However, the difficulty in developing a graft-stabilized latex lies in finding a

functional group that will allow chemical grafting of the stabilizing polymer chains

to the latex particle.  Some researchers have functionalized hydrophilic

poly(ethylene oxide) (PEO) with an acrylate as a linkage to the polystyrene

particle7-13.  However, the reaction that functionalizes the PEO results in a

relatively low yield, and the final product is not hydrolytically stable7.  We have

used an isocyanate to provide a urethane linkage that allows chemical grafting of a

PEO-based macromer to the surface of a polystyrene latex particle.  When

compared with other grafting linkages, the urethane functional group offers several

advantages.  Both the reaction that bonds the isocyanate to the PEO and the grafting

reaction are high-yield in contrast to existing approaches14.  For instance, Bourgeat-

Lami and Guyot15 use a thiol-functionalized PEO-based macromer, but their

grafting reaction yields only 15% attachment.  In addition, our use of the bulky

isocyanate imparts steric hindrance to hydrolysis of the final product.
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The objective of this study is to characterize fully the rheological properties

of our new polymerically-stabilized latex, for both fundamental and applied

purposes.  In this regard, we use steady shear and dynamic rheological techniques to

probe the microstructure and processability of our sterically stabilized latex.  In

particular, we examine the effects of graft density and particle weight fraction on

flow behavior and interparticle interactions.

4.3 Experimental Methodology

4.3.1 Materials

Poly(ethylene glycol) methyl ether, toluene, tin (II) dioctoate, 3-isopropenyl-

α,α-dimethylbenzyl isocyanate, 2-butanone, petroleum ether, and n-propanol were

used as received from Aldrich.  Styrene was supplied by Aldrich and passed

through a column of basic alumina to remove the inhibitor.  Azo-bis-

isobutyronitrile was supplied by Alfa.  Water was deionized using a Barnstead

water purification system.

4.3.2 Synthesis

The macromer used in the latex synthesis was prepared from low molecular

weight poly(ethylene glycol) methyl ether (MPEG) and an unsaturated isocyanate,

3-isopropenyl-α,α-dimethylbenzyl isocyanate (m-TMI) (Fig. 4.3).  Details of the

macromer synthesis technique have been reported elsewhere14,16.  The final product

was a PEO chain capped with a methyl group at one end and a urethane linkage that

can be grafted to polystyrene at the other.

A dispersion polymerization method was used to synthesize the latexes, the

details of which are presented elsewhere14,16.  Amounts of macromer ranging from

0.13 to 0.50 mol% (relative to styrene) were added at the beginning of the reaction.

The amount of macromer added determined the density of stabilizing chains grafted

to the polystyrene particle surface.  This allowed rheological evaluation of the effect
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of grafted stabilizer amount on latex stability and latex particle interaction.  Table

4.1 shows the macromer concentrations in the three latexes that were produced for

use in this study.

Table 4.1.  Latexes synthesized for use in rheological evaluations.

Latex Designation Macromer Concentration (mol% based on styrene)

LD1 .13

LD2 .31

LD3 .50

Final particle weight fraction of each latex was approximately 0.20 in a

dispersion medium of 80/20 wt% n-propanol/water.  For characterization, the n-

propanol was removed by centrifuging the latex (11000 rpm for up to 2 hours),

decanting the supernatant, and redispersing the latex solids in water.  The centrifuge

process was repeated two to three times to ensure complete removal of the alcohol.

4.3.3 Microscopy

Scanning electron microscopy (SEM) imaging was done on a JSM-6400 F

scanning electron microscope.  The latex was prepared for SEM by placing a drop

of a highly dilute latex on a silicon substrate.  After the liquid had evaporated, the

particles were sputter-coated with gold.  A micrograph obtained by SEM (Fig. 4.4)

of a highly dilute sample of a representative latex shows the morphology of the

latex particles.  The micrograph shows the spherical nature of the submicron (200-

300 nm) polystyrene particles; however, some of the particles show slight

coalescence due to the evaporation method used to prepare the sample.  No further
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quantitative particle characterization has been performed as this is not relevant to

the present study.

4.3.4 Rheology

Steady shear and dynamic rheological experiments were conducted using a

Rheometrics Dynamic Stress Rheometer (DSR).  The fixtures used depended on the

viscosity of the sample and included a 25 mm diameter cone-and-plate (0.1 radian

cone angle), a 40 mm diameter cone-and-plate (0.04 radian cone angle), and a

couette.  All experiments were performed at 25°C, and all reported data were

reproducible within 10%.  Steady shear experiments were performed to determine

viscosity, η, as a function of either shear stress (τ) or shear rate (γ� ).  In the dynamic

experiments, a small amplitude oscillatory strain (γ) was applied to a sample:

)sin(0 tωγγ = , (4.1)

where γ0 is the strain amplitude, ω is the frequency of strain oscillation, and t is

time.  The corresponding stress (τ) of the material can be expressed as the sum of

two components, one in phase with the strain and the other out of phase with the

strain:

)cos()sin( 00 tGtG ωγωγτ ′′+′= . (4.2)

The elastic or storage modulus (G′) is related to the in-phase component of the

stress and is a measure of the energy stored in the system.  The viscous or loss

modulus (G″) is related to the out-of-phase component of the stress and is a

measure of the viscous dissipation in the system.  The slopes and magnitudes of the

moduli as a function of frequency provide information on the microstructure of a

system17,18.==For the dynamic experiments, we initially performed a stress sweep at

1 rad/s to determine the linear viscoelastic (LVE) region of the latex.  In this region,

the stress is linearly related to the strain, and the moduli are functions only of

frequency, not of strain amplitude or test instrument parameters.  After the LVE
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region was determined, dynamic measurements were carried out as a function of

frequency well within the LVE region.

Latexes with different graft densities and weight fractions were used.  To

obtain a range of particle weight fractions for rheological analysis, the latex

samples were centrifuged, the supernatant was decanted, and desired solids contents

were obtained by diluting the latex with the supernatant.  Particle weight fractions

were determined by weighing the latex before and after drying.

4.4 Results and Discussion

Figure 4.5 displays the viscosity-shear rate behavior at different particle

weight fractions, φw, of a sample (LD3) stabilized with 0.50 mol% macromer.  In

the high shear rate region, we find all weight fractions to exhibit a Newtonian

profile (i.e., η is independent of γ� ).  However, the high shear viscosity increases by

more than an order of magnitude as φw increases from 0.27 to 0.61, possibly due to

the increased resistance to flow caused by closer packing at high particle weight

fractions.  In the low shear rate regime, as φw increases from 0.39 to 0.43 the shear

profile changes in that the latter weight fraction shows shear-thinning behavior and

the absence of a zero-shear plateau.  This behavior becomes more pronounced with

increasing φw.  In fact, for φw=0.61, the η-γ�  curve exhibits a slope of approximately

–1, indicating the presence of a yield stress19.  The presence of yield behavior at

low γ�  and a high-shear Newtonian plateau is typical for a well-stabilized latex at

high φw20-22 and is desirable from an application standpoint.  As a material is

transported to and applied to the coating substrate, it is subjected to high shear.

During these phases of the coating process, a low viscosity is desired for ease of

application.  After the coating has been applied to the substrate, the coating should

not flow appreciably (i.e., a high viscosity is desired) so that the quality and

definition is preserved.
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Steady shear viscosity data can be used to determine the thickness of the

PEO stabilizing layer on the latex particle surface.  Krieger and Dougherty23 derive

a relationship between viscosity and particle concentration using a postulated

mechanism for hard spheres in a flow field that combines the independent rotation

of individual spheres with the “dumbbell” rotation of pairs of spheres.  They obtain

a relationship between viscosity and shear stress which they then apply to latex

dispersions to derive the well-known Krieger-Dougherty equation.  It relates

viscosity (η) to the particle concentration (φ) for hard spheres:
[ ] max

max

φη

φ
φηη

−
�

��
�

�
−= 10 (4.3)

where η0 is the viscosity of the pure dispersion medium, [η] is the intrinsic

viscosity (2.5 for hard spheres), and φmax is the maximum packing fraction at which

viscous flow can occur.  From experiments, de Kruif et al.24 observe the maximum

packing fraction for sterically stabilized silica particles to be approximately 0.64

(the value for random close packing of spheres) as γ�→0 and 0.71 as γ�→∞.  They

obtain these values by plotting relative viscosity, ηr (ηr = η/η0), as a function of φ

for both high and low shear rates and defining φmax to be the point where ηr

diverges.

Stabilizing polymeric chains grafted or adsorbed to the surface of dispersion

particles cause deviations from hard sphere behavior.  Sterically stabilized particles

comprise a larger effective volume fraction than the same particles would if they

were not stabilized, due to the volume occupied by the stabilizing polymer chains.

The relationship between the volume fractions is:
3

1 �
�
�

� +=
reff
δφφ (4.4)
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where the thickness of the stabilizing layer is represented by δ, φ is the volume

fraction of particles without the stabilizing layer, φeff is the effective volume

fraction including the stabilizing layer, and r is the core particle radius9.

For particles with stabilizing layers, φeff as calculated from Equation (4.4)

must be substituted for φ in Equation (4.3) when computing the viscosity of a

stabilized dispersion.  It is obvious that an increase in stabilizing layer thickness

will cause an increase in the dispersion viscosity and may affect processability of

the material.  Because stabilizing layer thickness is a function of particle volume

fraction as well as the molecular weight of the grafted stabilizing chains, it is

important to be able to determine how they are related.  Many researchers have used

steady shear rheological experiments to measure stabilizing layer thickness in

concentrated dispersions stabilized by side chains of known size9,10,21,25,26.

Prestidge and Tadros9 find that, for a constant side chain molecular weight, δ

decreases as φ increases, due to increased compression of the stabilizing layers as

the particles approach close packing.  They measure relative viscosity as a function

of particle volume fraction for polystyrene latexes sterically stabilized with grafted

PEO chains ( M n=2000).  They then use the Krieger-Dougherty equation (Eqn. 4.3)

and Equation (4.4) to fit the data for ηr as a function of φeff.  For Equation (4.3),

they calculate a value for φmax by plotting 1/(ηr)0.5 as a function of φ and

extrapolating to 1/(ηr)0.5=0.  (They use this extrapolation method, rather than

estimating φmax from the asymptote of the φ versus ηr plot, to improve precision.)

They find the value for φmax to be equal to 0.7, which is in agreement with the value

of de Kruif24 for high shear rates, although it is unclear if their ηr data represents

high or low shear rates.  The value for particle size (r=175 nm) is obtained from

dynamic light scattering (DLS) measurements.  The values for δ are given as those

chosen to fit the viscosity-volume fraction data to the Krieger-Dougherty equation.
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Their stabilizing layer thicknesses range from 20.5 nm (φ=0.33, φeff=0.460) to 9.2

nm (φ=0.57, φeff=0.665).

The relative viscosity as a function of particle volume fraction for latex LD3

is shown in Figure 4.6.  (We assume the particle volume fraction, φ, to be the same

as the particle weight fraction, φw, since the density of the latexes is close to 1.)

The curve derived from the Krieger-Dougherty hard-sphere equation is also shown

in Figure 4.6.  The particle radius for this latex is 188 nm, based on electron

microscopy measurements.  The values for ηr are taken in the high shear rate

regime of the viscosity versus shear rate plots for each φ, and the value used for φmax

is the high shear packing fraction, 0.71.  Because the addition of the PEO layer on

our latex particles changes the system from a hard-sphere, incompressible system to

a slightly compressible system with a "softer" interaction, the experimental data

deviates from the Krieger-Dougherty curve.  The magnitude of the deviation at each

particle volume fraction allows us to calculate the size of the stabilizing layer.  Our

data for stabilizing layer thickness of latex LD3 range from 20 nm at low φ (0.32) to

5 nm at high φ (0.61) (see inset table in Fig. 4.6), indicating significant compression

of the PEO chains as particle packing increases.  Also shown in the inset in Figure

4.6 are the δ values for LD2 (r=164 nm), a sample with a lower graft density of

0.31 mol%).  We find the stabilizing layer thicknesses to be essentially the same for

both samples, and they decrease in the same manner with increasing φ.  Values for

LD1 are not shown due to the difficulties encountered with steady shear rheological

testing of low graft density latexes.  (Additional effects of low graft density are

described in the next paragraph.)  The δ values for latexes LD2 and LD3 are

consistent with those obtained by Prestidge and Tadros9 for a similar particle size,

graft density (the graft density for their latex is 0.42 mol% based on styrene), and

PEO molecular weight.
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Figure 4.7 shows the elastic modulus, G', as a function of frequency, ω, for

the three PS latex systems containing different graft densities of PEO.  (For clarity,

the viscous modulus, G", is shown only for latex LD1.)  By comparing the

magnitudes and frequency-dependence of the dynamic moduli of latexes with

different macromer concentrations, one can determine the amount of structure and

level of stability present in each material17,18.  Figure 4.7a shows G' and G" as

functions of ω for LD1 which has only 0.13 mol% macromer (Table 4.1).  Both G'

and G" are independent of ω even at φw as low as 0.15, and their magnitudes are

suggestive of a gel-like material17,27.  In this case, without an adequate stabilizing

layer, the attractive forces of the core PS particles are not completely shielded.

Therefore, the particles flocculate to form a space-filling network that significantly

affects rheological behavior through the frequency-dependence and magnitude of

the dynamic moduli.

The elastic modulus of latex LD2 is shown in Figure 4.7b for three different

particle weight fractions.  LD2 represents a macromer concentration of 0.31 mol%.

Even at a relatively low φw=0.39, we find G' to be independent of ω, indicating the

presence of a flocculated, gel-like network.  However, the latex is not as strongly

flocculated as LD1, as indicated by the significantly higher φw for LD2 at

comparable magnitudes of G'.

Figure 4.7c shows G' at four φw for latex LD3, which has the highest

macromer concentration (0.50 mol%).  Results are typical for a well-stabilized

latex20,21,28.  In this case we find the elastic modulus at low φw to be dependent

upon ω, indicating a viscous profile and the absence of a network structure.  As φw

is increased from 0.39 to 0.43, G' increases significantly and becomes independent

of ω, indicating the presence of an elastic network at high φw.  As the particle

weight fraction increases, the stabilizing PEO chains become more constricted in

their movement, and the latex particles interact more strongly, exhibiting highly
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structured behavior.  An interesting point to note is that the φw range for the

transition from viscous to elastic dynamic behavior corresponds to the φw range for

the transition from Newtonian to yield stress steady shear behavior, indicating that

the transition from non-structured to highly structured latex configuration is a

property that can be seen in both steady shear and dynamic rheology.  We observe

from Figure 4.7 (a, b, and c) that as graft density increases, the PS particles become

more shielded against interparticle attraction.  This effect is clearly manifested in

the magnitude and frequency-dependence of the dynamic moduli.

An important consideration in coatings applications is to determine whether

the materials exhibit thixotropy.  Because steady shear analysis of high φw samples

shows the presence of structure at low γ�  (Fig. 4.5), hysteresis effects are a

possibility.  To check for this, we performed steady shear experiments from low to

high shear rate and from high to low shear rate.  A typical plot of our results is

shown in Figure 4.8 for latex LD2 at φw=0.57.  In both cases, we find the presence

of yield behavior at low shear rates and a Newtonian plateau at high shear rates.

More importantly, Figure 4.8 shows the absence of any hysteresis, implying that

thixotropic effects were not a factor in our experiments.  This reversibility of flow

behavior is important for coatings because the materials experience both increases

and decreases in shear rates as the coating is applied, and the structural buildup and

breakdown must be reproducible.

Structure recovery, another important aspect of coating behavior, was

measured using dynamic rheology.  Representative sample data for latex LD3 (at

φw=0.43), which was subjected to a steady state preshear at 20 Pa for 2 minutes, are

shown in Figure 4.9.  Immediately following this preshear, the time-dependence of

the dynamic moduli was recorded.  We find that, although initially both G' and G"

indicate a substantial structural breakdown, the magnitudes of G' and G" increase

significantly within a few seconds, indicating that the microstructure has rebuilt
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sufficiently.  After 100 seconds, G' reaches its equilibrium value of 3 Pa, the value

seen in Figure 4.7(c) for φw=0.43.  Rapid recovery of the microstructure after shear

is vital for coatings in that the coating quality and definition must be preserved after

application to the substrate.  The other important detail to note from Figure 4.9 is

that after the first 100 seconds, G' and G" remain constant, meaning that there are

no changes in microstructure over this time period.

Another important criterion for the use of a latex system for coating

applications is to possess a low viscosity at high particle weight fraction.  Figure

4.10 shows the viscosity at the high shear plateau as a function of φw for latex LD2.

Also shown in this figure (dotted lines) is the application viscosity range, 20-300

mPa⋅s, for certain liquid flexographic and lithographic inks29.  The viscosity of our

sterically stabilized latex falls within the acceptable processing range even at a

particle weight fraction of as high as 0.65.  In this figure we compare the high shear

viscosity of our latex with a PS latex prepared by the surfactant-free emulsion

polymerization method of Goodwin et al.30  The latter latex is electrostatically

stabilized using charged sulfate and chloride groups but has the same particle size

and stabilizer concentration as our sterically stabilized system.  The most apparent

contrast between the two latexes is the φw where satisfactory viscosities are attained.

For the electrostatically stabilized latex, the maximum φw in the acceptable

viscosity range is about 0.41, whereas for the sterically stabilized latex, the

maximum φw is about 0.65.  The reason for the higher maximum φw in the latter is

that the stabilizing layer for the sterically stabilized latex does not extend as far into

the dispersion medium, enabling more particles to be packed into the same volume

of water while maintaining a relatively low viscosity.  Due to the 50% higher

maximum φw, the water content in the latex is significantly reduced.  As previously

stated, advantages of the lower water content include faster evaporation times and

improved coating quality.  In addition, the shapes of the two curves are different.
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For the electrostatically stabilized latex, the range of φw with an acceptable

processing viscosity is 0.36 to 0.41.  The sterically stabilized latex is in the

processable range between φw=0.51 and 0.65.  The processable range is three times

broader for the sterically stabilized latex than for the electrostatically stabilized

latex.  Thus, less stringent control of water content would be required for our

system, significantly reducing production costs.

Finally, it is instructive to use dynamic rheology to obtain information on

the interparticle interactions present in a sterically stabilized latex.  Through the

application of scaling laws, G' of an interacting dispersion can be expressed as a

power law function of φ,

G'=kφn, (4.5)

where k and n are constants for a particular latex31.  The magnitude of the power

law index (n) has been suggested as a gauge of the magnitude of interparticle

interactions present among the latex particles10,31-34; however, there is

disagreement among researchers over the form of the dependence of n on particle

interaction.  In a review by Tadros34, he states that a "softer" interaction, due to an

extended stabilizing layer, decreases the magnitude of n, implying that n decreases

as the strength of the interparticle interaction decreases.  Liang et al.10 also assert

that as the stabilizing layer thickness relative to the core particle size increases,

compressibility of the layer increases which decreases the interaction strength and

decreases n.  Grover and Bike33 find equivalent dependence of n on interaction

strength, with higher values of n indicating stronger interparticle forces.  However,

they admit that their experimental results in this regard are in direct opposition to

their G' versus frequency data, where G' is highest for the latex sample with the

lowest n value.  No explanation for the discrepancy is offered.  In contrast to these

works, in another study by Liang et al.32, n values decrease as the latex particles are

made to flocculate.  These results indicate that n decreases as interparticle
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interaction increases.  Chen and Russel31 also find that n decreases as interactions

increase.  Our data agree with the latter two31,32.  This is illustrated in Figure 4.11,

which is a representative plot of G' as a function of φ using the sample LD3.  Note

that the only data points used in this plot are in the particle concentration regime

where G' is independent of frequency (Fig. 4.7c).  Below these concentrations, the

particles do not interact.  The power law equation fit to the data is also provided,

and the inset is a graph of n values relative to the macromer concentration of each

latex.  The trend in our data is that n increases as graft density increases.  (In fact,

we observe a linear relationship between n and graft density for our data.  More

work is necessary to determine if this linearity holds for a broader range of graft

density.)  Values for n are 7.1 for LD1, 8.9 for LD2, and 19.7 for LD3.  Comparing

the G' magnitudes of each latex (Fig. 4.7) indicates that G', and thus interparticle

interaction, decreases as graft density increases.  Therefore, the increase in n as

graft density increases supports the view that n is inversely related to the strength of

interaction.

4.5 Conclusions

A method of polymerically stabilizing latex particles was developed that

offers significant improvement over current water-borne coating technology.  The

high-yield, hydrolytically stable synthesis technique produced latexes that consisted

of submicron polystyrene particles with PEO-based macromers grafted to their

surfaces.  A range of macromer amounts was used to evaluate effects of stabilizer

concentration on rheological properties.  Steady shear rheology showed that flow

behavior is affected by particle weight fraction and shear rate and undergoes a

transition from Newtonian to yield stress behavior that depends upon particle

weight fraction.  A plot of steady shear viscosity as a function of particle volume

fraction provided a measurement of PEO stabilizing layer thickness when

experimental data is compared with the Krieger-Dougherty model, and the data
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showed that higher particle packing compresses the PEO layer.  Dynamic rheology

provided a microstructural profile of each latex.  By observing the dependence of

dynamic moduli on oscillation frequency, the degree of interaction was determined

as a function of particle content and stabilizer concentration.  A transition from a

viscous to an elastic dynamic profile was noted as particle content increased or

stabilizer concentration decreased.  Time-dependent dynamic data after steady shear

showed microstructure recovery after structural breakdown to be almost

instantaneous, reinforcing the appropriateness of our material as a precursor to a

new water-borne coating.  Steady shear rheological measurements of the latexes

showed that, compared with electrostatic stabilization, using functionalized PEO

chains as a barrier to latex particle flocculation allowed a 50% decrease in coating

water content in the processable viscosity range.  In addition, our stabilization

method permitted a 300% wider particle content range, reducing the level of on-line

water content control required during the coating process.
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4.7 Figures

Figure 4.1: Schematic representation of electrostatically stabilized and sterically
stabilized particles.  The charges surrounding an electrostatically stabilized particle
creates a significantly more diffuse stabilizing layer than the linear short-chain
polymers used in steric stabilization.  Therefore, the effective particle diameter for a
sterically stabilized particle is smaller, and thus the maximum particle packing
fraction is much larger.
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Figure 4.2: Schematic diagram of graft-stabilized and adsorption-stabilized
particles.  Graft stabilization involves chemically bonding one end of each
hydrophilic chain to the particle.  Adsorption stabilization involves adsorbing the
hydrophobic portion of an amphiphilic polymer to the particle surface.  In either
case, the hydrophilic portion of the polymer chain extends into the water-based
dispersion medium, creating a steric barrier to flocculation.

Graft Stabilization Adsorption Stabilization
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Figure 4.3: Stabilizing macromer used in the latex synthesis.  Poly(ethylene
glycol) methyl ether (MPEG) and 3-isopropenyl-α,α-dimethylbenzyl isocyanate (m-
TMI) react to form the urethane-based functionalized MPEG macromer.
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Figure 4.4: Scanning electron microscopy (SEM) image of the spherical latex
particles.
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Figure 4.5: Viscosity (η) as a function of shear rate (γ� ) plotted for various
particle weight fractions (φw) of latex LD3, stabilized with 0.50 mol% macromer.
The high φw samples exhibit flow behavior appropriate for coating processing.
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Figure 4.6: Relative viscosity (ηr) as a function of particle volume fraction (φ)
for latex LD3.  The experimental data (circles) is compared with the Krieger-
Dougherty equation (thick solid line) and the offset at each particle volume fraction,
φ, is used to calculate the effective volume fraction (φeff) and the stabilizing layer
thickness (δ).  Stabilizing layer thicknesses (in nm) for latexes LD2 and LD3 at
selected φ are shown in the inset table.
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(a)

G' [Pa]

(b)

(c)

ω [s-1]
Figure 4.7: Dynamic elastic (G') and viscous (G") moduli as functions of
frequency (ω) for three latexes of different graft densities, shown for various
particle weight fractions (φw).  (a) Behavior of LD1 sample with 0.13 mol%
macromer.  Both G' and G" are independent of ω even at low φw, and the magnitude
of G' is much greater at the same φw when compared to LD2 and LD3.  (b) Behavior
of latex LD2 with 0.31 mol% grafted macromer.  As with latex LD1, G' is
frequency-independent at all φw, but φw values are much higher at comparable G'.
(c) Latex LD3 with 0.50 mol% macromer.  At low φw, the elastic modulus is
dependent on ω.  At φw>0.39, G' is independent of ω, indicating the elastic
character of the material.  In addition the magnitude of G' at comparable φw is lower
than that for latex LD2.
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Figure 4.8: Viscosity (η) vs. shear rate (γ� ) behavior of latex LD2 with 0.31
mol% macromer at a particle weight fraction (φw) of 0.57.  The two curves
represent sequential test runs, from low to high shear rate and from high to low
shear rate.  The absence of any hysteresis implies that thixotropic effects are not
present.
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Figure 4.9: Structure recovery following steady shear shown in terms of elastic
(G') and viscous (G") moduli as functions of time.  For latex LD3 at φw=0.43 G' and
G" show immediate microstructure recovery after being subjected to 20 Pa steady
shear for 2 minutes.  In addition, after the initial recovery, both dynamic moduli
remain at their equilibrium values.
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Figure 4.10: The effect of particle weight fraction (φw) on the high shear viscosity
(η∞) for an electrostatically stabilized latex and a sterically stabilized latex, LD2.
The dotted lines show the acceptable viscosity range in liquid printing ink
processing (from ref. 29).  A 50% higher particle weight fraction can be achieved
for LD2 in this viscosity range.
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Figure 4.11: Elastic modulus (G') as a function of particle volume fraction (φ) for
sample LD3.  The power law equation fit to the data is also provided, and the inset
is a graph of the values of the power law exponent (n) relative to macromer
concentration for LD1, LD2, and LD3.  The trend implies that n increases as graft
density increases.
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5. EFFECT OF TEMPERATURE ON THE STABILITY AND GELATION
OF COLLOIDAL DISPERSIONS WITH GRAFTED POLY(ETHYLENE
OXIDE) CHAINS

(A modified version of this chapter by Jennifer S. Shay, Srinivasa R. Raghavan, and
Saad A. Khan will be submitted to Langmuir, 1999)

5.1 Abstract

The rheology and microstructure of colloidal particles with a grafted

polymeric stabilizing layer depend upon the interaction of the stabilizing layer with

the dispersion medium, which, in turn, is affected by temperature.  In this study,

dynamic and steady shear rheological experiments are conducted on a polystyrene

(PS) dispersion sterically stabilized with grafted poly(ethylene oxide) (PEO) chains

and dispersed in water to determine the effects of  temperature on interparticle

interactions and dispersion stability.  A reversible "sol-gel" transition is seen as

temperature is increased, with the temperature of the transition being independent

of the particle concentration but affected by the graft density of PEO chains.  These

results correlate well with dynamic light scattering experiments which show a sharp

increase in apparent particle diameter at the transition temperature.  Above the

transition temperature, the elastic modulus (G') of the gels reveals a power law

dependence with particle volume fraction (φ), G' ∝ φn.  The power law exponent is

found to be independent of the PEO chain graft density, suggesting that the gels

have similar microstructure.  The sol-gel transition is postulated to be due to the

decrease in size of the PEO layer brought about by the decreased solvent quality

and subsequent collapse of the PEO chains as temperature is increased.  The

collapse of the PEO chains is attributed to increased thermal motion disrupting the

structured orientation of the hydrogen-bonded water molecules that surround the

PEO.  The layer collapse results in a decrease in the steric component of the free

energy of interaction, thereby allowing the van der Waals interparticle attraction to

become dominant.  Finally, rheological experiments are performed with low
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molecular weight PEO as the dispersion medium to show that the change in the

steric component of the free energy of interaction is controlled by an enthalpic

rather than entropic contribution.

5.2 Introduction

Control of colloidal dispersion stability is of great importance for a wide

range of applications in such industries as food, oil, and coatings.  To prevent

particle flocculation and the resultant system inhomogenieties, colloidal dispersions

must be stabilized to counteract the attractive van der Waals forces between

particles.  This is often accomplished by covering the particles with a layer of

terminally-anchored polymer chains that are soluble in the dispersion medium.  The

polymeric layer serves as a steric barrier to flocculation.  Although the use of

terminally anchored chains can be a robust means of particle stabilization, the

effectiveness of the chains as a steric barrier is affected by the solvent quality of the

dispersion medium for the tethered polymer chains.  As the relative solvency of the

polymeric surface layer in the medium diminishes, steric stabilization becomes less

effective, leading to particle flocculation.  Techniques including rheology1-5, cloud

point titrations6, and light scattering7,8 have been employed to monitor particle

flocculation due to low stabilizer graft density, addition of a non-solvent, addition

of free polymer, or temperature change.  However, to our knowledge there lacks a

unified study of the transition from stability to flocculation as a function of solvent

quality which includes:  the correlation of multiple characterization techniques to

confirm the presence and conditions of the transition, the effects of particle and

stabilizer concentration, the determination of the microstructure of the flocculated

system, and a theoretical discussion and experimental evidence illustrating the

mechanism by which the transition occurs.

In this study we investigate the effect of solvent quality on the stability of a

polystyrene dispersion sterically stabilized by chemically grafted poly(ethylene
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oxide) (PEO) chains.  Due to the closed miscibility gap present in the temperature-

concentration equilibrium phase diagram for poly(ethylene oxide) in water9, an

experimentally accessible method for decreasing the solvent quality is to increase

the temperature of the system.  We examine the effect of the graft density of PEO

chains on the change in stability with temperature and attempt to correlate

rheological and dynamic light scattering data.  Additionally, we explore the

theoretical basis for the decrease in system stability as solvent quality is decreased.

In this regard, we attempt to reconcile theories on the origin of the temperature-

induced dispersion instabilities by combining them in a logical progression.

5.3 Experimental Methodology

5.3.1 Materials

The aqueous, colloidal polystyrene (PS) particles were synthesized using a

dispersion polymerization process where the stabilizing hydrophilic PEO chains

were grafted to the surface in situ.  This method and the method by which the PEO

chains (MW ca. 2000) were functionalized to allow chemical grafting to the PS

particles are described elsewhere10.  After the synthesis, the particles were rinsed

with filtered (0.02 µm pore size) deionized water through a series of centrifugations

and decantings.  Proper weight fractions of the dispersions for subsequent testing

were obtained by diluting the samples with filtered deionized water.

Three dispersions were synthesized, differing only in PEO graft density.  In

the dispersion syntheses, one of the reaction mixtures contained 6% PEO by

weight, relative to styrene, another contained 12%, and the third contained 24%.

(The amount of PEO added during the dispersion synthesis can be correlated

directly to the PEO graft density10.)  Particle diameters were in the range of 250 to

300 nm and were relatively monodisperse.
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5.3.2 Rheology

Rheological measurements were performed using a Rheometrics Dynamic

Stress Rheometer (DSR) with a couette fixture.  The dispersions were diluted with

deionized water to each desired volume fraction of solids (φ).  For each run,

temperature of the samples was held constant using a PolyScience Digital

Temperature Controller circulating water bath, and a solvent trap was used to

prevent evaporation.  After each discrete temperature adjustment, the system was

allowed to equilibrate before measurements were taken.  Steady shear experiments

were performed to determine viscosity (η) as a function of shear rate (γ� ).  Dynamic

rheological measurements were carried out as a function of frequency at stresses

well within the linear viscoelastic region of each dispersion.  The frequency spectra

of the elastic (G') and viscous (G") moduli were used to obtain information on

microstructure of the system1,11,12.

5.3.3 Dynamic Light Scattering

Dynamic light scattering was performed using a Coherent Innova 70-3

argon ion laser of wavelength 514.5 nm.  Brookhaven Instruments supplied both the

PMT 9836 photomultiplier tube and the BI-9000 correlator.  The measurements

were performed in the angular range of 60° to 120°.  The temperature was

controlled by a Lauda temperature bath using circulating water, and the system

temperature was allowed to equilibrate before each measurement was taken.

5.4 Results and Discussion

5.4.1 Temperature-dependent rheology

The frequency spectra of the elastic (G') and viscous (G") moduli for the

dispersions were obtained at a desired particle volume concentration (φ) and

temperature.  Figure 5.1 shows the dependence of G' and G" on frequency (ω) for
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dispersion L-12 of intermediate graft density at two temperatures, 25°C and 60°C,

and at φ=0.10.  At 25°C, G" is greater in magnitude than G', and both moduli are

frequency-dependent with G' and G" having approximate slopes of 2 and 1,

respectively.  These characteristics are indicative of a dispersion in the sol state.  At

60°C, on the other hand, we find G' to be greater in magnitude than G" and both are

relatively independent of frequency, indicating a gel-like material with a sample-

spanning network.  Clearly then, the dispersion has undergone a transition in its

microstructure from a solution to a gel upon being heated.  To confirm the singular

location of this sol-gel transition, we systematically monitored the rheological

behavior of the sample for a series of temperatures between 25°C and 70°C.  Figure

5.2 is a plot of the elastic modulus as a function of frequency for L-12 (a) of

intermediate graft density and L-24 (b) with the highest graft density.  Each of the

systems exhibits stable, non-interacting behavior at low temperatures (25°C), as is

indicated by the strong dependence of G' on frequency3.  In fact, in the low-

temperature regime of each dispersion G' ∝ ω2, as is typical for a material in the sol

state13.  (A slope of +2 is included on each plot for reference.)  For both samples,

however, there is a sharp sol-gel transition within a narrow temperature range,

indicated by the shift from a frequency-dependent to a frequency-independent G'

profile.  While earlier studies have mentioned the presence of a "flocculation"

temperature, no clear evidence existed previously for the presence of a gelled

material at high temperature14-17.  Figure 5.2 also reveals that the sol-gel transition

occurs at a lower temperature (between 45°C and 50°C) for L-12 than for L-24

(between 55°C and 60°C), i.e., lower graft density leads to an earlier transition.

We also utilitized steady shear rheometry in determining the location of the

sol-gel transition.  In steady shear testing, a stable or non-interacting dispersion

displays Newtonian behavior, i.e., steady shear viscosity is independent of shear

rate18.  An unstable, flocculated system exhibits shear-thinning behavior and the
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absence of a zero-shear plateau3.  The temperature at which the steady shear profile

changes from Newtonian to shear-thinning is indicative of the sol-gel transition

temperature16.  Figure 5.3 shows steady shear viscosity (η) as a function of shear

rate (γ� ) for sample L-12 for temperatures ranging from 25°C to 60°C.  For L-12

the steady shear profile changes between 45°C and 50°C and for L-24, the

transition occurs between 55°C and 60°C (data not shown for L-24).  For both

samples, the Newtonian to shear-thinning transition occurs in the same temperature

range as the frequency-dependent to frequency-independent transition found

through dynamic rheometry.  For low temperatures (e.g., below 45°C for L-12 and

below 55°C for L-24), the Newtonian profiles are indicative of a sol state,

equivalent to the frequency-dependent modulus regime in the dynamic rheological

profiles of the dispersion.  At high temperatures (e.g., above 50°C for L-12 and

above 60°C for L-24), no Newtonian regime is observed at low shear rates,

indicating a transition from a stable material to a material with structure.  This

behavior becomes more pronounced with increasing temperature, with the η-γ�

curves exhibiting slopes of approximately –1, indicating the presence of a yield

stress.  The sol-gel transition temperatures support the results obtained through

dynamic rheology.

5.4.2 Correlation of rheology with light scattering

Dynamic light scattering (DLS), which provides information on

hydrodynamic radius, was utilized to probe changes in dispersion microstructure as

a function of temperature.  Experiments were conducted at low particle

concentrations (φ=10-5) to measure the average apparent particle diameter (dapp).

Figure 5.4 presents plots of dapp as a function of temperature for both samples L-12

and L-24.  Consistent with the rheological experiments, DLS shows a temperature-

dependent sol-gel transition; for L-12 the transition occurs between 40°C and 50°C
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(Fig. 5.4a), and for L-24 the transition occurs between 55°C and 60°C (Fig. 5.4b).

Also shown in these figures are shaded regions indicating the temperature ranges of

the sol-gel transition from rheological measurements.  For both dispersions, the

transition obtained from DLS begins at lower temperature than what is seen for

rheological results.  A possible explanation for this could be the difference in

particle concentration used for the two methods (φ=0.10 for rheology vs. φ=10-5 for

DLS).  To examine this assertion, we performed rheological experiments to

investigate the effect of dispersion particle concentration on the sol-gel transition

temperature.  Figure 5.5 shows a plot of G' as a function of ω for L-24 at particle

concentrations of 0.03, 0.19, and 0.27.  For each of these particle concentrations,

measurements were taken at temperatures in the range of the sol-gel transition seen

at φ=0.10.  The sol-gel transition temperature for each of these particle

concentrations occurs between 55°C and 60°C, the same temperature range as is

seen for φ=0.10 (Fig. 5.2b).  (The magnitude of G' above the transition temperature

increases as φ increases, due to the increased interparticle interaction of a closer-

packed system, but the temperature of the transition is not affected.)  Our

experiments confirm the findings of other investigators who have concluded that

the effect of particle concentration on the temperature of the sol-gel transition is

insignificant19-22.  Instead, a reason for the disparity between the rheological and

DLS data may be the greater sensitivity of the DLS method to flocculation, i.e.,

fewer flocs are needed to effect an increase in scatter than an increase in elastic

modulus.

The difference in transition temperatures between the dispersion with 12%

grafted PEO (L-12) and the dispersion with 24% grafted PEO (L-24) imply that the

temperature range in which the transition occurs is dependent upon the graft density

of PEO on the PS particle surface.  For L-12, the transition, as measured by

dynamic rheology, occurs between 45°C and 50°C (Fig. 5.2a), while for L-24, the
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transition occurs between 55°C and 60°C (Fig. 5.2b).  In addition, in the

temperature regime where the dispersions exhibit gel-like behavior, the magnitude

of G' of L-12 is higher than that of L-24, due to the less effective stabilization

provided by the lower graft density of L-123.  DLS data also shows that the

transition temperature range is dependent upon PEO graft density.  At higher graft

densities, the transition occurs at a higher temperature.  Note that the increase in

dapp is only 40%, rather than >100% which might be expected for flocs formed

from multiple particles, because this measurement is an average and not all

particles must flocculate to effect a significant increase in scatter23.  Effects of graft

density are discussed further in a later section.

5.4.3 Gel point analysis

Using an extension of the Winter-Chambon criterion, we attempted to

determine the exact temperature of the sol-gel transition.  The Winter-Chambon

criterion employs dynamic rheological properties to determine the gel point (e.g.,

gel time) of a material24-26.  In this method, the elastic and viscous moduli are

measured as a function of frequency and the loss tangent (tan δ) is calculated (tan

δ=G"/G').  At the gel point, the frequency dependence of G' and G" follows a

power law with a common exponent; thus, tan δ is independent of frequency.

Consequently, plots of tan δ as a function of the parameter of interest (e.g.,

temperature) for various frequencies should intersect at a single point

corresponding to the gel point.  Although the Winter-Chambon method is

traditionally used for chemically crosslinkable systems24-29, it has been used for

physically interacting systems as well30-32.  For crosslinkable systems, the gel point

of interest is typically the time of gelation; however, for our physically interacting

systems we are interested in the gelation temperature.  Therefore, the resulting point

of intersection of the tan δ vs. frequency plots is the temperature of the sol-gel
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transition30,32,33.  Figure 5.6 shows plots of tan δ as a function of temperature for

several frequencies for both samples, L-12 and L-24.  We find the constant

frequency lines for both samples to have common points of intersection on these

plots, implying that the systems follow the Winter-Chambon criterion.  The

adherence to the Winter-Chambon criterion, in conjunction with the frequency-

independent elastic modulus, implies that these dispersions form sample-spanning

networks above the gel temperature30.  For L-12, the gelation temperature is 49°C

(Fig. 5.6a), whereas for L-24, it is 57°C (Fig. 5.6b).

5.4.4 Thermoreversibility of gelation

We have investigated the reversibility of the temperature effect using both

rheology and light scattering.  Figure 5.7 shows dapp of L-12 as temperature is

increased from 25°C to beyond the point of flocculation between 40°C and 50°C

and then reduced back to 25°C.  As the sample undergoes the sol-gel transition, dapp

increases significantly and then decreases to its original value upon cooling.  This

phenomenon is also observed visually when a vial of dilute (φ<0.01) L-12 is heated

to 50°C in a water bath and then allowed to cool.  At ambient temperature, the

contents of the vial appear clear and colorless.  Coagulation is observed as

temperature is increased to 50°C, and the vial becomes cloudy.  As temperature is

reduced to ambient temperature the vial again becomes clear, even without stirring.

Reversibility is also apparent in the rheological data, which shows a sol-gel

transition as temperature is increased and then a gel-sol transition in the same

temperature range as temperature is decreased.  Figure 5.8 shows G' as a function of

ω for L-24, where the gel-sol transition takes place between 60°C and 55°C, which

is the same temperature range for the sol-gel transition.  Visual observation of

particle redispersion with solvency improvement has been reported by others19,34
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who attribute the reversibility to the shallowness of the minimum of the interaction

energy vs. particle separation curve, which is discussed further in a later section.

5.4.5 Graft density dependence

For the two dispersions studied thus far, both the rheological and DLS

analyses reveal a dependence of the sol-gel transition temperature on PEO graft

density.  In strongly interacting systems, such as PEO in water, the polymer-solvent

interaction parameter (χ) decreases with increasing polymer concentration35.

Applying this to a system with end-tethered PEO chains implies that the solubility

of PEO in water increases as graft density increases36.  It has also been found that

incomplete surface coverage leads to flocculation in dispersion media of better-

than-theta solvency for the PEO chains17.  Both these findings support our sol-gel

transition data, since transition temperature increases with higher graft density,

implying that the PEO chains collapse more readily with temperature at a lower

graft density.  Both theoretical and experimental studies have provided insight into

the physical reason for the dependence of stability on graft density37-41.  These

studies have found that at a high graft density the PEO chains adopt a more

extended conformation because they are restricted in lateral extension parallel to the

particle surface and thus must extend normal to the surface.  Cosgrove et al.42 state

that a more extended stabilizing layer provides better stability, which is in keeping

with the graft density dependence we found, as well as with the onset of instability

caused by a decrease in stabilizing layer thickness.

An interesting extension of the graft density dependence was performed on

a third dispersion.  In this case, we synthesized a PS dispersion with 6% stabilizer

(by weight) using the same dispersion polymerization method as we used for L-12

and L-24.  With the resulting dispersion, L-6, we performed dynamic rheological

and dynamic light scattering measurements.  As is evident by the flat, gel-like

profile in the plot of G' as a function of ω (Fig. 5.9), the low graft density assures
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that this dispersion forms a sample-spanning network even at ambient temperature

and low particle concentration (φ=0.10).  The rheological data seem to indicate that

the system becomes more structured as temperature is increased from 25°C to

60°C, as is exhibited by the increased magnitude of G'.  To assure that particle

concentration does not play any role in the sol-gel transition point for this

dispersion, frequency sweeps were performed at T=25°C at particle concentrations

ranging from φ=0.03 to φ=0.20.  This data, shown in Figure 5.10, illustrates that

this dispersion does not show frequency-dependent, solution-like behavior, even at

extremely dilute concentrations.  DLS measurements on L-6 (φ=10-5) as a function

of temperature (Fig. 5.11) show that dapp is 600 nm at ambient conditions, which

also indicates that the particles are flocculated.  (Actual particle size is of the same

range as L-12 and L-24.  Because of the flocculation seen with DLS, transmission

electron microscope measurements were used in this case to determine the singlet

particle size.)  As the temperature is increased to 40°C and then to 60°C, dapp

continues to increase, indicating that the particles continue to flocculate.  The

flocculated state at low temperature seen with rheology and DLS is due to the

insufficiency of the low graft density PEO layer as a steric barrier to flocculation.

The low surface coverage may allow the PEO chains to extend laterally on the PS

surface and adopt a conformation closer to a random coil, decreasing the extension

normal to the surface and the resulting stabilizing layer thickness.

The fact that the magnitudes of G' and dapp for L-6 continue to increase

significantly with increased temperature is a departure from the behavior seen for

L-12 and L-24.  In those cases, DLS and rheological data do not show substantial

increases in strength or size of the flocs, based on the relative plateaus in G' and

dapp magnitude, respectively.  For L-6, using DLS data as an illustration, at 60°C

dapp is almost 1 micron, implying a significant increase in floc size with

temperature.  It is beyond the scope of this investigation to determine the reason for
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the discrepancy in behavior between systems that are high in stabilizer graft density

and therefore stable at ambient conditions and those that are not.  However, we can

speculate that there is an equilibrium floc size and strength that is related to the

density of PEO chains on the particle surface and that, for very low graft densities,

large flocs can be formed before the point of equilibrium between singlet particles

and particle flocs is reached23.  The concept of an equilibrium state is supported by

our observation of the thermoreversibility of gelation.

5.4.6 Behavior in the gelled state

Through the application of scaling laws, G' of an interacting dispersion can

be expressed as a power law function of φ,

G' = kφn, (5.1)

where k and n are constants for a particular dispersion7.  For each of our three

dispersions, differing only in PEO graft density, plots of G' as a function of particle

concentration are shown in Figure 5.12.  These measurements were taken at 60°C,

thus all three dispersions had undergone the sol-gel transition and were in the

regime where G' is independent of frequency and interparticle interaction is

significant.  The inset table in Figure 5.12 shows the values for the power law

exponent (n).  Theoretical and experimental studies have shown that n is a measure

of the strength and structure of a flocculated system1,2,7,14,43-45.  The power law

exponents for our dispersions fall within the range (2.0-4.0) reported by many

authors for flocculated dispersions46-48, and the fact that the values for these

dispersions are approximately equal implies that, in the gelled state, their

microstructures are similar46.
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5.4.7 Physical interpretation of temperature-induced gelation

The temperature-induced sol-gel transition present in our sterically-

stabilized dispersions involves the change in stabilizing layer thickness as solvent

quality is altered42,49-51.  (Although some researchers34,52 attribute part of the effect

to a modification in the attractive van der Waals force between core particles, the

increase in van der Waals attraction as temperature is increased has been found to

be negligibly small50,53.)  Using methods including Monte Carlo simulations42 and

fluorescent energy transfer experiments49 various studies have shown the collapse

of the steric barrier as solvent quality is worsened.  These studies conclude that

flocculation is caused by a conformation change in the stabilizing chains that

decreases their dimensions and allows the van der Waals attraction of the core

particles to become dominant.  It has been shown using dynamic light scattering

that a single polymer chain in an extended coil conformation in a good solvent

undergoes a discrete, reversible transformation to a collapsed globule state as the

solvent quality worsens54,55.  This coil-to-globule collapse with decreased solvency

has also been seen with polymer chains end-tethered to colloidal

particles19,50,53,56,57.  In addition, absorbance measurements have shown that the

particles undergo a discrete transformation from a dispersed to a flocculated state

over a very small temperature range53, in agreement with our observations.

The temperature-induced conformation change involves an alteration in the

polymer-solvent interaction parameter (χ) as temperature is increased.  Using the

Flory Huggins (F-H) lattice theory of phase separation50, which represents the

colloidal particle and stabilizing chains as one large chain of monomers, the

dispersion can be modeled as a simple mixture of solvent and polymer chains.  The

F-H theory inversely relates the radius of gyration (Rg) of a polymer chain to χ

which can be expressed as a linear function of temperature (T) such that

Rg(T) ∝ 1/χ(T). (5.2)
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The F-H theory relationship can be extended to the relationship between the

stabilizing layer thickness and χ so that

L(T) ∝ 1/χ(T), (5.3)

and the layer thickness (L) must decrease with increasing temperature.  The theory

predicts that, as the temperature is increased, the thickness of the steric barrier

decreases, resulting in a reduction of the short-range steric repulsion while the

longer-ranged van der Waals attraction is unaffected.

As the steric repulsion provided by the stabilizing layer is diminished, the

opposing van der Waals attraction becomes dominant, resulting in a flocculated

dispersion.  The change in stability is manifested in a change in the total free energy

of interaction (∆G) between the particles58.  By expanding the F-H theory to

include inhomogeneous systems of sterically-stabilized dispersed colloidal

particles42,51,59, ∆G as a function of particle separation can be related to χ.  As χ

becomes larger, i.e., the solvent becomes poorer for the polymer chains, the depth

of the attractive free energy well (Gmin) increases,

|Gmin| ∝ χ(T), (5.4)

and the interparticle distance at which ∆G=0 decreases as well, due to the decrease

in thickness of the steric layer.  For two particles coated with end-tethered polymer,

∆G as a function of particle separation changes abruptly from a curve with no

minimum, implying the system is non-interacting, to having a well (Gmin), implying

a attractive interaction51.  The well deepens as temperature increases, indicating a

stronger attraction as solvency decreases.  A good solvent quality condition

corresponds to the ∆G curve without a minimum, and a poor solvent quality

condition correponds to the ∆G curve with the minimum energy well, Gmin.  Thus, a

sterically-stablized system undergoes a transition from stability to flocculation as

the stabilizing layer shrinks, allowing the van der Waals attraction to become

dominant, and causing a well to form in the free energy of interaction vs.
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interparticle separation profile.  We believe that this mechanism occurs in our

dispersions.

Various studies have put forward an explanation for the changes in PEO

chain conformation as solvency is decreased through increase in temperature.

Kjellander and Florin60 theorize (and others have observed through neutron

diffraction61,62) a structural model of PEO in water at ambient conditions in which

there is a clustered shell of two or three water molecules surrounding each ethylene

oxide unit of the PEO chain, due to hydrogen bonding between the PEO chains and

the water molecules and among the water molecules.  The hydration shells form a

lattice structure that encages the PEO, and this favorable structural fit is why PEO

is soluble in water at ambient temperatures whereas others polyethers are not.  As

temperature is increased, thermal motion breaks down the hydrogen-bonded

structure, both in extension and in strength.  Briscoe et al.63 explain the increase in

steady shear viscosity of a PEO solution with increased pressure and salt

concentration using this breakdown of structured water theory.  In their case, the

lattice structure is disrupted by high pressure and the dissolution of ions, rather than

thermal motion, and the resulting steady shear viscosity increase is indicative of a

flocculated system.

5.4.8 Enthalpic and entropic free energy contributions

The previous section has established that there are two interactions involved

in dispersion stability, the van der Waals interparticle attraction and the steric

repulsion.  It is generally accepted that there are two contributions to the steric

component of the free energy of interaction (∆G) of dispersed particles-the mixing

(enthalpic) term (∆GM), and the elastic (entropic) term (∆GE) such that16,53

∆G = ∆GM + ∆GE. (5.5)
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To determine the relative contributions of the entropic and enthalpic effects on the

interaction between the PEO chains and the dispersion medium, we performed a

series of experiments that eliminated the temperature effects on the enthalpic

component.  We substituted a PEO melt (MW ca. 400) for water as the dispersion

medium for the particles and performed frequency sweeps on these modified forms

of L-12 and L-24 at a range of temperatures.  For both L-12 and L-24, within the

experimentally accessible temperature range, no sol-gel transition is seen.  Figure

5.13 is a representative plot showing G' as a function of frequency for temperatures

up to 70°C for L-12 dispersed in the PEO melt at a particle concentration of 0.10.

G' shows significant dependence on frequency, and the slope is approximately 2.

Smitham and Napper64 perform stability studies on PEO-stabilized PS

particles dispersed in a low molecular weight PEO melt.  Visual observation is their

method of determining whether their system is stable or flocculated.  Employing

submicron PS particles stabilized with PEO with a molecular weight of 6000 and

dispersed in PEO with a molecular weight of 600, the authors find no evidence of

flocculation.  They hypothesize that the dispersion would not flocculate even at

elevated temperatures, although they do not provide experimental confirmation.

Instead, they calculate interaction energy curves for their system at elevated

temperatures and demonstrate the lack of a minimum (Gmin) in the curves, which

illustrates the lack of a transition to a flocculated system.

The use of a PEO melt instead of water eliminates the change in the

enthalpic mixing term that would occur between the PEO stabilizer and a water-

based medium as temperature is increased.  Dispersion stability is then dictated by

the entropic effects of conformation change as interparticle separation decreases.

Since it is thought that the entropic term (∆GE) is unimportant at all but the highest

particle concentrations where the stabilizing chains start to overlap and lose

configurational entropy16, a system without the enthalpic contribution to the change

in free energy will show markedly different stability behavior.  While further work
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must be done in this area, our results using the PEO melt which show a lack of a

sol-gel transition with increased temperature support the notion that the change in

the enthalpic mixing contribution produces the temperature-induced change in the

steric repulsion component of the free energy of interaction.  Therefore, our

investigations suggest that dispersion stability is governed by the balance between

the van der Waals attraction and the enthalpic free energy.

5.5 Conclusions

Rheological and dynamic light scattering measurements on aqueous, PEO-

stabilized PS colloidal dispersions have confirmed a thermoreversible transition

from a sol state to a gel state as temperature is increased.  The temperature at which

the transition point occurs increases as the graft density of PEO chains increases.

The transition temperature is independent of the particle concentration but, above

the gelation temperature, the elastic modulus shows a power-law dependence on

particle concentration.  The theoretical explanation for the experimentally observed

sol-gel transition can be explained through a progression of concepts that, when

combined, present a useful picture of the cause of temperature-induced gelation.  At

ambient conditions, PEO chains are miscible in water due to the structural fit

caused by the hydrogen bonds between the PEO and the water (and among the

water molecules).  As temperature is increased, thermal motion disrupts the

structure, changing the polymer-solvent interaction parameter (χ) and causing the

PEO chains to modify their conformation.  They become less extended, which

decreases the overall thickness of the stabilizing layer.  The decrease in layer

thickness allows the van der Waals attraction of the core particles to dominate the

steric repulsion of the stabilizing layer, which causes a minimum well (Gmin) in the

free energy of interaction (∆G) profile to form.  The presence of this well renders

particle flocculation energetically favorable, and an unstable dispersion results.

Dynamic rheological experiments with low molecular weight PEO as the dispersion
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medium suggest that the balance between the van der Waals attraction and the

enthalpic component of the steric contribution to ∆G controls dispersion stability.
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5.7 Figures

Figure 5.1: Elastic (G') and viscous (G") moduli as functions of frequency (ω)
for dispersion L-12 at T=25°C and 60°C.  At 25°C, G" is greater in magnitude than
G' and they have approximate slopes of 1 and 2, respectively, indicating a sol state.
At 60°C, G' is greater in magnitude than G" and both are relatively independent of
frequency, indicating a flocculated state.
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Figure 5.2: Elastic modulus (G') as a function of frequency (ω) for dispersions
L-12 (a) with 12 wt% PEO stabilizer and L-24 (b) with 24 wt% PEO stabilizer.
The modulus undergoes a transition from solution-like (sol) to solid-like (gel)
profile within a narrow range of temperature.  Slopes of 2 are also shown for
reference.  Comparison of (a) and (b) indicates that the transition temperature
increases with increased PEO graft density.
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Figure 5.3: Steady shear viscosity (η) as a function of shear rate (γ� ) for L-12 for
temperatures ranging from 25°C to 60°C.  For temperatures of 45°C and lower, the
dispersion exhibits a stable, Newtonian profile.  At 50°C and above, shear-thinning
behavior can be seen, which indicates a structured material.  The transition from
stability to a structured system occurs between 45°C and 50°C, supporting the
results obtained by dynamic rheological testing.
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Figure 5.4: Average apparent particle diameter (dapp) as a function of
temperature for L-12 (a) and L-24 (b), as measured by dynamic light scattering.
The shaded regions represent the temperature range where the sol-gel transition is
seen in the rheological profiles of the materials.
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Figure 5.5: The elastic modulus (G') as a function of frequency (ω) for L-24 at
particle concentrations (φ) of 0.03, 0.19, and 0.27.  The sol-gel transition
temperature for each of these particle concentrations occurs between 55°C and
60°C, the same range as is seen for a particle concentration of 0.10 (Fig. 5.2b).
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Figure 5.6: The loss tangent (tan δ=G"/G') as a function of temperature (T).  The
crossover point of intersection is the temperature of the sol-gel transition and
confirms the locations of the sol-gel transitions that are seen in Figure 5.1.  For L-
12 (a), the point of intersection places the sol-gel transition at 49°C, and the point
of intersection for L-24 (b) is at 57°C.
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Figure 5.7: Average apparent particle diameter (dapp), as measured by DLS, of
L-12 as temperature is increased from 25°C to beyond the point of gelation between
40°C and 50°C and then is reduced back to 25°C.  As the sample undergoes the sol-
gel transition, dapp increases significantly and then decreases to its original value
upon cooling.
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Figure 5.8: Elastic modulus (G') vs. frequency (ω) for L-24, which shows the
sol-gel transition between 55°C and 60°C as temperature is increased and then a
gel-sol transition in the same temperature range as temperature is decreased.
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Figure 5.9: The elastic modulus (G') as a function of frequency (ω) for a low
graft density dispersion, L-6, with only 6 weight % PEO stabilizer.  The dispersion
is flocculated, as is evidenced by the ω-independent nature of G' even at ambient
temperature and low particle concentration (φ=0.10).
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Figure 5.10: The elastic modulus (G') as a function of frequency (ω) for L-6,
performed at T=25°C at particle concentrations ranging from φ=0.03 to φ=0.20.
This low-graft-density dispersion does not show frequency-dependent, solution-like
behavior, even at extremely dilute concentrations.
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Figure 5.11: The average apparent particle diameter (dapp) of L-6 as a function of
temperature, as measured by DLS at a particle concentration (φ) of 10-5.  At ambient
conditions, dapp is 600 nm, which indicates particle flocculation, since the true
particle size is around 250 nm.  As the temperature is increased to 40°C and then to
60°C, dapp continues to increase, in contrast with results for L-12 and L-24.
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Figure 5.12: Elastic modulus (G') as a function of particle concentration (φ) for
dispersions L-6, L-12, and L-24, which differ only in their PEO graft densities.
Measurements were taken at 60°C (in the flocculated regime of all three
dispersions) where G' is independent of frequency and interparticle interaction is
significant.  The inset table shows the values for the power law exponent (n).
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Figure 5.13: The elastic modulus (G') as a function of frequency (ω) for
temperatures up to 70°C for L-12 dispersed in liquid PEO (MW ca. 400) at a
particle concentration of 0.10.  Within the experimentally-accessible temperature
range, no sol-gel transition is seen.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY

6.1 Conclusions

In this research, we have synthesized PS latex dispersions with a chemically

grafted PEO-based macromer for use in a water-based medium.  Graft density of

the PEO chains on the particle surfaces could be determined a priori through

knowledge of macromer concentration at the start of the dispersion polymerization.

Chemical characterizations indicated that latex particle size could be controlled

through adjustments in macromer concentration and initiator concentration.

Rheological measurements of the latexes showed that, compared with electrostatic

stabilization, using functionalized PEO chains as a barrier to latex particle

flocculation allowed a 50% decrease in water content in the processable viscosity

range for coatings.  In addition, this stabilization method permitted a 200% wider

particle content range, reducing the stringency of on-line water content control

during coating processes.

Steady shear rheology demonstrated that flow behavior of the latex systems

is affected by particle weight fraction, shear rate, and stabilizer graft density and

undergoes a transition from Newtonian to yield stress behavior that depends upon

particle weight fraction.  Thus, stability and flow properties can be tailored to a

particular application by adjusting these parameters.  Dynamic rheology provided a

microstructural profile of each latex.  By observing the frequency spectra of the

dynamic moduli, the degree of colloidal interaction was determined as a function of

particle content and stabilizer concentration.  A transition from a viscous to an

elastic dynamic profile was noted as particle content increased or stabilizer

concentration decreased.  A power law dependence of the elastic modulus on

particle volume fraction was found, which was useful in relating experimental data

to a quantitative measure of interparticle interactions.
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Dynamic rheological and dynamic light scattering measurements on the

PEO-stabilized dispersions confirmed a transition from a stable "sol" state to a

flocculated "gel" state as temperature is increased.  The temperature at which the

transition point occurs increases as PEO graft density increases.  The theoretical

explanation for the experimentally observed "sol-gel" transition was explained

through a progression of concepts, ultimately involving the thermally-induced

disruption of the structured "cage" formation of water around the PEO chains that is

formed due to hydrogen bonding.  The effect of thermal changes on dispersion

stability have important implications in the food, oil, and coatings industries, where

higher than ambient temperatures are often employed during processing.

6.2 Recommendations for Further Study

The emphasis of this work has been on preparing model polystyrene latex

aqueous dispersions with a range of graft densities, particle sizes, and particle

concentrations with which the structure-property-processing relationships and more

fundamental interparticle and particle-dispersion medium behavior could be

characterized.  Future work on this project should have two major goals.  The first

is to progress beyond a model system such that the latex dispersions will be more

suitable for use as commercial coatings.  This will involve significant product and

process development work in areas including the study of film-formation properties

of these systems, the study of effects on stability of additives necessary in real

coatings, and scale-up work toward a large capacity batch process.  Optimization of

film, stability, and processing characteristics will be with the intent of producing

polymer latex systems on an industrial scale that are stable, high in solids content,

and completely free of volatile organic compounds.  The second goal should be

further fundamental study of the complex interactions present in colloidal

dispersions.  Details of the work required to meet these objectives are described in

the following subsections.
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6.2.1 Commercial product and process development

• For the latex to possess suitable film-forming properties, the current polystyrene

particles will have to be modified such that the glass transition temperature for

the particles is less than that of pure polystyrene.  (The glass transition

temperature for amorphous polystyrene is 105°C.)  A 60/40 composition of a

polystyrene-polybutadiene copolymer is often used for coating resins since the

glass transition temperature for polybutadiene is approximately –100°C.

• Our model system consists of only the latex particles and the dispersion

medium.  In a real coating, pigment particles such as carbon black or titanium

dioxide would make up over 10% of the coating formulation1.  The

concentration, size distribution, and shape of these particles affect, among other

things, the stability and processability of the coating2,3.  Also, the requisite

biocides, anti-foaming agents, and corrosion inhibitors, although they are

typically minor ingredients, may affect coating properties2.  The addition of

these components may require modifications to the synthesis protocol.

• Since the current synthesis method is derived for bench scale work, scale-up to

an industrial batch process would be required for commercial feasibility.  First,

an alternative method must be developed for the removal of the n-propanol used

in the dispersion polymerization (possibly a distillation method) or, more

preferably, a modification of the synthesis protocol so less or no alcohol is

required.  Second, since the effectiveness of stirring is of key importance in

determining the latex particle size distribution in a dispersion polymerization4,

agitation method and shape of the batch reactor must be taken into account.

Third, thermal uniformity and control must be achieved; therefore, the reactor

heating method must be carefully designed, taking into account the heat transfer

characteristics of the reactor vessel and reaction mixture.



140

6.2.2 Fundamental understanding

• In our experimental procedure involving the effect of solvent quality on

stability, we chose an increase in temperature as a convenient means to access a

transition from stability to particle flocculation (see Chapter 5).  An interesting

investigation would be to examine the effects of a change in system pressure on

the particle flocculation temperature.  Briscoe et al.4 report that, for an aqueous

solution of PEO chains at ambient temperature, shear stress (at a constant shear

rate) decreases markedly as the system pressure is increased beyond a critical

magnitude.  They attribute the decrease in shear stress to a change in PEO chain

morphology at a critical pressure.  For our particulate system, an increase in

pressure should bring about additional disruption of the highly ordered, cluster

structure of the hydrogen-bonded water around the PEO chains, resulting in a

decrease in particle flocculation temperature.

• The synthesis protocol should be adjusted so that the PEO stabilizer can be

grafted to other types of latex particles, e.g., poly(methyl methacrylate), and the

effects on the particle flocculation behavior can be observed.  This will aid in

the determination of the effects of the core particle interaction on the overall

interparticle interaction.

• For sterically stabilized systems, there is a characteristic profile of the

interparticle potential energy as a function of the distance between two

particles6.  For a system with particles that interact (either because they are

unstable and have flocculated or because the packing fraction is high), the

degree of interparticle interaction can be represented by the depth of the

minimum in that energy curve7.  The depth of the energy "well" has been found

to be dependent upon stabilizing layer thickness and/or particle size7, and the

relationship between the depth of this energy well and experimentally-derived

dynamic rheological data has been investigated for latexes of different particle
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sizes and stabilizing layer thicknesses9-12.  It would be instructive to examine the

effects of particle surface coverage by the PEO stabilizer on the depth of the

interaction energy well, and how this can be correlated with dynamic

rheological data.
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