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Water-soluble associative polymers are widely used in a variety of applications
because of their ability to modulate rheology and material microstructures. This study
focuses on understanding the structure-property relationship for hydrophobically modified
alkali soluble emulsion (HASE) polymers with emphasis on their microstructure and
rheological properties. These polymers have a complex comb-like structure that is a
polyelectrolyte backbone, a copolymer of acrylic or methacrylic acid and alkyl acrylate, with
a few hydrophobic macromonomers randomly grafted to this backbone. The hydrophobic
macromonomer consists of hydrophobic groups that are separated from the polymer chains
by polyethylene oxide (PEO) spacers. Upon neutralization, the polymer backbone adopts a
more extended conformation allowing the hydrophobic groups to associate forming a
transient network structure that enhances the solution rheological properties.

In the first part of this study, we investigate the effect of the polymer composition on
their microstructures and rheological properties. In particular, the effects of the
concentrations of methacrylic acid (MAA) and macromonomers on the solution rheology are
examined. We find that polymers with low MAA content have smaller hydrodynamic size
and weaker network structures compared to larger hydrodynamic size and stronger network
structure for polymers with high MAA content. However, due to chain increased stiffness at
higher MAA and the lower contribution from the aggregation of ethyl-acrylate groups, a

broad maximum in the viscoelastic properties of the polymer solution is observed at about 40



mole% MAA. Moreover, the material functions of polymers with different MAA content
show different concentration dependences.

In the second part of this study, co-solvents of water and propylene glycol (PG) in
different proportions are used to investigate the effect of the solvent quality on the solution
rheology of these polymers. The steady and dynamic properties show the presence of two
regimes with respect to the solvent composition. In “water-rich” solvents, the hydrophobic
association dominates the solution rheology. In contrast, in “PG-rich” solvents, the
hydrophobic association is suppressed due to the lower tendency of the hydrophobes to
aggregate, the smaller coil size of the polymer chains and changes in the PEO spacer
conformations. These two different types of behavior are discussed and confirmed by the
different concentration dependences in each regime.

In the third part of the study, the ability of using diffusing wave spectroscopy (DWS)
to probe the dynamics of HASE polymers is examined. We find that DWS accurately probes
the structural changes induced by the change in the solvent quality or the polymer
concentration. Moreover, comparison with conventional mechanical rheometry data reveals
excellent qualitative agreement between the data obtained from the two techniques.
Quantitatively, however, there is a discrepancy between the data obtained from each
technique. Several reasons for the discrepancy are discussed, including the possibility that the
dynamics at the micro-level could be different from the bulk properties. The scaling of the
creep compliance, high—frequency elastic modulus and relaxation time with polymer
concentration show power-law dependences. The power-law exponents are discussed in light

of theoretical predictions and available experimental data.



An approach to modulate the hydrophobic association is presented in the last part of
the study. The first step in this approach involves the addition of inclusion compound
forming hosts (o- or B- cyclodextrin) to the polymer solution. The encapsulation of the
hydrophobic groups leads to significant reduction in the solution viscosity and viscoelastic
properties The second step requires the addition of surfactants to reactivate the hydrophobic
groups and thus recover the solution rheological properties. We are able to recover the

solution properties using different nonionic surfactants.
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CHAPTER 1

INTRODUCTION & OVERVIEW



Abstract

In this chapter, we introduce the reader to the complex and fascinating world of an
interesting class of water-soluble associative polymers, that of the hydrophobically modified
alkali soluble emulsion (HASE) polymers. These comb-like polymers consist of an alkyl
hydrophobe attached to a hydrophilic backbone. We also motivate the topic of this
dissertation —solution rheology and microstructures of associative polymers. HASE polymers
are currently being used as rheology modifiers in a variety of applications, from coatings to
anti-icing fluids. While many of these applications involve the use of polymers in aqueous
medium, some also require the use of glycols as cosolvent. The efficient use of these
polymers requires both an understanding of their structure-property relationship and the
ability to tailor their rheological behavior. In this regard, we study the effects of the polymer
structure and the use of cosolvent on solution rheology and other properties. We also discuss
a way to tailor the rheological properties through interactions with inclusion compound

forming hosts and surfactants.



1.1 Introduction

Associative polymers have recently drawn considerable interest due to their original
and specific rheological properties that distinguish them from other polymers in terms of
their viscosity enhancement and reversibility of their associative phenomena.
Hydrophobically modified alkali soluble emulsion (HASE) polymers are one class of water-
soluble associative polymers. These polymers have a comb-like structure with pendant
hydrophobic groups randomly grafted to the polyelectrolyte backbone. HASE polymers have
several advantages over other associative polymers in terms of cost and wide formulation
latitude'. They are currently being used as rheology modifiers in a wide range of
applications, including paint formulations, paper coatings, personal and home care products,
UV-photoprotecting and aerated emulsions, fabric softeners, and as glycol based aircraft anti-
icing fluids.

The structure of HASE polymers can be thought of as a hybrid of the conventional
alkali soluble emulsion (ASE) polymers and the hydrophobically modified ethoxylate
urethane (HEUR). HEUR polymers have a simple structure composed of a PEO backbone
capped with one hydrophobic group at each end. The polyelectrolyte backbone of HASE
polymers has the structure of the nonassociative ASE polymers while the hydrophobic
macromonomer has a structure similar to HEUR polymers. In fact, the earlier name of HASE
polymers was HEURASE polymers®. A typical structure of a HASE polymer is shown in
Figure 1.

Similar to surfactants in aqueous media, these polymers are capable of non-specific

hydrophobic interactions’. These hydrophobic interactions include inter- and intra-molecular



associations, giving rise to network structures assuming the concentration is sufficient, and a
range of rheological behaviors. A schematic drawing for possible hydrophobic interactions
are shown in Figure 2. Due to their complex structure, the rheological properties of this
polymer system are expected to be very sensitive to both structural and environmental
parameters. Examples of the structural parameters include the polymer molecular weight and
molecular weight distribution, the polymer backbone composition, PEO spacer length, and
the type and concentration of the hydrophobic groups. On the other hand, polymer
concentration, temperature, medium pH and ionic strength, and the solvent quality are
examples of the environmental parameters.

Although the associative nature of HASE polymers, which makes them attractive
from a rheological standpoint, is the result of the hydrophobic interactions, the ability to
control these interactions is often an advantageous feature. In this regard, the ability to
deactivate and reactivate the hydrophobic groups is always desirable. Two reasons for the
removal of hydrophobic interactions are ease of handling during solution preparation and
prior to the end use stage, and, extraction of useful information from characterization of these
polymers using techniques such as light scattering and gel permeation chromatography
(GPC). In the latter case, the presence of hydrophobic association makes extraction of
information from these techniques complicated and less accurate.

The dynamics of HASE polymers and their viscoelastic characteristics are in general
usually characterized using traditional mechanical rheometery. Nevertheless, the information
gained from rheological measurements is of macroscopic nature and one has to guess their

structure at the micro-level. The use of light scattering is one approach to extract information



about the dynamics of such systems at the micro-level. However, traditional dynamic light
scattering techniques limit the range of the polymer concentrations to very dilute
concentration due to the limiting condition of single scattering. A recent light scattering
technique known as diffusing wave spectroscopy (DWS), however, extends the concentration
range by working at the multiple scattering limit*. This technique has advantages over both
conventional rheometry and traditional dynamic light scattering in terms of the time scale,
the strain applied on the material and the amount of the sample required. This technique has
been used quite extensively to study the dynamics of simple polymeric and bio systems such
as polyethylene oxide (PEO) and actin filaments. In spite of the success of this technique to
study the dynamics of simple polymeric systems, its validity and the range of frequency over
which it can apply for systems where local inhomogeneity is expected to be present are still
debatable issues. In this research we test the applicability of this technique to a complex
associative system. Direct comparison between the results obtained using the DWS technique

with those from traditional mechanical rheometry would help in resolving this debate.

1.2 Projects Goals
The overarching objective of this research is to gain a fundamental understanding of
the structure-property relationship of a complex class of associative polymers, namely HASE
polymers, and develop an approach to modulate the rheological properties of these polymers.
In particular, this research has the following specific goals:
1. Investigate the effects of polymer structure on the association behavior and solution
rheology

The chemical composition and polymer architecture can have a profound influence on



the behavior of associative polymers. These architectural parameters include the (a) structure
of the backbone that dictates the water solubility and flexibility of the polymer chain, (b)
structure of the macromonomer including the type of hydrophobic groups and the length of
polyethylene oxide spacer, and (c) concentration of the hydrophobic macromonomer. In our
study, we specifically investigate the effects of the polymer backbone composition and the
concentration of the macromonomer on the microstructure and rheology of the polymer
solution. Based on the structure of the polymer used in this study, the polymer backbone is a
copolymer of a water-soluble monomer, methyl metha-acrylic acid (MAA), and a water
insoluble monomer, ethyl acrylate (EA). The concentration of each monomer will affect the
polymer solubility and stability as well as the accessibility of the hydrophobic groups. We
investigate the effect of MAA/EA ratio on the solution properties. We also examine the
effects of the macromonomer concentration on the solution properties and the associative
nature of these polymers. By comparing the behavior of these sets of samples we investigate
the effect of the concentration of the hydrophobic macromonomer on the solution properties.
2. Understand the effects of solvent quality on hydrophobic interactions and solution
rheology

The continuous phase in which the associative polymer is solvated plays a major role
in the association behavior of these polymers. In this regard, the effects of the medium pH
and ionic strength on the association mechanism of HASE polymers have been the focus of a
number of previous studies”. However, almost all these studies were carried out in aqueous
media and the effects of solvent quality or non-aqueous co-solvents on the solution behavior

have been overlooked. This becomes particularly important in deciphering the modes of



hydrophobic associations and developing new applications involving non-aqueous media,
such as anti-icing fluids. We study the effect of solvent quality on the hydrophobic
interactions and rheology of HASE polymers by using cosolvents of water and propylene
glycol in different proportions. In this regard, the solvent solubility parameter is used to
quantify the solvent quality.
3. Examine the applicability of the diffusing wave spectroscopy (DWS) technique to
associative polymers

The goal of this part of the study is to test the validity of a new light scattering
technique, known as diffusing wave spectroscopy (DWS), in extracting the rheological
properties of HASE polymers. DWS provides information about the properties of viscoelastic
media by tracking the motion of microspheres embedded in this medium. It has been recently
used extensively to extract the mechanical properties of polyethylene oxide and F-actin
filaments. However, the ability of DWS to extract the viscoelastic properties of more
complex systems has not been proven. We choose to test the validity of DWS because it has
advantages over both conventional light scattering and mechanical rheometry. For example,
it provides information over a very wide range of frequency, including very high frequencies
that are not accessible with conventional mechanical rheometry. In addition, the viscoelastic
properties of the material are extracted without disrupting the material as the strain applied to
the material is of the order kgT.
4. Develop approaches to modulate hydrophobic association

Our main focus during this portion of the research work is to uncover a method to

modulate the hydrophobic interactions. The hydrophobic interactions can be removed by



deactivating the hydrophobic groups. One way to achieve that is to encapsulate the
hydrophobic groups using inclusion compound forming hosts, such as cyclodextrins, which
are cyclic oligoaccharides consisting of 6, 7, or 8 glucose units corresponding to a, 3, and y-
CD joined by a-1,4-glycosidic linkages. Two scenarios for reactivation of the hydrophobic
groups are considered. In the first scenario, the addition of a suitable surfactant would be
expected to shift the equilibrium between the hydrophobic groups and the cyclodextrin away
from complexation, thereby reactivating these groups. In the second scenario, the
cyclodextrin is enzymatically degraded and the hydrophobic groups are re-exposed and

reactivated.

1.3 Thesis Overview

At this point, we provide a brief summary of the contents of the following chapters.
In Chapter 2, we provide a detailed literature review about the rheology of HASE associative
polymers. Chapter 3 presents a summary of the experimental techniques utilized through the
course of this research. Chapter 4 focuses on the effect of the polymer
composition/architecture on the microstructure and rheology of their polymer solution.
Chapter 5 provides a detailed rheological study of the effect of the solvent quality on the
hydrophobic interactions and the behavior of the polymer solutions. Chapter 6 presents
another approach to study the effect of the solvent quality and the polymer concentration on
the microstructure and solution rheology of HASE polymers using a tracer microrheology
technique, diffusing wave spectroscopy. This chapter also presents a direct comparison

between rheological data obtained from the tracer microrheology measurement and those



obtained using tradition mechanical rheometery. Chapter 7 provides an approach to tailor the

rheological properties of the polymer solution by deactivation/reactivation of the
hydrophobic groups. Encapsulation of the hydrophobic groups by forming inclusion
compounds using cyclodextrins hosts deactivates the hydrophobic groups while addition of
nonionic surfactants or possibly enzymatic degradation of cyclodextrins, can reversibly
activate these groups. This approach provides ease of handling of concentrated solution and
provides a way to decouple the hydrophobic interactions from the polymer backbone effects.
Finally, research conclusions and our recommendations for future research are presented in

Chapter 8.
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Figure 1. Schematic representative of a typical HASE polymer together with its molecular
constitution of the HASE polymers used in this study. R refers to the hydrophobic
groups. X, y, z, p are structural parameters.
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Figure 2: Schematic representation of possible hydrophobic interaction modes
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CHAPTER 2

BACKGROUND AN D LITERATURE REVIEW



Abstract

In this chapter, we provide the reader background information on the hydrophobically
modified alkali soluble emulsion (HASE) associative polymers. Although these polymers are
currently used in a variety of applications, there is a scarcity of scientific research that allows
for a complete understanding of their fundamental structure-property relationships. We
summarize the findings of previous research that deal with the structure of HASE polymers

and the factors that affect their solution microstructures and solution rheology.
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2.1 Introduction

Associative polymers are macromolecules with attractive groups that form an
interesting class of polymeric systems with numerous applications. These applications
include rheology modifiers, adhesives, adsorbents, coatings, surfactants and stabilizers for
heterogonous polymerization, cosmetics, paper coatings, enhanced oil recovery, flocculants
for waste-water treatment, biomedical implants, suspending agents for pharmaceutical
delivery systems, and in aircraft anti-icing fluids. The association of their attractive groups
leads to formation of physical bonds. The structures formed by these polymers in solutions
depend on many factors including polymer concentration, number of attractive groups per
chain and the strength of the physical bond. This class of polymers includes charged
polymers, block copolymers in strongly selective solvents, and polymers with hydrogen
bonding" %

Block copolymers consist of either block(s) of one type of homopolymer attached
sequentially to block(s) of another type or grafted onto the main chain of a different
polymer’. Examples of block copolymers in selective solvents are amphiphilic copolymers,
such as poly(ethylene-oxides) poly(propylene-oxides) poly(ethylene oxide) (PEO-PPO-PEO)
copolymers, and hydrophobically modified polymers. Poly(acryloylglycinamide) co-
poly(acrylic acid)* and blends of poly(4-vinylphenol) with poly(Bu acrylate), poly(Bu
methacrylate), or poly(vinyl Bu ether)>® are examples for the hydrogen bonding polymers
Our interest in this research, however, lies with polymers with attached hydrobphobes that

form associations in aqueous solvents.
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2.2 Hydrophobically Modified Polymers

Hydrophobically modified associative polymers are synthetically derived, water
soluble polymers that contain a small numbers of hydrophobic groups’. These hydrophobic
groups aggregate in order to minimize their exposure to water, in a fashion analogous to
surfactants, above the critical micelle concentration. Several hydrophobically modified
polymers are currently available commercially and utilized in a wide range of applications, as
rheology modifiers. Examples of those polymers are: hydrohpobically modified
(hydroxyethyl) cellulose® °, hydrophobically modified ethoxylate urethane (HEUR)'*'2,
hydrophobically modified polyacrylamide (HMAM)"'*, and hydrophobically modified
alkali soluble emulsion (HASE) polymers.

These hydrophobically modified polymers have either a telechelic structure in which the
chains are end-capped with the hydrophobic groups, or more complicated comb-like
structures in which the hydrophobic groups are randomly grafted to the polymer backbone.
HEUR polymers are one example of the telechelic polymers and HASE polymers are an
example of the polymers with comb-like structures. HEUR polymer structure can be
described as a polyethylene oxide backbone end capped with hydrophobic groups. On the

other hand, HASE polymers have more complex structures. The ionic charges on the

polymer backbone add more complexity to the structure.

2.3 Applications of HASE Polymers
HASE polymers have several advantages over other associative polymers in terms of
cost and wide formulation latitude'*. Compared to other hydrophobically modified polymers,

HASE polymers have a unique ability to dramatically modify the solution properties.
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In particular, a few percent of the polymer can increase the solution zero-shear viscosity up
to several decades. On the other hand and due to their shear thinning property, the high shear
rate viscosity is very low. A viscosity profile with a large zero-shear viscosity and a low
high-shear viscosity is ideal for many applications. The superior rheological properties of
HASE polymers make them attractive candidates as rheology modifiers in a multitude of

15-17

applications, including paint formulations'>™'”, paper coatings'®, personal and home care

25, 26

products'®*?, UV-photprotecting and aerated emulsions® **, fabric softeners and as

glycol based aircraft anti-icing fluids*">".

2.4 Structure of HASE Polymers

The structure of HASE polymers can be thought of as a hybrid of the conventional
alkali-soluble emulsion polymers (ASE), a polyelectrolyte backbone composed of a
copolymer of one hydrophilic and one hydrophobic monomer, and low molecular weight
HEUR polymer attached to such a backbone. Therefore, HASE polymers provide the
performance of the HEUR systems and the pH sensitivity of ASE. However, the
microstructure and rheological properties of these polymers are more complex and yet have
to be fully understood.

Figure 1 represents the chemical structure of a typical HASE polymer. The polymer
backbone has a polyelectrolyte nature and is composed of a copolymer of methacrylic acid,
the water soluble segments of the backbone, and ethylacrylate, as the somewhat water
insoluble segments. The acid monomer provides the solubility of the polymer and the slightly

water insoluble monomer enhances the thickening performance and promotes adsorption of
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the polymer to a hydrophobic latex, which is part of the solution formulation in many
applications. The polymer is hydrophobically modified by randomly grafting a small number
of hydrophobic macromonomers to the polymer backbone. The hydrophobic macromonomer
is composed of hydrophobic groups, Cs-Csg alkyl or alkyl aryl. These groups are separated
from the polymer backbone by a polyethylene oxide (PEO) spacer, with 5-40 moles of
ethoxylation. The macromonomer is usually attached to the polymer backbone via a urethane

linkage.

2.5 Thickening Mechanisms of HASE Polymers

As discussed in the previous sections, HASE polymers are considered to be chemical
hybrids of ASE and HEUR polymers of intermediate molecular weight. Because of their
hybrid structure, HASE polymers enhance the solution properties via several thickening
mechanisms. The main contribution comes from the hydrophobic interaction between either
hydrophobic groups that are attached to the same polymer chain (intra-molecular association)
or hydrophobic groups that are attached to different polymer chains (inter-molecular
association). A moderate degree of hydrodynamic thickening is contributed by the relatively
long polymer backbone. The hydrodynamic volume expansion is accentuated by their
electrostatic repulsion of the carboxylic anions along the backbone upon the neutralization
with a base at pH above 6. Below this pH, the polymer is assumed to have a compact
conformation and show no thickening behavior. Theoretically, some hydrogen bonding
between the PEO ether oxygen and the carboxylic groups of the backbone may also occur.
The bulky backbone ethyl acrylate groups may also aggregate due to their hydrophobic

nature. Among these different mechanisms, the hydrophobic association has been
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established to be the dominant thickening mechanism for these polymers.

2.6 Structural and Environmental Factors Affecting the Rheology of HASE Polymers

With the complex architecture of HASE polymers, the association behavior of these
polymers would be expected to be quite diverse and dependent on many factors such as, the
structure of the backbone that dictates their water solubility and flexibility, the structure and
concentration of the macromonomer, which include the type of the hydrophobic groups and
the length of their polyethylene oxide spacers. The continuous phase in which the HASE
polymer is solvated also plays a major role in the association behavior of these polymers. In
this regard, the effects of the medium pH and ionic strength on the association mechanism of
HASE polymers have been the focus of a number of studies'> >

In the next few section, we summarize the findings of the research work that deals
with the factors that affect the microstructure and rheology of aqueous solution of HASE
polymers. These factors include the solution pH and ionic strength, the hydrophobe size and

the PEO spacer length. Other factors such as the composition of the backbone and the solvent

quality are part of the current research and will be summarized in their relevant chapters.

2.6.1. Effect of the Solution pH

Due to the polyelectrolyte nature of the HASE polymer’s backbone, the polymer
microstructure and solution rheology is highly dependent on the pH. Therefore, the effects of
solution pH on the behavior of HASE polymer have been studied using probe fluorescence,
dynamic light scattering and potentimetric titration >>>. The collective findings of these

results can be summarized in the next paragraph.
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The HASE polymers are usually prepared and supplied as an insoluble latex at low
pH (~3); the hydrodynamic radius (Ry) of these polymer latexes is of the order of 75 nm.
These latexes have water-like viscosity. The addition of a base ionizes the COOH backbone
groups, the backbone extends, and the polymer swell to a larger size (Ry ~ 225 nm) due to
the repulsion between the negative charges on the backbone. At a pH around 6.5, the polymer
starts to dissolve and the solution viscosity increases rapidly. At this point both inter- and
intra-molecular associations are possible and the polymer forms aggregates in a manner
similar to the micellization of a surfactant. With further addition of base, the particles
dissociate into several smaller clusters, Ry ~ 100 nm, and the solution viscosity continues to
increase. As the solution reaches a pH ~7.5, the polymer is completely neutralized and the
solution viscosity remains constant at a maximum level. Figure 2 summarizes the effect of
the solution pH on the polymer microstructure, solution viscosity, and the polymer

hydrodynamic size.

2.6.2 Effect of the Solution Ionic strength

The neutralization of the polymer solution at high pH expands and solubilizes the
polymer chains due to the repulsion of the negative charges distributed along the backbone.
In the extended conformation, the hydrophobic groups associate to form both inter- and intra-
molecular association. This association makes the polymer backbone stiff. The addition of a
salt would shield the electrostatic charges and reduce the stiffness of the backbone and
transform some of the inter-molecular associations to intra-molecular association. Tan et.
al.* report that increasing the salt (NaCl) concentration reduces the shear viscosity; however,

the shear-induced structure becomes more pronounced with an increase of the salt
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concentration up to a specific level. The appearance of the shear-induced structure is also
shifted to higher shear rates (Figure 3). At large salt concentrations (>0.6 M), the polymer
backbone collapses due to the shielding of the electrostatic charges and the disruption of the
hydrophobic interaction; thus, both viscosity and the degree of the shear-induced structure

are reduced.

2.6.3 Effect of the Size of Hydrophobic Groups

The effect of the hydrophobic group type and size has been the focus of several
publications. Tirtaatmadja ef al. used alkyl hydrophobes with varied size, Ci2, C16 and Cag>>.
They reported an increase in the hydrophobic association strength with the increase of the
hydrophobe size. Both the association number, the number of hydrophobes that form a
network junction, and the junction density were increased with the hydrophobe size. In
another study’’ in which the hydrophobe size was increased from C; —to- Cao, dynamic light
scattering data also showed an increase in the association number. These findings were also
confirmed using pulsed-gradient spin-echo (PGSE) nuclear magnetic resonance (NMR)
measurements’". Extensional flow measurements also revealed similar findings; the network
strength was proportional to the hydrophobe length®”. The hydrophobe length has an impact
on the network strength, not only through association number or density, but also through the
difference in the molecular associations. Shorter hydrophobes will tend to form intra-

molecular association rather than inter-molecular association.

2.6.4 Effect of the PEO Spacer Length

The viscoelastic properties of HASE polymer are highly dependent on the

21



chemical structures of the hydrophobic macromonomer. The spacer length that extends the
hydrophobic moiety from the polymer backbone dictates the accessibility of the hydrophobic
group. Dai, et al used dynamic light scattering to examine the effect of the PEO spacer length
on the microstructure of dilute HASE polymer solutions’’. They found that increasing the
PEO length results in a decrease in the hydrophobicity of the macromonomer. Thus, the
number of junctions will decrease, but the aggregation number will increase. This conclusion
is supported by the results of another study from the same group™. In this latter study,
increasing the length of PEO spacer was associated with an increase of the activation energy,
extracted from the temperature dependence of the viscosity based on the Arrhenius equation.
This implies that with longer PEO spacers, the network structure becomes stronger which
may be attributed to the increase of the aggregation number as suggested by Dai’s study. The
microstructures of the HASE polymer with shorter and longer PEO spacer as described by

those studies are shown in Figure 4.

2.7 Cyclodextrin

Cyclodextrins are seminatural products that are produced enzymatically from a
renewable natural material, starch. They are torus-like macrorings that are cyclic
oligosaccharides consisting of 6, 7, or 8 glucose units (corresponding to a, B, and y-CD)
joined by a-1,4-glycosidic linkages. The structure and dimension of different cyclodextrins is
shown in Figure 5. Their torus-like structure enables them to include a variety of substances
in their annular gap in different arrangements. Through their inclusion complex forming

ability, the properties of the complexed substances can be modified significantly*”
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Cyclodextrins have shown superior tendencies to interact with the hydrophobic
segments of different hydrophobically modified water soluble associative polymers,

including: hydrophobically end capped polyethylene oxide*'

, poly(ethylene glycol)s
(PEGs) bearing hydrophobic ends (naphtyl and phenyladamantyl)”’, N,N-
dimethylacrylamide-hydroxyethyl methacrylate copolymer hydrophobically modified with
adamantyl groups™", hydrophobically modified ethyl(hydroxy ethyl) cellulose’,
hydrophobically modified, degradable, poly(malic acid)’”, isobutene maleate polymer with

pendant hydrophobic  4-tert-butylanilide™”*, hydrophobically modified ethoxylated

urethanes®®, hydrophobically modified alkali soluble emulsion polymers’®’, and
hydrophobically modified Dextran®®. Cyclodextrins has also been reported to form inclusion
compounds with many nonionic surfactants™ . The interaction between cyclodextrins and
the hydrophobically modified polymers usually leads to the deactivation of the hydrophobic
nature of these polymers.

I° used methylated B-cyclodextrin (m-BCD) to encapsulate the

Gupta et a
hydrophobic moiety of HASE polymers. The addition of up to 3% m-BCD to polymer with
short hydrophobes, C;-Cs showed no change in the solution viscosity. On the other hand, a
reduction in the solution viscosity was observed when longer hydrophobes, C12-C20, were
used. However, no details about possible stochiometric ratio for the interaction between the
polymer and m-BCD were given. In another study’’, Islam et al also used m-BCD to
deactivate the hydrophobic moiety of dilute HASE solution. Due to light scattering

measurements the polymer concentration used in the study was limited to very dilute

concentrations, ~5x10* g/ml. The amount of m-BCD required to completely remove the
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hydrophobic association was about 1500 moles/ hydrophobes.

In spite of the successful use of cyclodextrins in the deactivation of the hydrophobic
groups of HASE polymers, detailed studies on the mechanism of deactivation and its effect
on the solution rheology is needed. Other techniques are also needed to understand the nature
of the interaction at the molecular level. Some of these techniques are nuclear magnetic
resonance (NMR), differential scanning calorimetry (DSC) and thermal gravimetric analysis.
(TGA). Moreover, no approach has been presented for the reversible recovery of the activity
of hydrophobic groups. These issues are part of this current study and will be fully addressed

in Chapter 7.
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Figure 1. Molecular structure of a hydrophobically modified associative polymer. The
structure shown is for a hydrophobically modified alkali-soluble emulsion
(HASE) polymer
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Figure 2. Effect of solution pH on the network structures, radius of gyration and
viscosity of HASE polymer solution
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CHAPTER 3

EXPERIMENTAL TECHNIQUES



Abstract
Many experimental techniques can be used to characterize the structure and
rheological properties of hydrophobically modified associative polymers. This chapter
summarizes the theoretical principles behind the techniques that are utilized during the
course of this study. These techniques include rheology, diffusing wave spectroscopy
(DWS), nuclear magnetic resonance (NMR), differential scanning calorimetry (DSC), and

thermal gravimetric analysis (TGA).
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3. 1 Rheological Characterization:

Rheology is defined as the science that deals with the deformation of materials as a
result of an applied stress'. It is a powerful tool that is capable of characterizing the
properties and microstructure of many polymeric and non-polymeric systems. Rheology
provides information that is important in designing and optimizing material properties>. In
the next few sections, we give a brief summary to different rheological techniques that have

been used in this study.

3.1. 1 Dilute Solution Measurement
The rheology of dilute solution is one of the widely used techniques for
characterizing polymers®. In dilute solution experiments, the viscosity of very dilute solutions

is measured and the intrinsic viscosity, [n], is determined by extrapolating to zero

concentration. The mathematical definition of [n] is:

c—>0

[77]=1im[77_77"j (1)
n c

where 1 is the viscosity of solution of concentration ¢ and 1, is the viscosity of the solvent.
Dilute solution experiments also gives information about the polymer dimension, the
polymer-solvent interactions and the crossover concentration (c*). c* is defined as the
concentration at which the polymer coils begin to overlap and span the entire solution
volume, and is usually taken as the reciprocal of [n].

In our study, the viscosities of the solvent and dilute polymer solutions wer measured
with Ubbelhode dilution viscometers situated in a thermostated water bath at 25°C. The
efflux times of the polymer solutions were converted to reduced and inherent
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viscosities. Using the familiar Huggins and Kraemer equations, the intrinsic viscosity was
obtained by plotting the resulting reduced and inherent viscosities against concentration and

extrapolating to zero concentration'.

3. 1. 2. Steady-State or Simple Shear Flow
In a steady shear experiment, a steady shear stress is applied on the sample and the
resultant shear rate is measured. The apparent viscosity is defined as the ratio of the shear

stress to the shear and reported as a function of the shear rate (or shear stress):

nG)=— 2)
V4

According to the behavior of 1 as function of y, the fluid can be classified as Newtonian
(constant viscosity), pseudoplastic/shear thinning (viscosity decreases with shear rate), or

dilatants/shear thickening (viscosity increases with shear rate). The different material

responses are shown in Figure 1.

3. 1. 3. Dynamic or Small Amplitude Oscillatory Shear Flow
The dynamic rheological technique is a useful tool in probing microstructures of
materials without disrupting these structures. In dynamic (oscillatory) shear flow, a
sinusoidally varying strain of amplitude v, is applied to the sample:
Y=Yo sin(wt) 3)
where o is the frequency of oscillation. The dynamic experiment is usually carried out using
very small strain amplitude and the sample is said to be within the linear viscoelastic (LVE)

region. In the LVE region the sample response is independent of the applied strain amplitude
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and the stress generated due to the sinusoidal shear will again be sinusoidal:

T=T, sin(®t+J) “4)
Here, 0 is the phase angle. For elastic solids both stress and strain will be in phase (6=0°)
while for Newtonian fluids, the stress and strain will be completely out of phase (6=90°).
Correspondingly, viscoelastic materials exhibit a phase angle between 0 and 90°. Using
trigonometric identities, the stress wave can be decomposed into an in-phase and out-of-
phase component.

T=T, co0s(d)sin (wt)+ T, sin(d)cos (mt) &)
The in-phase component corresponds to the ability of the material to elastically store energy
and the out-of-phase component corresponds to its ability to dissipate energy. Moreover, the
shear storage (elastic) modulus (G’) and the shear loss (viscous) modulus (G”) is defined as
the ratio of the corresponding stress component to the strain amplitude, as follows:

G=r1, cos(0)/vo (6)

G =1, sin(8)/yo (7)
The complex viscosity (n*) can be defined as the ratio of the complex modulus

(G*=(G*+G")") to the frequency of deformation:

oG]
w w w

The frequency dependence of G’ and G”, the dynamic mechanical spectrum, provides the

most important information about the microstructure of a material. For example, gels exhibit
G’ that is larger than G” with both moduli independent of frequency. Polymer melts show G’

and G” at low frequencies that are dependent on ®” and o, respectively. For viscoelastic
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materials, the overlap frequency (the frequency at which G’ and G’ curves intersect) gives
information about the relaxation time of the system. The plateau modulus, the value of G’ at
high frequency, gives information about the strength of the structures formed in the material.
Typical dynamic spectra for gels and common polymer solution or melts are shown in

Figure 2.

3. 1. 1. Transient Shear Flow

In our study, we consider only one type of transient shear flow experiments, the creep
recovery experiment. In a creep experiment, the material that is initially at rest is subjected to
a sudden constant stress and the deformation is measured as a function of time'. The creep
experiment is composed of creep step(s) followed by a recovery step where the applied stress
is removed. The behavior of elastic, viscoelastic and Newtonian materials during a creep and
creep recovery experiment is shown in Figure 3. The creep compliance, J(t) is often used to
describe the deformation during a creep experiment and is defined as the ratio between the

strain and the constant stress; it has dimensions of reciprocal modulus®.

The steady, dynamic and transient rheological properties of the polymer solutions
were measured using a stress-controlled rheometer (Rheometrics DSR 1I) fitted with
appropriate cone and plate, parallel plates or couette geometries. The linear viscoelastic
region (LVE) was determined for each sample by running a dynamic sweep experiment. Both
the dynamic frequency sweep and the stress creep experiments were conducted by applying

stresses within the LVE.
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3. 2 Diffusing Wave Spectroscopy

Diffusing Wave Spectroscopy (DWS) is a dynamic light scattering technique that
extends dynamic light scattering to very highly multiple scattering media. DWS is very
similar to conventional dynamic light scattering. Both techniques measure the temporal
fluctuation of the intensity of a single speckle spot of the scattered light. These intensity
fluctuations in turn reflect the dynamics of the scattering medium®. Using DWS, the
viscoelastic properties of complex fluids and polymeric systems can be extracted from the
measurements of the means square displacement of microspheres embedded in the
viscoelastic medium’. The measured electric field autocorrelation function can be related to

the mean square displacement of the scattering particles through4:

K 1 s
g ()= J.P(S)GXP[_EkOZ <Ar2 (t)>l—*} ds 9)
0
where g;(?) is the electric field autocorrelation function, P(s) is the path length distribution

function, k, is the wave vector, (Arz(t)) is the particle mean squared displacement and /* is

the distance over which light becomes completely randomized.
The viscoelastic properties of the media can be extracted using one of two

k,T

approaches. The first approach uses the Stokes-Einstein equation (D = s ) then
zan
generalizes it using the mean field assumption to a frequency dependent form":
~ k,T
Gls) » —F—— (10)
6ras <Ar (S)>

where G(s) is the viscoelastic modulus in the frequency domain, s is the Laplace frequency.
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G(s)can be transformed to the more familiar complex shear modulus, G*(®), using

analytical continuation and the substitution s=1i®. The storage G’(®) and loss G”(®) moduli
are taken as the real and imaginary parts of G*(w)’.

The second approach is simpler and does not require any transformation from the
time to the frequency domain. Instead, it involves direct transformation of the mean square
diaplacement, <Ar’(t)>, to the creep compliance J(t) through the following relation®:

k,T
wa

(A (1)) === (1) (11)

The loss and storage moduli can be calculated using the retardation spectrum

L(t) determined by regularized fit of the creep compliance using a set of impartial basis’:

J(t) = Je+:7— %1 L exp{z_tj (12)

n

where N is the number of terms and T, are fixed to be logarithmically spaced.

G (®) =(2ij (13)

o 1 +ior,

The last equation is an exact equation; thus, the uncertainty in the transformation from the
time to frequency domain lies only in the compromise between the degree of smoothing of L,
and the quality of the fit’.

A DWS setup operating in the transmission mode was utilized in carrying out all
measurements. In this setup, the beam from a diode pumped solid state (DPSS) Nd-YAG
laser operating at a wavelength of 532 nm in vacuo was incident upon a 2 or 3 mm width flat

scattering cell, containing the HASE polymer solution with spherical optical probes (1%
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monodispersed polystyrene (PS) spheres added to insure a highly scattering medium). The
size of the PS spheres was varied from 0.195 pum to 1.55 um to check for presence of
heterogeneity. The multiply scattered light was collected by an ALV SI/SIPD photon
detector via a single mode optical fiber. The output from the ALV SI/SIPD photon detector
was fed into a correlator working in the cross correlation mode. The measured intensity auto
correlation function was converted into the electric field autocorrelation function using the

Siegert relationship.

3. 3 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance is a phenomenon that occurs when the nuclei of certain
atoms are immersed in a static magnetic field B, and exposed to a second transverse rotating
magnetic field B;. Some nuclei experience this phenomenon, and others do not, depending
upon whether they possess a property called spin. When the spin of the protons and the
neutrons comprising the nuclei are not paired, the overall spin of the charged nuclei generates
a magnetic dipole along the spin axis. The magnitude of this dipole is known as the nuclear
magnetic moment, p. For atoms with spherically symmetric charge distribution, the nucleus
is said to have a spin number (I) of %. Examples are nuclei of 'H, °C, "N, °F, *'p.

In the presence of an external magnetic field of strength B,, the nuclear magnetic
moment can align with this external field in 2I+1 ways, reinforcing or opposing B,. Nuclei
with [=); have 2 ways to align with the external field either parallel, energetically favored, or
anti-parallel to the external field and the spinning nucleus will precess about the magnetic
field with a frequency o, (Larmor frequency ®, =y B,). 7y is called the magnetogyric ratio

and it relates the spin number I to the magnetic momentum (y = 2nxwh I), h is
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Plank’s constant. At a specific rotating frequency of the transverse magnetic field B, the
nucleus will resonate or flip from parallel to anti-parallel or vice-versa. The exact frequency
of the spin flip identifies the kind of atom that is involved and the other atoms to which it is
connected in the molecule. By measuring all of the frequencies, the molecular structure can
be determined. The NMR spectrometer identifies spin-flip transitions by detecting the energy
change that is associated with the transition process, AE = hyB,/2n. The NMR spectrometer
detects, amplifies, and displays this magnetic interaction to identify the structure of the
molecule'”.

All "H NMR spectra in this study were obtained using a 500 MHz Bruker DRX NMR
spectrometer. All spectra were acquired in DMSO-d6 as solvent at 298°K wusing
Tetramethylsilane (TMS) as internal standard. The instrumental parameters for acquisition of
the one-dimensional proton spectra are as follow: tuning frequency 500.128 MHz, Spectral
Width 13.2 ppm, number of data points 32K, relaxation and acquisition times 1 and 2.47 sec

(respectively), pulse width 10.5 um, tip angle 90° and number of transients 16.

3. 4 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a thermal analysis technique that is
concerned with the energy changes in a substance''. Each DSC instrument has two separate-
heating circuits- the average temperature controller and the differential heating circuit. The
sample and a reference are heated in separate well-isolated chambers and the temperature of
both these chambers are measured and averaged. The heat output of the heater is
automatically adjusted so that the average temperature of the sample and the reference is

changed in a predefined manner. The temperature between the sample and the
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reference adjusts the power to either the reference or the sample chamber to keep both at the
same temperature. The power supplied to the two differential heaters is plotted versus the
sample temperature. DSC gives information about both first and second order energy
transitions, such as glass transition temperature, crystallization, recrystallization, melting, and
thermal degradation'.

The DSC experiments in this study were carried out on 3-8 mg samples with a
Perkin-Elmer DSC-7 thermal analyzer equipped with a cooler system. A heating rate of
10°C/min was used and an indium standard was used for calibration. Before each scan,
samples were annealed at 200°C for 3 minutes to erase thermal history, followed by a flash

quenching to -100°C at 500°C/min.

3. 5 Thermal Gravimetric Analysis

Thermal Gravimetric Analysis (TGA) is a thermal analysis technique that examines
the mass changes of a sample as a function of temperature or time. It is used to characterize
decomposition and thermal stability of materials under a variety of condition and to examine
the kinetics of the physicochemical processes occurring within a sample'?.

TGA measurements in this study were carried out on Perkin-Elmer Pyrisl
Thermogravimetric Analyzer. Approximately 20 mg samples were heated from 25-600°C at

rate of 20°C/min and the sample weight was recorded as a function of sample temperature.
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Figure 1: Viscosity as a function of shear rate showing different material response;
Newtonian, shear thinning and shear thickening.
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Effect of Polymer Composition on Microstructure and Solution Rheology
Ahmed A. Abdala', Keith Olesenz, Wenjun Wuz, and Saad A. Khan'"
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*The Dow Chemical Company, UCAR Emulsion Systems, 410 Gregson Drive, Cary, NC 27511

Abstract

We investigate the effects of polymer molecular structure on the solution rheology of
a hydrophobically modified associative polymer comprised of macromonomers with alkyl
hydrophobes attached to a poly(ethyl acrylate-co-methacrylic acid) backbone. In particular,
the effects of polymer backbone composition of varying proportions of methylacrylic acid
(MAA) and ethyl acrylate (EA) are examined. We find that the concentration of the MAA
monomer has a large impact on polymer viscoelasticity. Polymers with low MAA content
have smaller chain size that results in lower viscosity and dynamic elastic modulus compared
to polymers with high MAA content. Moreover, the balance between the polymer chain size,
the chain flexibility and the aggregation of the bulky EA groups yields a maximum in all
these material functions with respect to the MAA concentration. The scaling of the shear
viscosity, the high frequency elastic modulus and the creep compliance with polymer
concentration exhibit a power-law behavior with different exponents. In all cases, three
power-law regimes are observed, regardless of the MAA content. However, the transitions
shift to lower concentrations as the MAA content increases. The scaling behavior in the three
regions can be attributed to the presence of different hydrophobic interaction modes and are
compared to theoretical predictions based on the sticky Rouse and sticky reptation models.

Variation in the macromonomer concentration reveals a substantial increase in viscosity at
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intermediate macromonomer concentration (I mole%) possibly due to an increase in the
number of intermolecular junctions as the number of hydrophobes per chain increases. This
is in contrast to low macromonomer concentration (0.3 mole%) behavior that reveals low
viscosity due to weak hydrophobic associations, and, high macromonomer concentration (1.9
mole%) behavior that favors more intramolecular association resulting in lower viscoelastic

properties compared to intermediate macromonomer concentration.
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4.1 Introduction

Alkali soluble emulsion (ASE) polymers are carboxylic functional copolymers
produced by free-radical emulsion polymerization of ethylenically unsaturated monomers.
These ASE polymers are insoluble in water at low pH but exhibit thickening upon dissolution
in aqueous media at higher degree of ionization, usually at pH greater than 6'. These non-
associative polymers can be hydrophobically modified by incorporation of small number of
hydrophobic macromonomers, usually nonionic surfactants that have been end-capped with
an unsaturated double bond®. The hydrophobically modified alkali-soluble emulsion (HASE)
polymers exhibit the nature of both the ASE polymers, swelling upon neutralization, and the
associative nature of hydrophobically modified ethoxylate urethane (HEUR) polymers,
forming transient networks through molecular associations. Due to their hybrid nature,
HASE polymers have been increasingly used as rheology modifiers in a variety of
applications including cosmetic and personal care products, painting, paper coatings and anti-
icing fluids. However, optimal use of these polymers requires controlling the structure and
composition of these polymers.

The structure of a typical HASE polymer is shown in Figure 1. This structure can be
described as a polyelectrolyte backbone with number of hydrophobic macromonomers
randomly grafted to the backbone. The backbone is composed of a copolymer of a
hydrophilic segment that provides solubility of the polymer and a slightly water insoluble
segment that enhances the thickening performance and promotes adsorption of the polymer
to hydrophobic latex in many applications. The hydrophilic polymer is usually an acrylic acid
or alkyl acrylic acid polymer while the water insoluble polymer is an acrylate or alkyl

acrylate polymer. In most studies of HASE polymers including this, the hydrophilic
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segment is methacrylic acid (MAA) whereas the other segment is ethyl acrylate. The
hydrophobic macromonomers are attached to the polymer backbone through urethane linkage
and end capped with alkyl of alkyl aryl groups that are separated from the backbone by 5-100
polyethylene oxide (PEO) units. The complexity of the HASE polymer structures can be seen
in Figure 1, which shows the chemical structure of the polymers used in this study. With such
a complex architecture, the association behavior of these polymers would be expected to be
quite diverse and dependent on many factors such as, the structure of the backbone that
dictates their water solubility and flexibility, the structure and concentration of the
macromonomer that include the type of the hydrophobic groups and the length of
polyethylene oxide spacer”.

The effects of polymer-architectural parameters such as the PEO spacer length, and
the type and concentration of the hydrophobic groups on the solution behavior have thus
been the subject of many recent studies”'?. However, the effects of the composition of the
polymer backbone have received little attention™ . An understanding of how the polymer
backbone composition affects polymer flexibility, hydrophobic associations and the
rheological properties is important not only from a fundamental standpoint but also in
tailoring polymers with controlled bulk properties. In this study, we examine this issue using

polymers that contain different proportions of MAA and EA in its backbone.

4.2 Experimental Materials and Method
4.2.1 Polymers
Two sets of model HASE polymers (DOW Chemical Company, Cary, NC) were

used in this study. The macromonomer on the first set of polymers have C,y hydrophobes
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with PEO spacers of 32-35 units. The second set of samples has macromonomers with C;g
hydrophobes and 40 units of EO spacers. The composition of these polymers is shown in
Figure 2. As seen from the figure, the MAA acid content was varied between 18 and 73
mole%. The lower limit of MAA, 18%, is bounded by the solubility of the polymer. On the
other hand, the upper limit, 73%, was chosen to maintain the colloidal stability of the
polymer in the latex form. The macromonomer level was varied between 0.2 to 1.9 mole%

and was chosen based on the colloidal stability and the polymer performance as a thickener.

4.2.2 Solution Preparation

The polymer latexes were dialyzed against de-ionized water using cellulosic tubular
membranes for at least three weeks with daily change of water. After dialysis, the polymer
was freeze-dried and 5% solutions were prepared and neutralized to pH of 9.0 = 0.1 with
NaOH, with the ionic strength adjusted to 10* M with KCI. Other concentrations were
subsequently prepared by the dilution of the 5% solution with both the pH and the ionic

strength kept at the same level.

4.2.3 Rheological measurements

The rheological properties of the polymer solution were measured using stress-
controlled rheometers (Rheometrics DSR II or TA Advanced rheometer RA2000) fitted with
appropriate cone and plate or couette geometries. The rheological properties of HASE
polymers have been shown to be dependent on their previous shear history; therefore, a pre-
shear regime was necessary to be considered. Prior to any measurement, the sample was

subjected to a shear rate of 1 s™' for 5 min followed by a 10 minute-rest period. This protocol
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was found to be sufficient for structure recovery in the sample as noticed from dynamic time
sweep experiments. In this study we employed three rheological techniques, steady shear,
dynamic oscillatory, and transient creep techniques. Both the dynamic frequency oscillation
and the transient creep experiments were carried out using small stresses, so that the sample
was within the linear viscoelastic region, where the dynamic properties are independent of
the applied stress.

The intrinsic viscosity of the polymer solutions was measured with Ubbelhode
dilution viscometers situated in a thermostated water bath. The efflux times of the polymer

solutions were converted to reduced and inherent viscosities from the following definitions:

ﬂr‘educed = nSpec‘ﬁC = t_lS ’ (1)
c ct,
In ) In(t/t,
= (77rcezam ) _ (C ,) )

where tsis the solvent efflux time. Using the familiar Huggins and Kraemer equations,

Mreaucea = 111+ Ky [17] ¢ 3)

Minerent = 111+ K [11]* € 4)
the intrinsic viscosity was obtained by plotting the resulting reduced and inherent viscosities
against concentration and extrapolating to zero concentration.
4.2.4. Glass Transition Temperature (T,) Measurements

The second order transition temperature, Tg, was measured using a Perkin-Elmer

DSC-7 thermal analyzer equipped with a cooler system. Measurements were carried out on
3-8 mg samples at a heating rate of 10° C/min and an indium standard was used for
calibration. Before each scan, samples were annealed at 200° C for 3 minutes to erase
thermal history, followed by a flash quenching to -100° C at 500° C/min. Tg was taken as the

midpoint of the glass transition.
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4.3 Results and Discussion
4.3.1 Effect of MAA content

The steady shear viscosity profiles of polymers with different MAA mole% at a fixed
level of macromonomer are shown in Figure 3. We find all samples to exhibit strong shear
thinning with a small or nominal zero shear plateau indicating that all samples maintain their
associative behavior. One of the functions of the MAA group is to render the polymer soluble
(and not be a latex) and we find that even at a low MAA content of 18 mole% the polymer is
sufficiently soluble and expanded to allow hydrophobic associations. This implies that even
the lower MAA content, 18mole %, was high enough to render the polymer solubility . The
figure also reveals a large increase in the steady shear viscosity as the MAA content is
increased from 18 to 35 mole%, with a substantial jump observed between 24 and 35 mole%.
Further increase of the MAA content to 46% shows a moderate increase in viscosity. With
MAA molar% higher than 46%, the viscosity shows a slight decrease. A maximum in
Brookfield viscosity has been reported previously for an analogous polymer system at a
MAA composition of 40-mole%”.

Similar behavior is observed when we examine the dynamic behavior of these
samples as probed by an oscillatory shear experiment. In Figure 4a, which shows the elastic
modulus (G’) as function of frequency, we observe a significant increase in G’ as the MAA
increases up to 35% followed by a slight increase as the MAA content is increased to 46%.
Further increase in the MAA acid content to 54% leads to a slight decrease in G’. In addition,
a jump in G’ is observed when the MAA concentration is increased from 25 to 35%. All

these characteristics are reminiscent of the steady shear behavior. Moreover, there is a
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change in the dependence of G’ on frequency as the MAA content increase. With low MAA,
G’ ~®'? in the terminal region followed by a less dependence at high frequencies as G’~o"".
In contrast, at high MAA content, there is less dependence on frequency as G’~w"® in the
terminal region and reaches a plateau at higher frequency. It is very interesting that the slope
at the terminal region for the sample with 54% MAA increases to 0.7 which suggests the
presence of an optimum MAA concentration that yield the lowest dependence on frequency.
Another interesting behavior is the change in the longest relaxation time (taken as the
reciprocal of the angular frequency where G’ and G” are equal) with MAA content. Figure 4-
b shows the dynamic frequency spectrum for one sample with low MAA (23%) and another
sample with high MAA (46%). G’, G” crossover shifts to higher frequency as the MAA
increases. The slower dynamics for the samples with low MAA is unexpected because of
their weaker network structures. However, the only possible explanation seems to be that
polymers with low and high MAA acid may have different relaxation mechanisms.

We have probed the effect of increasing MMA content further through transient creep
experiments. Figure 5 shows the time evolution of the creep compliance (J(t)) for samples
with different MAA content. We observe J(t) to decrease with increasing MAA content and
show a minimum, consistent with the behavior observed in steady and dynamic experiments.
The fact that J(t) decreases with MAA concentration, and not increases, is because increased
hydrophobic interactions impede creep in opposition to the what they do to viscosity or
modulus.

The large increase in the viscosity and moduli as well as the large decrease in the

creep compliance as the MAA content increases in the range of 18 to 34 mole% may be
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attributed to the increase in the hydrodynamic size of the polymer chain as the MAA content
increases. This increase in the hydrodynamic size would be the result of an increase in the
hydrophilicity of the polymer backbone. To verify this hypothesis, experiments were
conducted to measure the intrinsic viscosity [n] of various samples. Figure 6 shows a
representative plot of polymers with different MAA proportion for a fixed macromonomer
content. This change in the hydrodynamic size is evident from the observed increase in the
intrinsic viscosity [n]. To further examine how changes in hydrodynamic size alone would
affect viscosity, we measured the viscosity of a 5% solution of the non-associative ASE
polymers which are copolymers of MAA and EA We find the viscosity of such polymers,
shown in Figure 7, to increase with MAA content and plateau out at large MAA
concentration, similar to the behavior observed in the associative polymers.

For associative polymers, we envision other factors to play a role, as well, in dictating
rheology as the MAA content is increased. At low MAA concentrations, the smaller chain
size will limit the hydrophobic interaction to only intramolecular association. As the MAA
content is increased, the polymer hydrophilicity increases and the chains become more
extended, and the solution viscosity and viscoelastic properties could be further enhanced by
the ability of the hydrophobes to form intermolecular association. On the other hand,
increasing the MAA content would increase the inherent chain stiffness and hinder
accessibility of the hydrophobic groups. The loss of chain flexibility as a result of increasing
the MAA is corroborated from the increase in the glass temperature (Tg) values as MAA
content increases, as seen in Figure 6. Another factor that would contribute to the rheology

would be the EA groups. The contribution from the aggregation of the bulky EA groups
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would decrease due to the relative decrease of the EA content. The balance among these
three factors (hydrodynamic size, the chain flexibility and the aggregation of EA groups)
possibly leads to a maximum in G’ and m, and a minimum in J(t) behavior as a function of

increased MAA content.

4.3.2 Concentration Effects

To determine if the observed trends in viscosity, modulus and creep compliance with
increasing MAA content carries over to other polymer concentrations, we examine in Figure
8 the viscoelastic characteristics of polymers at four different concentrations (1, 2, 3 and
5%). Figure 8a shows the steady shear viscosity at a fixed shear rate of 0.01 s™ as function of
MAA mole% for the different polymer concentrations. We find all four polymer
concentrations to show the same dependence on MAA content with a broad maximum
around 40 mole% MAA. Similar results are obtained when the high frequency elastic
modulus (G’at ©=100 rad/s) is plotted versus MAA content for the different polymer
concentrations, as shown in Figure 8b. On the other hand, a broad minimum is observed
when the creep compliance at t=100 is plotted versus the MAA content for different
concentrations (Figure 8c). It is interesting to point out that all three material functions are
consistent in that the maximum or minimum occur approximately at the same MAA content
of 40 mole%.

The change in the polymer behavior and [n] values at low and high MAA should
manifest themselves in different concentration dependence of the rheological material
functions. Figure 9 shows the concentration dependence of the low shear viscosity (shear rate

= 0.0l s7'), the high-frequency elastic modulus (at 100 rad/s), and the creep
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compliance (at t=100 s) for two representative polymers of different MAA content. In both
cases we find n, G’ and J(t) to exhibit power-law behavior, albeit with different exponents. In
fact, we observe three distinct power-law regimes for all three material functions regardless
of the MAA content. However, the concentration at which these transition occur shifts to
lower values as the MAA acid content increases. Interestingly, three concentration regimes
have been observed recently for similar HASE polymer'* and other hydrophobically modified
polymers'. It also has been predicted by te sticky Rouse model'®.

For unmodified polymers, concentration transitions are typically attributed to a
change from dilute, to unentangled and entangled semidilute regimes and occur at
concentrations relative to the overlap concentration, c*. For associative polymers, on the
contrary, the parameter c¢* is not the relevant variable. This can be demonstrated by
comparing the concentration at which the transitions occur. For simplicity we denote the
lower transition concentration as cp and the upper transition concentration cy. Figure 10
shows the transition concentrations cp and cy for samples with different MAA content. To
compare the transition concentration with the overlap concentration (c*), the figure includes
data for 10 times c*. As shown in this figure, the transition concentration shifts to lower
values as the MAA content increases. Moreover, the lower transition concentration changes
from about 20 times c* at low MAA to less than 10 times c* at high MAA. This confirm the
irrelevance of c* as the parameter for any concentration transitions.

We believe that the three concentration regimes in Figure 9 can be explained in terms
of different modes of hydrophobic associations. Figure 11 shows schematically the expected

hydrophobic associations possible in these different regions. In Regime 1 in which c<cr, the
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polymer chains are isolated and as a result only intramolecular associations are possible. The
solution viscosity in this region is similar to that of unmodified polymer analogs. In this
regime, the scaling exponent for each material function varied with MAA. At low MAA
content (18 mole%), scaling exponents of 1.2, 2.0, and -1.3 are observed for 1, G and J(t),
respectively. These exponents decrease with MAA content and reach values of 0.60 and —
0.65 corresponding to viscosity and creep compliance, respectively. The change in the
scaling exponent can be attributed to the change in the polymer solvent interactions. There is
an increase in the polymer hydrophilicity as the MAA content increases which leads to a
relative change in solvent quality towards being a good solvent. The scaling exponent for 1 is
in full agreement with an exponent of 1.3 for unentangled un-associative polymers in good
solvents.

In Regime 2 in which cy<c<cy, the polymer chains become overlapped and the
hydrophobes are engaged in intra and inter-molecular association. Therefore, this region is
characterized by a very rapid increase in viscosity due to the transformation from intra- to
inter-molecular association and a strong dependence on concentration is be expected. In fact,
1, G’ and J(t) exhibit very large dependence on concentration for all samples. The scaling
exponents, however, changes as the MAA content changes. For samples with low MAA
content (18 mole%), exponent factors as high as 9.0 for n, 4.6 for G’ and —8.9 for J(t) are
obtained, as compared to 4.3 for ) and — 4.3 for J(t) for sample with 54% MAA. Regaldo et
al. also obtained varied scaling exponents in this region for a solution of hydrophobically
modified polyacrylamide polymers'. Scaling exponents varied below and above 4.3 based

on the number of stickers (hydrophobes) per chain. Our result of a viscosity exponent (4.3) at
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high MAA is in excellent agreement with the theoretical value of 4.2 based on the sticky
Rouse model for an associative polymer in a good solvent'®. On the other hand, the higher
value (9.0) at low MAA content is in good agreement with the theoretical values (8.5) based
on the sticky reptation Model'® and with the reported exponent (7.9) for similar HASE
polymer'’. The change in the polymer behavior from sticky Rouse to sticky reptation implies
that in this regime the polymer chains are unenetangled at high MAA content and become
entangled at low MAA. This can be supported by the fact that the transition starts at
concentrations more than 20 times c¢* for low MAA samples compared to less than 10 times
for samples with high MAA.

In Regime 3 for c>cy, the hydrophobes are engaged in mostly intermolecular
interactions. Thus, a weaker dependence on concentration is expected. We obtained scaling
exponents of 2.6, 1.8 and —2.4 for n, G’ and J(t), respectively. The viscosity scaling exponent
is full agreement with the reported value of 2.7 for similar HASE polymers'’. However, it is
lower than the 3.75 predicted by the sticky reptation model'® and observed experimentally for

hydrophobically modified polyacrylamide "°.

4.3.4 Effect of macromonomer concentration

To examine the effect of macromonomer concentration on rheology, we used a set of
9 polymers each having macromonomers with C,y hydrophobe and a degree of ethoxylation
of 33 EO units. Every 3 polymers in this set have the same macromonomer concentration and
varied MAA and EA content, as shown in Figure 2. Figure 12 compares the viscosity versus
shear rate profiles for 3% polymer solutions using samples with different MAA content.

Regardless of the concentration of the macromonomers, there is an optimum MAA
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concentration that leads to a maximum in steady shear viscosity, similar to what has we have
discussed for Figures 3 and 8. This optimum concentration lies between 43 to 60 mole%
MAA. However, the viscosity increase for these samples is much weaker than the samples of
the other polymer set (with C;g hydrophobes and 40 EO units) in Figure 2 that had been used
in the previous sections. This difference could be attributed to different molecular weight
and/or molecular weight distribution. Currently, there is no confirmed data about the Mw and
Mw distribution of the samples used in this study. It also worth mentioning that the two set of
samples, although both prepared by Dow Chemical Company, were prepared at 2 different
locations.

The effect of the concentration of the macromonomers on the steady shear data can
also be observed from Figure 12. At a low macromonomer concentration (0.3%), we observe
the viscosity to be low and almost Newtonian indicating the presence of weak hydrophobic
associations (Fig. 12a). It is clear that the highest viscosity in this set of samples is obtained
with 1.0 mole% macromonomers, Figure 12b. The steady shear viscosity of a 3% solution of
samples with 1.0% macromonomers and low or moderate content of MAA is about 2 orders
of magnitude higher than that of any of the other samples. This indicates that there is also an
optimum macromonomer concentration that yields the highest enhancement in viscosity.
Such a result can be explained in the light of the similarity between our polymer system and
surfactants. The optimum concentration of the macromonomer is analogous to the
concentration of surfactant between the lower and higher critical micelle concentration. The
higher steady shear viscosity of the samples with 1% macromonomer concentration

compared to those with 0.3% macromonomer can be attributed to the increase in the number
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of intermolecular junctions as the number of hydrophobes per chain increases. On the other
hand, if there are too many hydrophobes per chain such that the distance between every 2
hydrophobes is less than polyethylene oxide spacer, larger numbers of the hydrophobes will
engage in intramolecular association rather than form active junction through intermolecular
association. This would lead to a decrease in viscosity as is observed in Figure 12c¢ for the
sample with 1.9% macromonomer.

The steady shear viscosity and the viscoelastic properties of this polymer system are
largely dependent on the number of active intermolecular association. The transient network
theory'’ predicts that the plateau modulus is proportional to number of active junctions and
the steady shear viscosity is the product of the plateau modulus and the microscopic
relaxation time corresponding to the reciprocal of bond breaking and reformation rate. Thus
increasing the number of active junctions will increase the steady shear viscosity through

both increasing the plateau modulus and slowing the relaxation process.

4.4 Summary

This study provides a comprehensive analysis of the effects of polymer composition
on the rheology of associative polymers. The effect of the polymer backbone composition is
elucidated by varying the relative proportion of methyl acrylic acid (MAA) and ethyl acrylic
(EA) while that of the macromonomer is examined by varying its concentration. An increase
in the proportion of MAA in the backbone reveals a higher viscosity and enhancement in
viscoelastic characteristics (G’, J) consistent with a concomitant increase in chain size. At
higher MAA concentration, a maxima in viscosity and viscoelastic properties are observed.

Such a behavior can be attributed to the combined effects of increased chain dimension, loss
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of chain flexibility and reduced contribution from the aggregation of EA bulky groups that
occurs with increased MAA content. The scaling of viscosity, elastic modulus and creep
compliance with polymer concentration revealed the presence of three transitional regimes,
each with a power-law dependence. These regimes were attributed to changes in the
hydrophobic interactions with concentration.

The macromonomer concentration also has a strong influence on polymer behavior
with a maximum in viscosity observed at intermediate macromonomer concentrations. At
low macromonomer concentration, low viscosity resulting from weak associative behavior
was observed. On the other hand, high concentration favors the formation of intra over inter
molecular association leading to a reduction in solution viscosity from that observed at

intermediate macromonomer concentrations.
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Figure 1. Schematic representation of a typical HASE polymer together with its molecular
constitution of the HASE polymers used in this study. R refers to the hydrophobic
groups. X, y, z, p are structural parameters.
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Solution Rheology of Hydrophobically modified Associative
Polymers: Solvent Quality and Hydrophobic Interactions

Ahmed A. Abdalal, Keith Olesen® and Saad A. Khan'"
'Department of Chemical Engineering, North Carolina State University, Raleigh NC 27695-7905
*The Dow Chemical Company, UCAR Emulsion Systems, 410 Gregson Drive, Cary, NC 27511

Abstract
The rheological behavior of a model hydrophobically modified alkali soluble

emulsion (HASE) polymer, comprising a random copolymer backbone of methacrylic acid
(MAA) and ethylacrylate (EA) with grafted pendant hydrophobic macromonomers is
examined in co-solvents of water and propylene glycol (PG) of different proportions. We
find the solvent solubility parameter to have a direct impact on both the steady and dynamic
behavior of the polymer solutions. In particular, scaling of the relative viscosity (1) and the
elastic modulus at a fixed frequency (G’) with the solvent solubility parameter (ds) reveal the
presence of two distinct regimes with different dependences on ds. In “water-rich” solvents,
both 1. and G show a strong dependence on 8s in contrast to “PG-rich” solvents, in which
there is slight or no dependence on 8s. The concentration dependences of both 1, and G are
also found to be different in “water-rich” solvents from that in “PG-rich” solvents. In “water-
rich” solvents, 1 and G reveal power-law dependences with exponents of 2.5 and 3.2
respectively compared to exponents of 1.4 and 2.3 in “PG-rich” solvents. The different
behavior in “PG-rich” solvents is ascribed to the presence of minimal hydrophobic

associations, with the polymer behavior analogous to that of unmodified polymers without

: corresponding author; phone: 919-515-4519; fax: 919-515-3465; email: khan@eos.ncsu.edu
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hydrophobes. This hypothesis is supported by the similarity in n, scaling with concentration
observed for both the HASE polymer in “PG-rich” solvents and a similar polymer without
the hydrophobes in both solvents. The lack of hydrophobic interactions in the “PG-rich”
solvents may be attributed to the observed decrease in polymer coil dimension together with

a lower tendency of the hydrophobes to form micelles in less polar media.
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5.1 Introduction

Associative polymers are macromolecules with attractive groups either attached to the
ends or randomly distributed along the backbone [Rubinstein and Dobrynin (1997)].
Hydrophobically modified alkali soluble emulsion (HASE) polymers are one class of the
water-soluble associative polymers. These polymers have a comb-like structure with pendant
hydrophobic groups randomly grafted to the polyelectrolyte backbone. HASE polymers have
several advantages over other associative polymers in terms of cost and wide formulation
latitude [Tirtaatmadja et al. (1999)]. They are currently being used in a range of applications,
including paint formulations, paper coatings, and recently as glycol based aircraft anti-icing
fluids [Carder et al. (1998; 1999); Jenkins et al. (1993; 1997)] and have potential for use in
enhanced oil recovery and personal care products.

Similar to surfactants in aqueous media, these polymers are capable of non-specific
hydrophobic interactions [Ng ef al. (1999)]. These hydrophobic interactions include both
inter- and intra-molecular associations, giving rise to network structures, and a range of
rheological behavior [English et al. (1997; 1999); Tirtaamadja et al. (1997)] and
morphologies [English et al. (2002)]. With such a complex architecture, the association
behavior of these polymers would be expected to be quite diverse and dependent on many
factors such as, the structure of the backbone that dictates their water solubility and
flexibility, the structure and concentration of the macromonomer which include the type of
hydrophobic groups and the length of polyethylene oxide spacers [Jenkins et al. (1996)]. The
effects of these polymer-architectural parameters, including the backbone composition, the

PEO spacer length and the type and concentration of the hydrophobic groups, on the solution
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behavior has thus been the subject of many recent studies [Lau et al. (2001); Dai et al.
(2000); Gupta et al. (2000a, b); Seng et al. (2000); Tan et al. (2000; English et al. (1999);
Olesen et al. (1998); Tam et al. (1998); English et al. (1997); Tirtaatmadja et al. (1997);
Jenkins et al. (1996)].

The continuous phase in which the HASE polymer is solvated also plays a major role
in the association behavior of these polymers. In this regard, the effects of the medium pH
and ionic strength on the association mechanism of HASE polymers have been the focus of a
number of studies [Dai et al. (2001); Tan et al. (2001); Kaczmarski et al. (1999);
Tirtaatmadja ef al. (1999); Horiuchi et al. (1998); Shay et al. (1998)]. Nevertheless, almost
all these studies were carried out in aqueous media and the effect of the solvent quality or
non-aqueous co-solvents on the solution behavior has been rarely studied [Olesen et al.
(1998); Schaller (1985); Thibeault et al. (1986)]. This becomes particularly important in
deciphering the modes of hydrophobic associations and developing new applications
involving non-aqueous media, such as anti-icing fluids.

In this study, we investigate the steady and dynamic rheological behavior of a model
HASE polymer in a co-solvent of water and propylene glycol. We quantify solvent quality in
terms of the solubility parameter and examine the dependence of the relative viscosity and
the plateau modulus on both the solvent solubility parameter and the polymer concentration.
The role of the hydrophobic interactions are further ferreted by comparing the results of the
HASE polymer with (i) an analogous polymer but without the hydrophobe and with (ii) the
HASE polymer in which the hydrophobes are encapsulated using an inclusion compound

forming host, B-cylcodextrin [Szejti (1998)]. The results of this study should help better
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understand the mechanism of rheology modification by this class of associative polymers and

their behavior in the presence of co-solvents.

5.2 Experimental Materials and Method

The model associative polymer used in this study is a hydrophobically modified
alkali-soluble (HASE) polymer synthesized by UCAR Emulsion Systems (Dow Chemical,
NC) via emulsion polymerization of methacrylic acid (MAA), ethylacrylate (EA) and a
hydrophobic macromonomer (Figure 1). This macromonomer is end capped with a CyHas
alkyl hydrophobe that is separated from the backbone by 40 units of polyethylene oxide
(PEO). Details of the preparation method can be found in a previous publication [Shay ef al.
(1985)]. In addition to the hydrophobically modified polymer, an unmodified polymer that
has the same structure as the modified polymer with the C,;H4s hydrophobes replaced by
equivalent amount of methyl groups was also used. Both the modified and the unmodified
polymers were prepared in an identical manner and are believed to have the same molecular
weight. The polymer latexes were dialyzed against de-ionized water using cellulosic tubular
membrane for at least three weeks with daily change of water. After dialysis, the polymer
was freeze-dried and 5% solutions were prepared and neutralized to pH of 9.0 £0.1 using
28% NH4OH with the ionic strength adjusted to 10* M KCI. Other concentrations were
subsequently prepared by the dilution of the 5% solution with the appropriate solvent
composition, while maintaining the pH and ionic strength constant.

In this study, eight different mixtures of water and propylene glycol (PG) were used

as co-solvents. The composition of these mixtures expressed as weight% of PG in the solvent
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mixture is shown in Table 1. Throughout this manuscript, these solvent mixtures will be
called PGXX, with XX corresponding to the wt.% of PG in the mixture. The solubility
parameter of these mixtures was calculated using the Hansen three-dimensional solubility
parameter approach [Hansen (1999); Hansen and Beerbower (1971); Hansen (1967)]. In this
method, the solubility parameter (3) is given by the sum of the dispersion (84), polar (8,) and
hydrogen bonding (d4) contribution as follows:

3'=8; + 8, + & (1)

Here 84, 8, and Jy, for each mixture were calculated as volume average, J, :Z (6, )0, ; with x

standing for d, p or h, i referring to PG or water and ¢; to the volume fraction of component i
in the solvent mixture. The solubility parameter as well as the dispersion, polar and hydrogen
bonding contribution for each solvent mixture are also shown in Table 1.

The intrinsic viscosities of the polymer solutions were measured with Ubbelhode
dilution viscometers situated in a thermostated water bath at 25°C. The efflux times of the

polymer solutions were converted to reduced and inherent viscosities from the following

definitions:
Mreduced = D = i 5 (2)
c ct,
ln( rela ive) ln(t /ts)
ninherem‘ = 77C1 . = c » (3)

where t;is the solvent efflux time. Using the familiar Huggins and Kraemer equations,
nreduced = [77] + KH [77]2 C (4)

Minterem =111+ Ky [11]? € (5)
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the intrinsic viscosity was be obtained by plotting the resulting reduced and inherent
viscosities against concentration and extrapolating to zero concentration.

The rheological properties of the polymer solution were measured using a stress-
controlled rheometer (Rheometrics DSR 1) fitted with appropriate cone and plate or couette
geometries. The rheological properties of HASE polymers have been shown to be dependent
on their previous shear history [English et al. (1997)]; therefore, it was necessary to consider
a pre-shear regime. Prior to any measurement, the sample was subjected to a shear rate of 1 s
! for 5 min followed by a 10 minute-rest period. This protocol was found to be sufficient for
structure recovery in the sample as noticed from dynamic time sweep experiments.
Experiments were run using the two geometries, when possible, to check for wall slip effects

and the data were found to be in good agreement eliminating the presence of such effects.

5.3 Results and Discussion
5.3.1 Effects of solvent quality

The steady shear behavior of a 3% polymer in a mixture of water and propylene
glycol (PG) with different PG proportions is shown in Figure 2. In general, the steady shear
profile shows a weak shear thinning behavior at low shear rates followed by a stronger shear
thinning region at higher shear rates. There is also a decrease in the relative viscosity Myel
(defined as the steady shear viscosity divided by the solvent viscosity) as the PG content
increases. In addition, the shear thinning behavior seems to be more pronounced in “water-
rich” solvents. The reduction in the relative viscosity with PG content reflects changes in the

polymer solution microstructure, possibly a weakening of the hydrophobic associations, as
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the solvent quality changes.

Figure 3 compares the complex and steady shear viscosities of a 3% polymer solution
with different proportions of the co-solvents. There is a decrease in the magnitude of the
complex viscosity as the solvent PG content increases, consistent with the steady shear
results. In addition for the “PG-rich” solvents, both steady and complex viscosity overlay
well obeying the Cox-Merz rule [Cox et. al. (1958)]. However, for “water rich” solvents
there is deviation from the Cox-Merz rule with the complex viscosity lower than the steady
viscosity especially at intermediate and high shear rates. This deviation from the Cox-Merz
rule in “water-rich” solvents has previously been observed with HASE polymer in aqueous
medium and can be attributed to the formation of shear-induced structures [English et al.
(1997); English et al. (1999)]. Please note that the viscosity of the PG sample is higher than
that of PG70 in Figure 3. The reverse trend is observed because PG has a higher viscosity
than PG70, and the solution viscosity is dominated by the solvent for these compositions. If
the data ares plotted in terms of relative viscosity, the expected trend is observed (e.g., Figure
2).

Figure 4a shows the storage modulus (G’) of a 3% polymer solution as a function of
co-solvent composition. We find the magnitude of G’ to decrease as the PG content of the
solvent increases while the slope of the terminal region shows an opposite trend, increasing
as PG content increases. These results also suggest changes in the sample microstructure with
changing solvent composition. As PG content increases, the behavior changes from a
5

relatively elastic-like behavior to a solution-like behavior, with G’~@®” in water and G’~ ®'

in PG. This transition could be related to the changes in the solvent-hydrophobe interactions
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and thus the network structures. Similar findings are observed when we examine the
composite dynamic elastic and loss moduli of representative samples in Figure 4b. The G”
decreases and the slope of the terminal region increases as PG content increases. A shift in
the crossover point is also observed (or suggested) as the solvent quality changes. For the
case of water, we observe a crossover frequency of approximately 102 s followed by a
plateau region. The crossover frequency increases by more than two orders of magnitude
reflecting a decrease in the longest relaxation time, T =1/®cross over, @S the PG content of the
solvent increases. In fact, in the case of the sample containing 85% PG, the crossover
frequency is not even accessible within the experimental frequency limit.

Both steady and dynamic data suggest a change in the network structure as the
solvent changes from being “water-rich” to “PG-rich”. To further probe the effects of solvent
quality on rheology, we plot in Figure 5 the relative viscosity (1) and the plateau modulus
as a function of the solvent solubility parameter (3s) for different polymer concentrations.
Figure 5a reveals that the relative viscosity increases with increasing polymer concentration
or solubility parameter. More importantly, we observe the presence of two distinct regimes
with different dependence of 1 on . Referring to these regimes as regime 1 corresponding
to “water rich” solvents with higher solubility parameter and regime 2 corresponding to “PG-
rich” solvents with lower solubility parameter, we observe the relative viscosity to show a
much stronger dependence on Js in regime 1. In addition, the dependence of the relative
viscosity on the solubility parameter seems to be independent of concentration for either
regime. This behavior is observed for all concentrations above 0.5%, which shows only

regime 2-type dependence. The point where the two regions meet shifts towards a lower O
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sith concentration. A plot of the elastic modulus at a fixed frequency (1 rad/s) versus the
solvent solubility parameter (Figure 5b) also shows the presence of two regimes, indicating
that this behavior is not material-function specific. The plateau modulus for samples in “PG-
rich” solvents is almost independent of the solvent composition, while in "water-rich"
solvents the plateau modulus increases sharply with the solvent solubility parameter. These
data are consistent with the results of the scaling of . with the solvent solubility parameter
Js.

It is interesting to note that the inflection point occurs at a lower J for the elastic
modulus compared to the relative viscosity. The difference can be attributed to the fact that
we do not reach the plateau regime for the dynamic experiments. Had we been able to access
that, the “PG-rich” samples would have had a higher G’; this would have shifted the
transition point to a higher J,, consistent with the steady data. The two-regime behavior is
also observed when either 1 or the elastic modulus at fixed frequency is plotted versus the
individual components of the solubility parameter (data not shown). The same trend is
observed when the polar or hydrogen bonding components are used. On the other hand, an
opposite trend is observed when the dispersion component is used instead, as the PG has a
higher dispersion component than water.

The two-regime behavior could be explained based on changes in solution
microstructure as the solvent quality changes. In regime 1 at high solubility parameters, the
dominant mode of interaction is hydrophobic associations. With increases in PG content of
the solution in this regime, there is a reduction in the hydrophobic interactions due to the

reduced tendencies of the hydrophobes to associate and this leads to lower N and G’p In
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regime 2, there may be a lack of hydrophobic association and the polymers are behaving as
regular entangled polymer chains. At the inflection point, we are assuming that the
hydrophobic interactions are suppressed. Such an explanation is supported by the work of
Jenkins et al [1995] who reported that a 40/60 mixture of Butyl Carbitol and water
suppressed the formation of an association network for 2.5% linear water-soluble

poly(oxyethylene) end capped with the hexadecyl alkyl group.

5.3.2 Concentration effects

The different modes of interaction in the “water-rich” and “PG-rich” solvents should
manifest themselves in different concentration dependences of rheological material functions
in these regimes. We probe this effect by plotting the concentration dependence of the
relative viscosity for “water-rich” solvents at different co-solvent compositions in Figures 6.
For the concentration range studied, we observe a power-law behavior for the relative
viscosity (Ml ~c") with a scaling exponent n of about 2.5, independent of the solvent
composition. This value of n is consistent with the reported value of 2.68 for HASE polymer
with C¢ hydrophobes [Tan et al. (2000)]. However, this value is lower than the theoretically
predicted values of 3.75 in the entangled semi-dilute regime using the Sticky-Reptation
model of associative polymers [Rubinstein and Semenov (2001)]. The value of the scaling
exponent is dependent on the transition from intra- to inter-molecular association as the
polymer concentration increases. With very few hydrophobes per polymer chain (the
macromonomer concentration is only 0.22 mole%), we expect a low value for the scaling

exponent as there is a lower chance for the hydrophobes to form intra-molecular association
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and thus a very low fraction of the hydrophobes will undergo transition from intra- to inter-
molecular association.

Figure 7 shows scaling of the relative viscosity with concentration for “PG-rich”
solvents. A scaling factor of 1.4 independent of the solvent is obtained. The lower value of
the scaling factor in “PG-rich” solvents should be the result of the absence of hydrophobic
association. Similar scaling of the elastic modulus at fixed frequency (1 rad/s) with

n

concentration (data not shown) also revealed two different dependencies. In "water-rich”
solvent, a scaling factor of 3.2 was observed while in “PG-rich” solvents a lower scaling
factor of 2.3 was observed. The scaling factor within each region was independent of the
solvent.

To support our hypothesis that the behavior in regime 2 is due to the lack of
hydrophobic association, we investigated the dependence of the relative viscosity on
concentration for solutions where no hydrophobic association is possible. This was done
using two approaches. First, an unmodified polymer with the same structure and molecular
weight as the HASE polymer, but with no hydrophobic groups at the end of the
macromonomer, was used in our study. With this unmodified polymer, no hydrophobic
association is possible. The second approach entailed using the same HASE polymer in our
study but after deactivating the hydrophobic groups. We deactivated the hydrophobic groups
using an inclusion compound forming host(p-cyclodextrin). Cyclodextrins have a unique ring
shaped structure with a hydrophobic annular core and a hydrophilic exterior. Because of the

hydrophobicity of the annular core of cyclodextrin, it can encapsulate the hydrophobic part of

a HASE polymer resulting in deactivation of the hydrophobes. In this regard, cyclodextrins
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have been used for the removal of hydrophobic association of HASE solutions [Islam et al.
(2000), Gupta et al. (2002a, 2002c)]. The effect of adding B-cyclodextrin on the viscosity of
a 1% polymer solution is shown in Figure 8. With the addition of B-cyclodextrin more
hydrophobes are deactivated resulting in reduction in the solution viscosity. At about 15
moles B-cyclodextrin/hydrophobe, the addition of more B-cyclodextrin seems to have no
effect on the solution viscosity.

Figure 9 shows the dependence of the relative viscosity on the concentration for
unmodified polymer (without hydrophobe) in water and PG as well as for the HASE polymer
after encapsulation of the hydrophobes with 20 moles B-cyclodextrin/hydrophobe. A constant
exponent factor of 1.4 is observed for the unmodified polymer (without hydrophobes) in both
water and PG consistent with results of the HASE polymer in “PG-rich” solvents (Figure 7).
These results prove the lack of association in “PG-rich” solvents. For the HASE polymer
with the hydrophobic groups deactivated with -cyclodextrin, an exponent of 1.2 is obtained,

which again supports the lack of hydrophobic association in regime 2.

5.3.3 Solvent quality and polymer interaction modes

The lower viscosity and moduli of the polymer solution as the PG content of the co-
solvent increases as well as the display of two-regime behavior can be attributed to reduced
hydrophobic associations. Several factors contribute to this phenomenon. First, the
hydrophobic groups have a lower tendency to associate as the solvent become less polar. The
hydrophobes are not forced out of the solvent media as strongly as in the case of the aqueous

solution. The lower affinity of the hydrophobes to form micelles would result in weaker or
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negligible network structure and therefore lower viscosity and viscoelastic properties.
Secondly, the effective length of the PEO spacer becomes shorter due to the dehydration of
the PEO by the glycol, as reported for nonionic surfactants [Penfold et al. (1997); Aramaki et
al. (1999)]. Shorter PEO spacer length will also reduce intermolecular associations [Dai et al.
(2000)]; the possibility of intra-molecular association is always low because our polymer has
very few hydrophobes (~3) per chain. Finally, the polymer coil dimensions decrease as the
solvent becomes “PG-rich”, as shown by a decrease in [n] values (Table 2). The less
expanded chains will hinder the formation of any intermolecular associations. At some
solvent composition, these factors together will completely prevent the hydrophobic
association. In summary, we contribute the 2-regime behavior to the absence of the
hydrophobic association in regime-2.

The change in [n] may imply change in the concentration regime from entangled to
un-entangled semi-dilute regime. However, contrary to regular polymer solutions this is not
an issue here. For associative polymers, at concentrations below c* only intramolecular
association is possible [Candau et al. (1998); Regalado et al. (1999)]. At concentrations
higher than c* both inter and intramolecular association contribute to the solution rheology.
At higher concentrations, entanglement occurs in addition to hydrophobic association.
However, the physical entanglement of the polymer chains does not affect the rheological
properties of the semi-dilute solutions [Ng, et al. (2001)]. Thus, a distinct change in the
dependence of viscosity on concentration only occurs at ¢* when intermolecular associations
appear, and not with the addition of entanglements. Since the overlap concentration, c*

calculated as 1/[n], for this polymer solution is about 0.02% in water and 0.45% in PG, all
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samples examined in this study are above c¢*. This information, together with the similarity in
behavior observed among the unmodified polymer (without hydrophobes), the HASE
polymers encapsulated with B-cyclodextrin and the HASE polymer in “PG-rich” solvents, all
lend credence to the fact that the two-regime behavior is due to changes in hydrophobic
associations. This is also supported by the values of ky-kx shown in Table 2. In “PG-rich”
solvents, this value approaches the theoretical value of 0.5 similar to the unmodified
polymer. In contrast, the ky-kg values deviate substantially from the theoretical value in

“water-rich” solvents, suggestive of the presence of strong hydrophobic interactions.

5.4 Conclusions

The effect of solvent quality on the rheological behavior of a hydrophobically
modified associative polymer has been examined using co-solvents of water and propylene
glycol (PG) with different proportions. Two distinct modes of behavior are observed
depending on whether the co-solvent is “water rich” or “PG rich”. In both regimes, the
relative viscosity and plateau modulus reveal power-law dependences with the solvent
solubility parameter; however, the dependence is much stronger in the “water rich” regime.
In addition, the concentration dependence of the viscosity is very different for the two
regimes with the “water rich” regime revealing stronger power-law dependence consistent
with that observed in associative systems. In the “PG-rich” solvents, on the other hand, the
polymer shows behavior akin to that of the same polymer without the hydrophobe or to
polymers with the hydrophobes deactivated by inclusion compound formation with B-

cyclodextrin. This leads us to attribute the dual-mode behavior to a lessening in the ability of
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the hydrophobic groups for micellization as the solvent quality changes. This lack or
reduction of hydrophobic interactions in the “PG-rich” solvents is possibly induced by less
expanded polymer chains and conformational changes in PEO spacers, together with a lower

tendency of the hydrophobes to form micelles in less polar medium.
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Table 1. Solvent’s composition, solubility parameter components and solubility parameter.

PG, | &g 5 Sh 5

Solvent Wt.% MPI/Z MP]/Z MP1/2 MPI/Z
Water 0 123 | 313 | 341 | 478
PGI5 15 129 | 280 | 325 | 4438
PG25 25 133 | 260 | 315 | 427
PG35 35 139 | 229 | 307 | 407
PG50 50 145 | 204 | 288 | 382
PG70 70 153 | 162 | 266 | 348
PG85 85 162 | 129 | 249 | 321
PG 100 168 | 94 233 | 303

* Hansen (1967)
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Table 2: Intrinsic viscosity ([n]), Huggins coefficient (ky) and the difference between
Huggins and Kramer coefficient (ky-kk) for modified and unmodified polymers in
water/propylene glycol (PG) co-solvent with different compositions.

ds Modified Polymer Unmodified Polymer
Solvent| mpa"? [[mldlg| ku | ku-kk | [n] kn | kn- kk

Water 47.9 42.2 3.22 2.11 55.8 0.37 0.50
PG25 43.0 14.4 3.26 3.03

PGS0 38.3 4.1 2.73 2.21 13.5 0.41 0.52
PG70 34.8 3.1 0.61 0.63

PGS85 32.4 2.7 0.34 0.51 4.1 0.38 0.52

PG 30.3 2.3 0.41 0.51 1.4 0.36 0.51
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Figure 1: Chemical constitution of the HASE polymer. Here p=40 and R corresponds to
CaoHua; x/y/z = 43.57/56.21/0.22 by mole.
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Figure 2. Effect of solvent composition on the relative viscosity of a 3% HASE polymer
solution. The numbers after PG (propylene glycol) correspond to the weight
percent of PG in the water-propylene glycol co-solvent.
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Figure 3. Comparison of the steady (filled symbols) and complex (open symbol) viscosity of
a 3% HASE polymer solution shown for different co-solvent compositions. The
numbers after PG (propylene glycol) correspond to the weight percent of PG in

the water-propylene glycol co-solvent.
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Figure 6. Concentration dependence of the relative viscosity of HASE polymer solutions in
“water-rich” solvents. Results are shown for different compositions of the co-
solvent.
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Abstract

In this study, we investigate the ability of diffusing wave spectroscopy (DWS) to
probe the dynamics of comb-like hydrophobically modified associative polymers. The effect
of both solvent quality and polymer concentration on the dynamics of the polymer solution
are examined. The creep compliance and dynamic moduli data extracted from DWS are
compared to those measured using conventional rheometry. We find that DWS accurately
probes the structural changes induced by the change in the solvent quality or the polymer
concentration. The comparison with conventional mechanical rheometry data reveals
excellent qualitative agreement between the data obtained from the two techniques.
Quantitatively, however, the dynamic moduli extracted from DWS measurements are
consistently higher than those obtained using conventional rheology. Several reasons for the
discrepancy are discussed including the possibility that the dynamics at the micro-level could
be different from the bulk properties. The scaling of the creep compliance, high—frequency
elastic modulus and relaxation time with polymer concentration show power-law
dependence. The power-law exponents are discussed in light of theoretical predictions and
available experimental data. Finally, the time dependent diffusion coefficient have been
obtained using DWS and reveal information about the length scales associated with changes

from elastic to glassy behavior of the polymer.
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6.1 Introduction

Hydrophobically modified alkali soluble emulsion (HASE) polymers are water-
soluble associative polymers that have a comb-like structure with pendant hydrophobic
groups randomly grafted to a polyelectrolyte backbone. They have several advantages over
other associative polymers in terms of cost and wide formulation latitude'. They are currently
being used as rheology modifiers in a wide range of applications, including paint

formulations®™", paper coatings’, personal and home care products®®, UV-photprotecting and

12,13 14-17

aerated emulsions'™ ", fabric softeners and as glycol based aircraft anti-icing fluids

The dynamics of HASE polymers, and associative polymers in general, is usually
characterized using traditional mechanical rheometry measurements. However, a multiple
light scattering technique was introduced recently by Pine et. al."” as a method to study the

dynamical processes in turbid media and has since been used to study collective dynamic

properties in a wide variety of materials, including polymer solutions and gels %

23,24 25-27

biopolymers™**, colloidal suspensions and gels*>?’, concentrated emulsions™*’, associative

31-35 37-42

polymers™> *°, foams®'°, nematic liquid crystals®®, actin filaments®”**, magnetorheological

44-46 46,47

suspensions™®, surfactants***’, and proteins

Compared to conventional rheology, DWS has several advantages. First, the dynamic
properties are measured by applying a very small strain. Secondly, it requires very small
amounts of sample. Thirdly, it provides dynamic data over a very wide range of frequency.
Finally, and most importantly, owing to the multiple scattering nature of DWS, this technique

is capable of resolving angstrom-scale particle motions and thereby short-time dynamics.

Because the use of DWS to probe the dynamics of polymers requires the addition of
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optical probes that insure highly scattering medium, polystyrene spheres are usually used as
the optical probes. This resembles a practical application of HASE associative polymers well,
because these polymers are used in paints and coatings in conjunction with colloidal
particles.

In this study, we explore the ability of DWS to examine the behavior of associative
polymers. We investigate the effect of the solvent quality on the behavior of a HASE
polymer through using a co-solvent of water and propylene glycol (PG). The solution
dynamics in water-rich and “PG-rich” solvents is extracted by tracking the Brownian motion
of polystyrene spheres embedded in the polymer solution. The data obtained using the DWS
technique are compared to those obtained using conventional rheometry. In addition, we
examine the behavior of the polymer solution at very high frequencies that is not accessible

using conventional rheometry, which is of industrial relevance.

6.2 Materials and Methods

The associative polymer used in this study is a model hydrophobically modified
alkali-soluble (HASE) polymer synthesized by Dow Chemicals, via emulsion polymerization
of methacrylic acid (MAA), ethylacrylate (EA) and a hydrophobic macromonomer. Figure 1
shows a schematic representation of its structure together with its molecular constituents..
The macromonomers in Figure 1 is end capped with Cy;Hys alkyl hydrophobes that are
separated from the polymer backbone by 40 units of polyethylene oxide (PEO). Details of the
preparation method can be found in a previous publication®®.

The polymer latexes were dialyzed against de-ionized water using cellulosic tubular
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membranes for at least three weeks with daily change of water. After dialysis, the polymer
was freeze-dried and 0.9% solutions were prepared and neutralized to pH of 9 0.1 using 1N
NaOH with the ionic strength adjusted to 10* M KCI. In this study, mixtures of water and
propylene glycol were used as co-solvents. The composition of these mixtures expressed as
weight% of PG in the solvent mixture is shown in Table 1. Throughout the article, these
solvent mixtures will be called PGXX, with XX corresponding to the wt.% of PG in the
mixture.

The steady and dynamic properties of the HASE polymer solutions were measured
using a stress-controlled rheometer (Rheometrics DSR 1II). A 40-mm cone and plate
geometry with 0.04 radians cone angle was utilized for all the reported measurements. The
linear viscoelastic region (LVE), the region where both G’ and G” are independent of the
applied stress, was determined by carrying out a dynamic stress sweep experiment. Both the
creep and the frequency sweep experiments were carried out using a stress within the LVE.

A DWS setup operating in the transmission mode was utilized in carrying out all
measurements. A schematic diagram for the setup used in the DWS experiments is shown in
Figure 2. In this setup, the beam from a diode pumped solid state (DPSS) Nd-YAG laser
operating at a wavelength of 532 nm in vacuo was incident upon a flat scattering cell
containing the polymer solutions with polystyrene spheres as the optical probes. The
multiply scattered light was collected using an ALV SI/SIPD photon detector via a single
mode optical fiber. In order to ensure point-to-point geometry, the single mode optical fiber
has a Gradient Refractive Index (GRIN) lens with a very narrow angle of acceptance,

attached to it. The output from the ALV SI/SIPD photon detector is fed into a correlator
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working in the cross correlation mode. The measured intensity auto correlation function was
converted into the electric field autocorrelation function using the Siegert relationship.
The electric field autocorrelation function obtained from a DWS measurement can be

related to the mean square displacement through*:

K 1 s
g (1) :J‘P(s)exp{—gko2 <Ar2 (t)>l—*}ds (1)
0
where g;(?) is the electric field autocorrelation function, P(s) is the path length distribution

function, k, is the wave vector, (Arz(t)> is the particle mean squared displacement and /" is

the distance over which light becomes completely randomized. The mean square
displacement of the probing spheres was extracted pointwise from the electric field
autocorrelation function through a bisection root-searching program. It is to be noted that in
contrast to dynamic light scattering (DLS) in which the length scale over which particle
motion is probed can be adjusted by varying the scattering angle and/or the wavevector the
length scale over which the motion is probed in DWS is adjusted by varying the cell
thickness L. In this study we used 2 mm and 10 mm cells.

The viscoelastic properties of a medium can be extracted from the mean square
displacement data obtained from tracer microrheology either through direct comparison of
the complex viscoelastic modulus (G*) or through comparison of the creep compliance. The
complex viscoelastic modulus is obtained from tracer microrheology experiments through

9

application of the generalized Stokes-Einstein relation®:

k, T

Gls)= 6ras <AF2 (s)>

2
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However, this expression involves a transformation of the data from the time domain to the
frequency domain. A more direct method and one that has been shown to give better results
is the use of the creep compliance. The time domain creep compliance, J(t), is directly

proportional to the mean square displacement and is given by*"*%:

J(1) = ;—"T@rz (1)) 3)

The linear frequency-dependent storage and loss moduli can be obtained from the creep
compliance using various methods™’. However, it is difficult to implement some of these
methods, in particular the direct transformation methods, due to the very large temporal
dynamic range and logarithmic spacing of the measured mean square displacement.
Moreover, the accuracy of estimation methods can be reduced by the noise in the mean
square displacement and rapid changes in the logarithmic slope of the mean square*’. To
avoid these potential problems, the storage and loss moduli are calculated using the
retardation spectrum L(t) as determined by a regularized fit of the creep compliance using a

set of impartial basis function, following the method described by Mason et al.**.

6.3 Results and Discussion

6.3.1 Solvent Quality Effects

Our initial efforts focused on extracting information about the effects of the solvent quality
on the behavior of HASE polymers from DWS by tracking the motion of 0.966-um
polystyrene spheres in 0.9 wt.% polymer solutions in different solvents. In this regard, Figure
3 compares the mean square displacement of the 0.966 um spheres in pure water and that in a
mixture of 91% PG and 10%with that of 0.9  wt.% HASE polymer solutions in co-
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solvents of water and PG of different proportions. The observed Brownian motion of the
spheres intimately reflects the dynamics of the suspending medium. In the purely viscous
solvents of PG/water mixture and/or water, the behavior is diffusive as expected; this is
confirmed by the linear dependence of the mean square displacement with time. In the
viscoelastic medium (with polymer), the behavior becomes sub-diffusive, <Ar?(t)> ~ t" with n
< 1 as shown for the polymer solutions in all solvent composition. The effect of the co-
solvent on the mean square displacement at shorter times seems to be very different from that
at longer times. At longer times, the behavior of the polymer solution is controlled by the
viscoelastic nature of the polymer. In this limit, the solution exhibits more elastic character as
the water content of the solvent increases as evident from the lower <Ar?(t)> in water-rich
solvents as well as the lower dependence of <Ar?(t)> on time. On the other hand, at short
times, the behavior is controlled by the viscous nature of the medium and approaches that of
the solvent. This can be noticed from the lower <Ar*(t)> for polymer solutions in “PG-rich”
solvent which can be attributed to the high viscosity of “PG-rich” solvents compared to that
of water-rich solvents, (PG viscosity is about 40 times the viscosity of water). It should be
pointed out that this very short time behavior can never be probed by conventional
rheometers.

The behavior of the polymer solutions, as obtained from DWS, can be directly
compared to that obtained by conventional mechanical rheometry through the transformation
of <Ar’(t)> to the creep compliance, J(t), using equation 3. Figure 4 compares the creep
compliance of 0.9wt.% HASE polymer solutions in different solvents obtained using tracer

microrheology and mechanical rheometry. The effect of the solvent on the behavior of the
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polymer solution can be seen from the lower compliance (in both mechanical rheometry and
DWS measurements) for the polymer in water-rich than in “PG-rich” solvents. Figure 4 also
reveals excellent qualitative agreement between the mechanical and DWS compliance.
However, quantitatively the compliance obtained from the DWS measurements is always
lower than that obtained from mechanical measurement using stress values in the linear
viscoelastic region (LVE).

By decomposing the creep data using the Voigt model, the complex modulus (G*)
and thus the elastic (G’) and viscous moduli can be obtained. This is illustrated in Figures 5
which reflects the advantage of DWS; data over a very wide frequency range (6 decades) is
obtained. Figure 5b shows both G’ and G” for 0.9% HASE solution in PG14 and PG77
solvents. From the figure, we observe the difference in the behavior of the solution rheology
in water-rich and “PG-rich” solvents. In the “PG-rich” solvent (PG77), the behavior
corresponds to that of a viscous fluid with G” dominating G’ over the entire frequency range.
On the other hand, in the water-rich solvent (PG14), the G’ and G” response is that of a
typical viscoelastic material; at short times the material response is relatively elastic
compared to the viscous response at longer times. These same features are obtained using
mechanical rheometry as well. This is illustrated in Figure 6 which shows G’ and G” for a
0.9% HASE solution in PG14 and PG77 solvents.. These similar qualitative features seen in
Figures 5 and 6 are a testament to the feasibility of DWS for probing the behavior of our
complex associative polymers. These findings are in full accordance with the results of our
previous study where hydrophobic interaction played a major role in the solution behavior in

“water-rich” solvents. In contrast, the lack of hydrophobic association in “PG-rich” solvents
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was evident from the similarity of the polymer dynamics in “PG-rich” solvent to the behavior
of unmodified polymer analog with no hydrophobes’'.

A systematic comparison of the data obtained using both DWS and mechanical
rheometry is illustrated in Figures 7 which shows the frequency spectrum of both G’ and G”
for a 0.9 wt.% polymer in PG14 and PG 77 solvents. We observe excellent qualitative
agreement between the data obtained using DWS and that obtained from mechanical
rheometry. Quantitatively, the moduli obtained from DWS measurements are consistently
higher than those measured using traditional rheometry. This discrepancy between DWS and
mechanical rheometry could arise from different factors including the range of validity of the
Generalized Stokes-Einstein relation (GSER), the presence of structural inhomogeneity, and
possible interactions between the probe particles and the viscoelastic medium, which may
include absorption or depletion effects. The range of validity of the GSER has been the focus
of recent publications®” ***°. Levine and Lubensky found that there is a large frequency
range over which the GSER is valid in many systems. The upper frequency range is bounded
by the inertial effects that typically become significant at frequencies higher than 1 MHz. and
thus may be safely ignored. On the other hand, the lower frequency range is bounded by a
characteristic frequency, ®., below which the effective decoupling of network and fluid
dynamics becomes significant. An order of magnitude estimate of . can be determined form

the following relation®”:
O =—— 4)

where G is the shear modulus and can be taken as G*(®w=0), n is the solvent viscosity, & is

the network mesh size and R is the probe particle radius. There is no good estimate
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for the mesh size of our system, yet. The decoupling between the solvent and the network
would be highly dependent on the solvent quality and is expected to be enhanced with
“water-rich” solvents compared to “PG-rich” solvents.

To approximate the lower frequency limit, we consider the worst-case scenario, i.e.,
when the solvent is pure water. Since the G/m ratio is on the order of 100 s,
G*(®w=0.01)=0.2 Pa and n=1 mPa.s, a sphere radius that is 10 times larger than the mesh size
gives an estimate for ®, of about 1 Hz. On the other hand an estimate of 0.001 Hz would
result in the case of PG91 as the solvent. Thus, the discrepancy between DWS and
mechanical rheometry measurements cannot be fully attributed to the validity range of the
GSER.

Another factor that may be responsible for the deviation between the DWS and the
mechanical rheology measurements is the presence of local inhomogeneity in the system.
This can be examined by changing the probe size and comparing the extracted rheological
properties. In addition, changing the sphere size can provide information on the range of
frequency over which the GSER is valid. Figure 8 shows the creep compliance obtained by
DWS measurement of a 0.9% HASE polymer in water using PS spheres of different sizes.
The data extracted using mid size spheres (0.511-0.966 um) seem to collapse perfectly to a
single master curve that is in an acceptable agreement with the data obtained from the
mechanical rheology measurements However, the data extracted using the smallest and the
largest spheres show deviation. The agreement between the data obtained using mid size
spheres illustrates both the validity of the GSER and the absence of any local inhomogeneity.

Close examination of Figure 8 shows that the data obtained using the smallest spheres
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are still in good agreement with those obtained using the mid size sphere at times <107 s.
This would imply that the lower frequency limit where the GSER is valid for this size
spheres is on the order of 100 Hz. By simple back calculation we would get an average mesh
size on the order of 0.1 um. The deviation in the case of the largest spheres may be attributed
to inter-particle interactions or aggregation.

In general, the deviation between the data measured using DWS and mechanical

rheometry could be attributed to the perturbation of the polymer matrix by the probe spheres

or to measurement errors. For example, DWS requires independent measurement of £ (the

distance at which the light becomes completely randomized); any error in the value of £* will

affect the calculated mean square displacement. Based on these discussion, we can surmise
that the GSER is valid when spheres of suitable sizes are used,; the microstructure of the
polymer solution is insensitive to the probe size, and the decoupling between the solvent and
the network does not play any significant role on the dynamics of the system. It is therefore
possible that the discrepancy could be a result of actual difference between the micro- versus

macro rheological properties.

6.3.2 Concentration Effects

Here, we change the polymer concentration and examine the effect of the polymer
concentration on the dynamics of the polymer solution. The microstructure and thus the
dynamics of HASE polymer solutions are known to be highly dependent on the polymer
concentration and their behavior can go through many transitions within a limited range of
concentrations™. In this regard, we examine  the effects of the polymer concentration on
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the dynamics of the polymer solution using DWS. Figure 9 shows the mean square
displacement of 0.966 mm sphere embedded in aqueous solutions of a HASE polymer with
different concentrations. As observed from the figure, the motion of the spheres becomes
slower with increasing polymer concentration. This behavior is expected since the medium
viscosity and viscoelastic properties are enhanced by increasing the polymer concentration.
Moreover, the same <Ar?(t)>-time profile is observed for all polymer concentrations. This
profile can be described as an initial subdiffusive behavior at short times followed by the
development of a plateau at intermediate times and another subdiffusive behavior at very
long times. The similarity in <Ar?(t)>-time profiles, in spite of different polymer
concentrations, indicates that the dynamics probed by the spheres are of the same origin. A
similar <Ar?(t)>-time profile has recently been observed in a micellar soft crystal structure of
a triblock copolymer of polyethylene oxide-polypropylene oxide-polyethylene oxide (PEO-
PPO-PEO) known as Pluronic™ °. In our figure, there are however two minor differences in
the <Ar?(t)>-time profile for different polymer concentrations. First, the onset of the plateau
and the final subdiffusive regions shift to shorter times as the polymer concentration increase.
Second, the slope of the short time subdiffusive region decreases with polymer concentration.
These differences could be attributed to the change in relaxation time as the polymer
concentration increases. Indeed solutions with higher polymer concentration would have
slower relaxation processes, because of the enhancement in the system viscoelasticity.

The <Ar?(t)>-time profile can be explained as follows. At short times, the spheres
diffuse in the viscoelastic media (initial subdiffusive region) before they are entrapped inside

the polymer network (the plateau region), and finally escape after the relaxation of the
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network (final subdiffusive region). It should be noted that although our polymer and soft
crystal Pluronic™ coplymers exhibit similar <Ar(t)>-time profiles, the relaxation mechanism
is very different for them. While the Pluronic™ coplymers relaxe by the micellar
rearrangment °°, our polymer system relaxes by disengagement of associating sequencing.

Figure 10 shows the creep compliance data obtained from DWS measurements for
different polymer concentrations and the analogous data obtained from stress-controlled
rheometery. The figure reveals one advantage of combining data from DWS and mechanical
rheometry measurements, i.e., data over a very wide range of time scale (8 decades) can be
obtained. Note also that while mechanical rheometry measurements can never probe the short
time behavior, DWS can probe both the long time and short time behavior by using cells of
variable width. Figure 10 reveals excellent qualitative and good quantitative agreement
between the compliance data for various concentrations.

To further examine the feasibility of the DWS technique and its ability to correctly
probe the dynamics of the viscoelastic medium, the creep compliance was converted to the
corresponding dynamic moduli. Figure 11 shows the elastic and viscous moduli as functions
of angular frequency for the aqueous polymer solutions at different concentrations. As seen
from Figure 11, and as expected from the J(t) comparison, there is excellent qualitative
agreement between the moduli extracted from the DWS data with that from mechanical

rheometry, regardless of the polymer concentration.

6.3.2.1 Scaling behavior

The concentration dependence of material functions often reveals valuable
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structural information about a polymer. The rheology of associative polymers are usually
strongly dependent on concentration such that they can undergo several structural transitions.
At low concentrations, intramolecular associations are the dominant hydrophobic interaction
mode; as the concentration increases some of the intramolecular associations are converted to
intermolecular association. At high enough concentrations, the intermolecular associations
are the dominant mode of interaction. In this regard, we examine the high frequency elastic
modulus (G’) and the creep compliance J(t) as a function of concentration in Figure 12. We
find both these material functions to exhibit power-law behavior within the concentration
regime studied. In this figure, the high frequency elastic modulus is taken at a fixed angular
frequency of 10 rad/s; this is bounded by the highest frequency accessible by the mechanical
rheometer for the lowest concentration. J(t),on the other hand, was taken at a time of 50
seconds as bounded by the longest time accessible by the DWS technique. The error bars in
the figure represent the standard deviation for the DWS and mechanical rheometry data. As
observed from Figure 12, G* and J(t) scale as G’~c"” and J(t)~ ¢"®. It is worth mentioning
that while the scaling of the elastic modulus at various frequencies with concentration yield
the same scaling exponent, scaling of the J(t) at different times yield scaling exponents that
vary from -1.4 at short times to -1.9 at long times. The observed dependence of G’ on
concentration is somewhat weaker than the theoretical prediction of the sticky reptation
model’. The sticky reptation model predicts a scaling exponent of 2.2 for good solvent that
increases slightly to 2.3 in 0 solvents. Nevertheless, different exponents have been reported
for similar associative polymers. English e al’’ reported scaling exponents 1.4, 2.8 and 6.5

for HASE polymers with Cs, C;¢ and Cy hydrophobes, respectively. In fact, we obtained a
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scaling exponent of 1.8 for several HASE polymers that is in full agreement with the 1.7
obtained here®®. The scaling exponent 1.8 observed for J(t) is similar to that observed by Ng
et. al for Hydrophobically modified Ethoxylate Urethane (HEUR) polymers™.

Figurel2 also shows the scaling of the longest relaxation time (Tiong), defined as the
reciprocal of the frequency at which G’ and G” crossover, versus the polymer concentration.
Tiong Values in the plot are the average of tione Obtained from DWS and mechanical rheometry
measurements and the error bars represent the standard deviation. The small error bars
demonstrate the ability of DWS to accurately probe the dynamics of HASE polymers. The
scaling shows that Tiong ~c"*_ This scaling along with G’ scaling suggests a scaling exponent
2.6 for the steady shear viscosity (1) based on the transient network theory prediction®,
N=G. 1. This exponent is in full agreement with that obtained in our laboratory for similar

polymers’®.

6.3.2.2 Time dependent Diffusion Coefficient
The mean square displacement data can be further analyzed in terms of a time

dependent diffusion coefficient , D(t), defined as:

(A (1))

bo="—¢

“4)

Figure 13 shows the evolution of D(t) for different polymer concentrations. Regardless of the
concentration, the diffusion coefficient decreases continuously and the motion of the spheres
cannot be described by a single diffusion coefficient. Higher polymer concentrations result in

a lower diffusion coefficient, as expected, due to the increase in the solution viscoelasticity.
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At very short times and small length scales, the spheres are subjected to small amplitude,
high frequency lateral fluctuation of the polymer network?. In this limit, the medium
behavior is dominated by the glassy nature of the polymer and the diffusion coefficient
approaches that of the spheres in pure water (Do), 0.46 um?/s. At long times or long length
scales, the medium behavior is dominated by its elastic nature and microspheres becomes
elastically trapped by the network structures. Therefore, a very small diffusion coefficient is
expected at long times and higher concentrations. The very small diffusion coefficient, up to
7 order of magnitude lower than the diffusion coefficient of the 0.966 um spheres in water,
correspond to near arrest of the sphere by the network®'. Moreover, from the values of the
diffusion coefficient as presented in Figure 13, one would expected the sphere size to be
much larger compared to the network mesh. Hence, if the sphere size were smaller than the
network mesh, a diffusion coefficient similar to D, would be expected.

Information about the dynamic of the medium at different length scales can be

extracted form the behavior of the diffusion coefficient as function of the sphere
displacement, <Ar2 (t)> as shown in Figure 13b. This figure shows three distinct dynamical

regions for all concentrations studied. In the first region at short displacements, the diffusion
coefficient shows a near plateau behavior. This region is followed by a sharp downward
transition and finally a near plateau region is established at longer displacements. The length
scale for the sharp transition decreases from 10 to 2.5 nm as the concentration is increased
from 1 to 5%. Similar behavior has been reported for an actin filaments network®'. The
dynamics in the early near plateau region corresponds to a behavior dominated by the

hydrodynamic interactions. As the spheres approach the polymer network, they
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experience the dynamics of the elastic medium and finally become entrapped in the elastic

cage formed by the network.

6.4 Conclusions

In this study, we use diffusing wave spectroscopy to probe the structural changes induced by
the change of solvent quality and polymer concentration on a HASE associative polymer. In
addition, we compare DWS results to those obtained using conventional rheometry. We find
that cosolvents of water and propylene glycol (PG) impart significant changes in rheology
depending on the composition. In “water-rich” solvents, the polymer behavior is dominated
by hydrophobic associations; in contrast, in “PG-rich” solvents, the solution behavior is
similar to that of an unmodified polymer without hydrophobes. In addition, comparison of
DWS results with those obtained using conventional rheometry reveals excellent qualitative
agreement. Further, DWS provided information on the polymer dynamics over a very wide
frequency range, including high frequencies that are not accessible by mechanical rheometry.
Finally, the concentration dependence of the creep compliance, high—frequency elastic
modulus and relaxation time obtained using DWS or rheometry reveal power-law
dependence with the same exponents regardless of the technique. However, the power-law
exponents were different for the different materials functions, and are discussed in light of
theoretical predictions and other available experimental results. These results taken together
suggest diffusing wave spectroscopy (DWS) as a viable technique to probe the dynamics of

associative polymers.
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Table 1. Solvent’s composition, solubility parameter components and solubility parameter.

PG, 04 ) Ou o
Solvent wt.% | MPa®® MPa&5 MPa%® | MPa%’

Water 0 12.3 31.3 34.2 47.9
PG14 14 12.9 28.0 32.7 45.0
PG23 23 13.3 26.0 31.9 43.2
PG32 32 13.7 23.7 31.1 41.5
PG46 46 14.3 20.5 29.7 38.7
PG64 64 15.1 16.2 27.8 35.6
PG77 77 15.7 12.9 26.6 33.3
PGI1 91 16.4 9.4 25.2 31.5
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Figure 1. Schematic representation of the architecture of a typical HASE polymer and its
molecular structure. Here, p=40 and R correspond to CypHus; xX/y/z =
43.57/56.21/0.22 by mole.
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Figure 2. Diffusing wave spectroscopy (DWS) experimental setup in the transmission mode.
The beam is focused and incident upon flat scattering cell containing the sample
and spherical optical probes. The light is multiply scattered and collected by two
photomultiplier tubes.
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Figure 3. Evolution of the mean square displacement for water, PG/water 91/9 (w/w)
mixture, and 0.9% HASE polymer in PG/water co-solvents at different PG ratios.

141



10” ———rrrrr——rrrrr——rrrr—r—rrrr

10'2 T BT BT BT
102 107" 10° 10" 10°
time, sec

Figure 4. Comparison of the creep compliance obtained from mechanical rheometry
(symbols) and tracer microrheology (lines) for 0.9% HASE polymer in PG/water
co-solvents at different PG ratios.
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Figure 5. Frequency dependence of a) the complex modulus, G*, and b) the elastic (G”) and
viscous (G”) moduli obtained from tracer microrheology for 0.9% HASE polymer
solutions in PG/water cosolvent with different PG ratios.

143



102 L] |||||||| I T ||||||| 1 IIIIIIII L} rrorrrt
PG14 (G")

N

1 000
10 OQOOO

10° :
2] 3
(=" .
o 107} £
CHEN S ]
10 °E .
E PG77(G") b
- A
10°F \
E Af PG77 (G)
10-4- T BT T BT
10 10" 10° 10" 10°

, rad/sec

Figure 6. Frequency dependence of the elastic (G’) and viscous (G”) moduli obtained from
mechanical rheometry measurements for 0.9% HASE polymer solutions in
PG/water co-solvent at different PG ratios.
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Figure 7 Comparison of a) elastic (G”) and b) viscous (G”) moduli obtained from mechanical
rheometry (symbols) and tracer microrheology (lines) for 0.9% HASE polymer in
PG/water co-solvent at different PG ratios.
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Figure 8. Comparison of the creep compliance obtained from tracer microrheology using
different sphere sizes embedded in 0.9% aqueous polymer solution. The line

represents the creep compliance obtained from mechanical rheometry
measurement.
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Figure 9. Evolution of the mean square displacement of 0.996 mm PS spheres in aqueous
solution of HASE polymer at different concentrations.
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Modulation of Hydrophobic Interactions in Associative Polymers with

Inclusion Compounds and Surfactants

Ahmed A. Abdala', Alan E. Tonelli* and Saad A. Khan'"

1 Department of Chemical Engineering, North Carolina State University, Raleigh NC 27695, USA
2 Fiber and Polymer Science Program, North Carolina State University, Raleigh NC 27695, USA

Abstract
In aqueous solution, the hydrophobic segments of a hydrophobically modified alkali-soluble
emulsion (HASE) polymer usually associate forming physically cross-linked networks that
enhance the solution viscosity and viscoelastic properties. While this enhancement attracts
many technological applications, the ability to control the rheology is often desirable. In this
study, we modulate the rheology of a model HASE polymer through the interaction of the
hydrophobic groups with a- and B-cyclodextrin (CDs). The complexation between the
hydrophobic segment (C,,-EO,y) and CDs are investigated using 'H NMR, differential
thermal analysis (DSC), and thermal gravimetric analysis (TGA). The stoichiometric ratio of
complexation between CDs and the hydrophobic macromonomer is determined from NMR
and the yield data and found to be 5 moles CD/mole hydrophobe. This interaction between
the hydrophobic segment of the HASE polymer and the CD’s reduced the polymer solution
viscosity and dynamic moduli by several orders of magnitude. This reduction in
viscoelasticity is reversibly recovered by the addition of different surfactants that have a

higher propensity to complex with the CD than the hydrophobic segment of the polymer.

: corresponding author; phone: 919-515-4519; fax: 919-515-3465; email: khan@eos.ncsu.edu
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7.1 Introduction

Associative polymers are macromolecules with attractive groups either attached to the
ends or randomly distributed along the backbone'. Hydrophobically modified alkali soluble
emulsion (HASE) polymers are one class of water-soluble associative polymers that have a
comb-like structure with pendant hydrophobic groups randomly grafted to a polyelectrolyte
backbone. HASE polymers have several advantages over other associative polymers in terms
of cost and wide formulation latitude®. Consequently, they are currently being used in a range
of applications, including paint formulations, paper coatings, and recently as glycol based
aircraft anti-icing fluids’> and also have potential for use in enhanced oil recovery and
personal care products. These polymers are usually added to either modify the rheology of
aqueous solutions or increase the stability of dispersions. Because of their high thickening
ability, a few percent of HASE polymers can increase the solution viscosity by several orders
of magnitude. This thickening ability is predominantly the result of the molecular
hydrophobic associations that occur to minimize contact between the aqueous media and the
hydrophobic segments of the polymer; the hydrodynamic volume expansion upon
neutralization of the carboxylic groups on the polymer backbone also plays a minor role in
this regard.

Despite the importance of hydrophobic interactions to promote viscosity
enhancement in this polymer system, there is also a need to remove these interactions in
many instances. For example, the very high solution viscosity of a concentrated solution is
always associated with difficulty in handling during solution preparation and prior to the end

use stage. The hydrophobic interaction also makes extracting information from
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characterization techniques, such as light scattering and gel permeation chromatography
(GPC), cumbersome and less accurate. The removal of the hydrophobic interactions would
simplify the information gained from these techniques and assist in understanding the
behavior of these polymers. In addition, the properties of the hydrophobically modified
polymers are usually compared to those of the unmodified parent polymer without
hydrophobes to gain understanding about their microstructures and associating abilities.
However, such an assessment may not be realistic, because modified and unmodified
polymers may differ by more than just the hydrophobic modification’. The ability to compare
modified polymers with that in which the hydrophobes are deactivated would provide a
plausible basis for understanding their behavior.

In this study, we examine a powerful method to control the solution rheology of
HASE polymers by means of removing the hydrophobic interactions using cyclodextrins to
form inclusion compounds® with the macromonomer part of the HASE polymer.
Cyclodextrins (CDs) are ring-shaped oligosaccharides consisting of 6, 7, or 8 glucose units
(corresponding to a, B, and y-CD) joined by a-1,4-glycosidic linkages. They have a
hydrophobic inner-core and a hydrophilic outer-shell thus making it possible for the
hydrophobic segments of the polymer to reside inside them and form a complex referred to
as an inclusion compound. Such a notion is supported from previous studies which reveal
cyclodextrins to have superior tendencies to interact with the hydrophobic segments of
different hydrophobically modified water soluble associative polymers, including:
hydrophobically end capped polyethylene oxide’ ', poly(ethylene glycol)s (PEGs) bearing

hydrophobic ends (naphtyl and phenyladamantyl)®, N,N-dimethylacrylamide-hydroxyethyl
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methacrylate  copolymer hydrophobically modified with adamantyl groupsl4'16,

hydrophobically modified ethyl(hydroxy ethyl) cellulose’, hydrophobically modified,
degradable, poly(malic acid)'’, isobutene maleate polymer with pendant hydrophobic 4-tert-

18,19

butylanilide'®'”, hydrophobically modified ethoxylated urethanes®, hydrophobically

21,22

modified alkali soluble emulsion polymers***, and hydrophobically modified Dextran®.

Cyclodextrins have also been reported to form inclusion compounds with many nonionic
surfactants®**.

In this work, we focus on investigating the effects of a- and 3- cyclodextrin addition
on rheology of HASE polymer solutions, understanding the mechanism of cyclodextrin
polymer complexation and evaluating the reversibility of these interactions. As such, we
examine initially the extent of rheology changes upon CD addition and the existence, if any,
of quantitative relationship between the molar ratio of CDs to the polymer hydrophobes on
solution rheology. In order to isolate whether the observed changes are due to interactions of
the CD with the macromonomer containing the hydrophobes or with the polymer backbone,
we take a two-prong approach. The interaction between the CDs and the polymer backbone
is studied using the unmodified parent polymer without hydropobes. On the other hand, a
commercially available surfactant, RhodaSurf, was modified to resemble the macromonomer
part and used to simulate the interaction between the macromonomer part of the HASE
polymer with the CDs. A range of techniques including NMR, DSC and TGA are used to
study the complexation and formation of an inclusion compound between the CDs and the
hydrophobic macromonomer Finally, the reversibility of the CD-polymer complexation and

ability to recover the original solution rheology was investigated through addition of
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nonionic surfactants. A higher affinity of the CD to form inclusion compound with the
surfactant would lead to the release of the polymer from the CD and a concomitant reversal

of rheology.

7.2 Experimental
7.2.1 Materials

The model associative polymer used in this study is a hydrophobically modified
alkali-soluble (HASE) polymer synthesized by UCAR Emulsion Systems (Dow Chemical,
NC) via emulsion polymerization of methacrylic acid (MAA), ethylacrylate (EA) and a
hydrophobic macromonomer (Figure 1). This macromonomer is end capped with CyHas
alkyl hydrophobes that is separated from the backbone by 40 polyethylene oxide (PEO) units.
Details of the preparation method can be found in a previous publication*'. In addition to the
hydrophobically modified polymer, an unmodified polymer that has the same structure as the
modified polymer with the C,,Hy4s hydrophobes replaced by an equivalent amount of methyl
groups was also used. Both the modified and the unmodified polymers were prepared in an
identical manner and are believed to have the same molecular weight. The polymer latexes
were dialyzed against de-ionized water using a cellulosic tubular membrane for at least three
weeks with daily change of water. After dialysis, the polymer was freeze-dried and 5%
solutions were prepared and neutralized to pH of 9 +0.1 using 1 N NaOH with the ionic
strength adjusted to 0.1 M KCl.

C2EQy surfactant under the commercial name of RhodaSurf was provided by DOW

Chemical Company. The surfactant was modified to resemble the macromonomer part of the
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HASE polymer through reaction with a, a, dimethyl meta-isopropenyl benzyl isocynate

(TMI ® (meta), American Cyanamid) as follows:

CH3-<CH2>‘O{~CH2-CH2—O]~H

21 40 0 HC CH,
+ e 1] -(CH )—O{CH CH o]—g NH \(‘QC/
] 3 2 B 2 2 / - \\
H3(| 40 H;C CH,
CH
O=C=N—(|'—©’Cé ’
CH; \CH3

Nonionic surfactant, Nonylophenol polyethylene glycol ether with degree of ethoxylation of
4 (NP4), was provided by DOW Chemical Company. Industrial grade o and B-cyclodextrins

were supplied by Cerestar USA, and are used as received.

7.2.2 Methods

The steady-state and dynamic rheological behavior of the polymer solution were
measured using a stress-controlled rheometer (Rheometrics DSR 1I) fitted with appropriate
cone and plate, parallel plates, and couette geometries. Details on the rheological techniques
are provided in previous publications (put here Rob’s paper and yours)

"H NMR data were obtained using a 500 MHz Bruker DRX NMR spectrometer. All
spectra were acquired at 298 °K using Tetramethylsilane (TMS) as internal standard and all
samples were prepared in DMSO-d®. The instrumental parameters for acquisition of the one-
dimensional proton spectra are as follows: tuning frequency 500.128 MHz, Spectral Width
13.2 ppm, number of data points 32K, relaxation and acquisition times 1.0 and 2.47 sec
(respectively), pulse width 10.5 um, tip angle 90° and number of transients 16.

Differential scanning calorimetry (DSC) was carried out on 3-8 mg samples with a Perkin-
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Elmer DSC-7 thermal analyzer equipped with a cooler system. A heating rate of 10° C/min
was employed and an indium standard was used for calibration. Before each scan, samples
were annealed at 200° C for 3 minutes to erase thermal history, followed by a flash
quenching to -100° C at 500° C/min. Thermal gravimetric analysis (TGA) measurements
were carried out on a Perkin-Elmer Pyris 1 Thermogravimetric Analyzer. Approximately 20
mg samples were heated from 25-600° C and the weight loss was recorded as function of

sample temperature.

7.3 Results and Discussion
7.3.1 Effect of CDs on solution rheology

The effects of both a- and B-CD on the steady shear viscosities of a 3% HASE
solution are shown in Figures 2a and b, respectively. With the addition of CDs, the steady
shear viscosities of the polymer solutions decrease dramatically. Moreover, at about 15 moles
of CD per hydrophobe, it seems that there is no further reduction in the solution viscosity for
both a— and B-CD; however, the final viscosity obtained using o-CD is about one decade
lower that that obtained using 3-CD.

Similar findings are obtained from dynamic rheological measurements. Figures 3a
and b demonstrate the effect of a and B-CD on the frequency spectrum of the elastic (G*) and
viscous (G’”) loss moduli of 3% HASE polymer solutions. The addition of either a or f-CD
reduces both the elastic and viscous moduli and increases their dependence on frequency.
The decrease in the elastic modulus reflects a reduction in the number of active junctions

between HASE polymer chains due to the deactivation of the hydrophobic groups; transient
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network theory predicts that the elastic modulus is directly proportional to the number of
active junctions*®. The higher dependence on the frequency is a sign of weaker network
structures due to the reduction of the number of active hydrophobes. Additional CD above
that of 15 moles of CD per mole of hydrophobe has no effect on either the level of the
moduli or on their dependence on frequency. Moreover, the maximum reduction in the
moduli, vis a vis the final moduli values, are about 2 decades lower with a—CD han those
obtained with -CD. These results are consistent with the steady shear findings.

The decrease in solution viscoelasticity upon addition of CD suggests that the CD
interacts with either the polymer backbone, the hydrophobic macromonomer or both. To
determine if any interactions occur between the CDs and the polymer backbone, an
unmodified polymer with similar structure and molecular weight to those of the HASE
polymer was used. The unmodified polymer was synthesized in the same manner that the
HASE polymer was synthesized, but with the C,, hydrophobes replaced with an equivalent
amount of CHj3 groups. Figures 4a and b illustrates the effects of adding varying amounts of
B-CD to an 1% unmodified polymer solution on both the steady shear viscosity and the
dynamic moduli, respectively. We find that the addition of B-CD, regardless of the amount
added, has no effect on the steady shear viscosity of the unmodified polymer solution nor on
the frequency spectrum of the dynamic moduli. This suggests that that there are no
interactions between the B-CD and the polymer backbone, and any effect of CDs on the
rheology of the HASE solution occurs primarily from the interaction between the CDs and

the hydrophobic segments of the HASE polymer.
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7.3.2 Macromonomer-cyclodextrin complexation

An extensive array of experiments were undertaken to decipher the interaction
between o and B-CD and the macromonomer part of the polymer, the structure of which
resembles that of a nonionic surfactant with the C,, alkyl group as the hydrophobic segments
and the 40 EO units as the hydrophilic segment of the surfactant. As a first step, a
macromonomer -CD inclusion compound (IC) was formed by mixing 1% macromonomer
aqueous solution with 1% a or f—CD aqueous solution to yield different CD/macromonomer
molar ratios (0.5 to 50). Upon the addition of a-CD to the macromonomer solution, a cloudy
solution was formed immediately. In contrast it took several hours after the addition of -CD
for the solution to become cloudy. The cloudiness of the solution is a sign of complexation
between the CD and the hydrophobic macromolecule. Three days after mixing the two
components, the complexes were isolated by centrifugation, filtration, washing with water,
re-centrifugation, re-filtration, and freeze-drying.

Figure 5 shows the IC yield as function of the CD to macromonomer molar ratio for
a-CD and B-CD. The IC yield was calculated as the weight of the dried IC divided by the
total weight of the surfactant and the CD. As seen from the figure that the IC yield increases
with increasing CD to macromonomer molar ratio reaching a maximum at a ratio of about 5
moles of CD to one mole of macromonomer before starting to decrease. This behavior is
suggestive of the complexation process being stoichiometric. Figure 5 also reveals that o-
CD gives a higher yield compared to 3-CD. The difference in the yield between o and -CD
can be attributed to the difference in the annular size of the two. a-CD has a ring size of

about 5.7 A in which the hydrophobic  segments of the macromonomer would have
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a snug fit. On the other hand, the annular size of B-CD is larger (~ 7.8 A)*, giving the
macromonomer sufficient room to move in and out In fact, it has been reported by others as
well that while a-CD was able to form inclusion compounds with polyethylene glycol and
oligoethylene, B-CD was not **.

A larger maximum yield value of the a-CD-macromonomer complex (~65%)
compared to the 3-CD-macromonomer complex (~54%) is consistent with the rheology data
in Figures 2 and 3 which indicate that o-CD is more effective in deactivating the
hydrophobic groups and reducing viscosity and modulus. However, the ratio of CD to
hydrophobes where the maximum viscosity/modulus reduction occurs, 15 to 1, is different
than the stiochiometric ratio, 5 to 1, where the maximum vyield is obtained. This can
nonetheless be easily explained if the yield is calculated based on the macromonomer weight
rather than weight of both the macromonomer and the cyclodextrin. If we do this, the yield
increases continuously rather than passing through a maximum.

In order to interpret the CD/hydrophobe ratio at which the maximum reduction in
viscosity/moduli occurs, we can calculate the % of active hydrophobes (hydrophobes that are
not complexed with CD) as function of the molar ratio of added CD/hydrophobes. This can
be done following the scheme:

mCD+ C,EO,,~ —nCD,— C,EO, ~) + (m-5*n) CD + (1-n) <C,EO, ~)

Using the initial molar ratio of CD/macromonomer (m) and the yield of their complex

(y), the % active hydrophobes can be calculated by assuming a 5/1 stoichiometric

complexation ratio as follows:
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1

Moles of macromonomer in 1 gram of feed, (F) = Moles
f g f f ( ) (m * M CD + M macro )

Moles of complexed macromonomer, (p) = G *MCDJ:L M) Moles

%Active hydrophobes = (%) *100

where, Mcp is the molecular weight of the CD and Mpacro 1S the macromonomer molecular
weight. The % active hydrophobes based on the yield data and calculated according to the
this scheme is shown in Figure 6. We observe a rapid initial decrease in the % active
hydrophobes followed by a very slow decrease at CD/macromonomer molar ratios above 15.
We also find that the % active hydrophobe at a CD/ hydrophobe molar ratio of about 15 is
less than 10% for a-CD compared to about 20% for B-CD. These results explain the
difference in the effects produced by a- and B-CD on the steady shear viscosity and dynamic

moduli of the concentrated HASE solutions.

7.3.2.1 Characterization and interaction modes of CD-macromonomer ICs

The DSC technique was used to confirm complex formation and to determine
whether the “inclusion compound” separated via centrifugation yielded a compound with no
free macromonomer. Figures 7a and b show the DSC thermograms of the macromonomer, a-
CD, B -CD and their ICs. The DSC thermograms of the macromonomer-a-CD and
macromonomer-f3-CD complexes show no endothermic peak where the melting point of the

free macromonomer is expected. This confirms the absence of the free macromonomer in the

ICs*®,
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The complexation between CDs and the macromonomer also impacted the thermal
stability of both CD’s and the macromonomer. Figures 8a and b show the TGA data of a-
CD, B —CD, macromonomer and their ICs. The TGA data for a- and 3-CD show the onset of
weight loss at about 315° C and 325° C, respectively. Both a and B-CD have a residue of
about 20% at 500°C. On the other hand, the macromonomer has a higher temperature onset
for weight loss of about 400° C and much lower residue, about 1% at 500° C. The
macromonomer-CD ICs have an onset between that of the macromonomer and the CDs
(about 340° C) and a residue of about 10% at 500° C. The improved thermal stability of the
CDs due to the complexation as compared to the CDs by themselves has been observed in
other cyclodextrin ICs ***.

Figure 8 also reveals that the macromonomer-CD ICs have a multistep decomposition
profile. After the onset of weight loss, there is a rapid decomposition up to about 40%
residue. This is followed by a very slow but small decomposition regime for a few weight %
at about 400° C, and a final rapid decomposition until a final residue of about 10% is
reached. Similar multistep profiles have been observed with 4-arm polyethylene glycol-a-CD
IC, 4-arm polyethylene glycol-y-CD IC* and C4nt C4EOg-0-CD IC* and has been attributed
to the dethreading of the guest (macromonomer) during the TGA run **.

Further insights into the complexation between the CDs and the macromonomer has
been obtained using '"H NMR. Figures 9a and b show the '"H NMR spectra for a-CD, p-CD
the macromonomer and their IC recorded in DMSO-d’. Both the methylene protons in the
alkyl Cy; and EQOyg in the ICs are shifted downfield as shown in Figures 9 and 10. The

complexation stoichiometric ratio can be obtained by comparing the integral area under the
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H; proton for the CD (4.80 - 4.82 ppm) with that of the methylene protons of the alkyl Cy,
from the surfactant (1.20 ppm) in the IC spectrum. These peaks are fully resolved and free
from any overlap with other peaks. The stoichiometric ratio obtained from the 'H NMR data
is about 5, which is consistent with that obtained from the yield data (Figure 5). Moreover,
the formation of inclusion compounds is confirmed by the 'H NMR spectra;. a very
significant shift is observed for cyclodextrin protons labeled as OH, and OHs. A smaller
shift is observed for the other cyclodextrin protons and both the aliphatic and the ethylene
oxide protons on the macromonomer (Figure 10).

Two intriguing issues that remain to be resolved are how much of the macromonomer
is encapsulated by the CD and whether such complexation is static or dynamic in nature.
Because the height of each CD bracelet is ~7.9A*, a fully extended macromonomer would
require ~20-25 threaded CDs for complete coverage. However, as noted above we observe a

CD-macromonomer complex stoichiometry of ~5, so only roughly Y% — % of the Cx-EO4

chain is complexed by the CDs. Although tentative, we can offer further suggestions
regarding the complexation of the macromonomer with CDs based on the 'H NMR
observations presented in Figures 9 and 10. Let us consider the following two scenarios:(i)
all CDs are moving along and possibly threading onto and off of the Cy-EO4y
macromonomer chains rapidly on the NMR timescale (MHz), and (i1) some of the CDs are
rapidly moving along and possibly threading and dethreading onto and off of the
macromonomer as in (i), whereas the remaining CDs remain complexed with the
macromonomer for longer times. If we reasonably suppose that CDs may only thread the

macromonomer chain from the C,; end, and not from the bulky TMI, (meta) end (see the
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macromonomer structure in Figure 1)), then scenario (i) would be expected to evidence 'H
NMR spectra for the macromonomer-CD complexes with CH; protons from both the C,; and
EOy4 portions of the macromonomer chains resonating downfield from their positions in the
free macromonomer. This appears to be the case for the C,, CH; protons as seen in Figure
10a. However, in Figure 10b we note that the CH, protons belonging to the EO4¢ portion of
the complexed macromonomers, while also shifted downfield from their uncomplexed
resonance frequencies, exhibit even higher field shoulders on their main resonance peaks.
This is suggestive of two different populations of EO4y CH; protons, with the majority of EO
units experiencing rapidly moving CDs, while the smaller remaining population are
complexed and covered by the CDs for a longer period of time, as described in scenario (ii.).

We therefore suggest, that at any given time Y% — ), of the C;EOQ49 macromonomer

chain is complexed and therefore covered by CDs, with CDs able to rapidly move along most
of the C,EQ4 chain and possibly thread/unthread onto/from the C,; end. In addition, a
minor population of the EOQ4 macromonomer units, which are likely those closest to the
bulky TMI, (meta) end, remain complexed and covered by CDs for longer times. Future
NMR relaxation studies will be necessary to substantiate the suggestions we have tentatively
offered here concerning the detailed characteristics of the macromonomer - and HASE-CD

complexes.

7.3.3 Recovery of Solution Rheology
In the previous sections, we present an approach to reduce the viscoelasticity of

HASE solutions through complexation with CDs to form inclusion compounds. This
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complexation yields a solution with a final viscosity or dynamic modulus several orders of
magnitude lower than the original solution. The question that needs to be resolved is whether
the HASE solution can recover its viscoelastic characteristics and to what extent. Since the
macromonomer part of the HASE polymer interacts with the CDs, the addition of more
macromonomers to the HASE solution that is complexed with CD would shift the
equilibrium between the polymer and the CDs away from their complexed state, as CD-
macromonomer complexes are formed. This in turn would free some of the hydrophobic
groups in the polymer and enhance solution viscoelasticity.

To test this hypothesis, we have added different amounts of macromonomer to a
HASE solution complexed with CD. Figures 11a and b show the effect of macromonomer
addition on the steady shear viscosity and dynamic moduli, respectively, of a 3% HASE that
was complexed with 20 moles B-CD per hydrophobes. The addition of the macromonomer
increases the solution viscosity and a complete recovery of the zero shear viscosity is reached
with about 4.5 mM macromonomer. The macromonomer addition also increases both the
elastic and loss modulus and reduced their dependence on frequency. In fact, with 4.5 mM
macromonomer the plateau elastic modulus reaches that of the original solution. Further
macromonomer addition yields a decrease in the steady and viscoelastic properties possibly
because the free macromonomer concentration reached its upper critical limit.

The effect of a nonionic surfactant, nonylophenol surfactant with 4 EO units (NP4),
on the steady shear viscosity and the dynamic moduli of 3% HASE solution complexed with
20 moles a-CD per hydrophobes was also examined and is illustrated in Figure 12. With

about 40 mM surfactant the zero shear viscosity is fully recovered, but the viscosity profile is
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different than that of the original solution. With added surfactant, the solution shows a higher
degree of shear thinning compared to the original solution. Similar findings are also obtained
from the dynamic measurements, with an increase in the level of the dynamic moduli and
lower dependence on frequency with the addition of NP4 surfactant. A complete recovery of
the plateau modulus has not been reached in this case.

Despite the recovery of the zero shear viscosity and the plateau modulus, there are,
however, differences in the steady shear profile and dynamic spectrum of the recovered and
the original solutions. The differences that are observed in either the macromonomer or NP4
surfactant case is a result of the fact that the added macromonomer or NP4 interacts with the

HASE polymer*’.

7.4 Conclusions

The rheology of aqueous HASE solutions can be controlled by complexation of the
normally associating hydrophobic macromonomer components with a- and B-cyclodextrins.
The steady shear viscosity and dynamic moduli of the HASE solutions can be reduced by
several orders of magnitude upon addition of the cyclodextrins. Furthermore, it is possible to
reversibly recover the high viscoelastic characteristics of HASE solutions containing
cyclodextrins by treatment with surfactants that compete with the hydrophobic portions of
HASE for complexation with the cyclodextrins. As a consequence, cyclodextrins and
surfactants in combination can be judiciously employed to lower the viscoelasticity of HASE
solutions during processing, while subsequently recovering the high viscosity and

viscoelastic properties that are sought in their applications.
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viscosity and (b) dynamic elastic (G’) and viscous (G’) moduli of the polymer
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in mM.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK



8.1 Conclusions

In this chapter we briefly summarize the key aspects of this dissertation. In the
preceding chapters, we have shown that polymer composition and solvent quality have a
large impact on the polymer solution microstructure and rheology. We also investigated
the ability of diffusing wave spectroscopy to probe the dynamic of complex associative
polymers. Moreover, we provided an approach to modulate the hydrophobic interactions
through using inclusion compounds and surfactants. Some of the major findings of the

study are summarized in the following paragraphs.

e Both the polymer backbone composition and the macromonomer concentration have
profound impacts on the solution viscosity and viscoelastic properties. Increasing the
MAA concentration in the polymer backbone increased the chains’ hydrodynamic
size but reduced its flexibility. A small increase in the macromonomer concentration,
up to 1 mole%, enhances the intermolecular hydrophobic association and thus the
solution viscosity and viscoelastic properties. However, further increase in the
macromonomer concentration yield hydrophobic junctions with mostly
intramolecular associations which reduce the solution viscosity and viscoelastic
properties. The presence of competing mechanisms, i.e., increasing MAA
concentration or macromonomer concentration, therefore result in a maximum in
various material functions. Scaling various material functions with the polymer
concentration yielded three transitional regimes. These transition regimes correspond

to changes in the hydrophobic association modes. The concentrations at which these

188



transitions were observed were dependent on the polymer composition and shifted to

lower concentration with increasing MAA content.

The solvent quality exerted a strong influence on the polymer solution microstructure
and rheology. In particular, two distinct modes of behavior were observed depending
on whether the co-solvent was “water rich” or “glycol rich”. In both regimes, the
relative viscosity and plateau modulus reveal power-law dependences with the
solvent solubility parameter; however, the dependence is much stronger in the “water
rich” regime. We attribute this dual-mode behavior to a lessening in the ability of the
hydrophobic groups for micellization as the solvent changes from being “water-rich”
to “ glycol-rich”. This lack or reduction of hydrophobic interactions in the “PG-rich”
solvents is possibly induced by less expanded polymer chains and conformational
changes in PEO spacers together with a lower tendency of the hydrophobes to form
micelles in less polar media. This hypothesis was supported by examining the
concentration dependence of viscosity and elastic modulus in each regime and

comparing them to those of associative and nonassociative.polymers.

Using diffusing wave spectroscopy (DWS) to probe the structural changes induced by
the change of solvent quality and polymer concentration on a HASE associative
polymer has proved to be a viable approach. In particular, comparison of DWS results
with those obtained using conventional rheometry reveals excellent qualitative

agreement. Further, DWS provided information on the polymer dynamics over a very
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wide frequency range, including high frequencies that are not accessible by
mechanical rheometry. Finally, the concentration dependence of the creep
compliance, high—frequency elastic modulus and relaxation time obtained using DWS
or theometry reveal power-law dependences with the same exponents regardless of
the technique. However, the power-law exponents were different for the different
material functions, and were discussed in light of theoretical predictions and other

available experimental results.

The use of inclusion compounds and surfactant provides a viable approach to control
the hydrophobic associations and concomitant solution rheology The complexation of
the normally associating hydrophobic macromonomer components with a- and B-
cyclodextrins reduces the steady shear viscosity and dynamic moduli of the HASE
solutions by several orders of magnitude. Furthermore, it is possible to reversibly
recover the high viscoelastic characteristics of HASE solutions containing
cyclodextrins by treatment with surfactants that compete with the hydrophobic
portions of HASE for complexation with the cyclodextrins. As a consequence,
cyclodextrins and surfactants in combination can be judiciously employed to lower
the viscoelasticity of HASE solutions during processing, while subsequently
recovering the high viscosity and viscoelastic properties that are sought in their

applications.
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8.2 Recommendations for Future Work
8.2.1 Tracer microrheology measurements

In chapter 6, we reached the conclusion that diffusing wave spectroscopy (DWS)
is a viable technique to probe the dynamic of associative polymers at the microlevel.
However, the quantitative discrepancy between DWS and mechanical rheometry could be
attributed to fundamental differences between the dynamics at the micro and the
macrolevel. It could also be attributed to either the presence of inhomogeneity on some
length scale or to the perturbation of the medium by the probing particle. It would be of
great importance to further examine these last two possibilities by using another/other
microrheological techniques. In particular, there are two recent techniques that would
accomplish that task. The first technique, particle tacking or two-point microrheology
correlates the fluctuations of two beads, separated in space, and should give a more exact
measure of the bulk rheological properties. This technique does not depend on details of
the tracer’s size, shape and boundary conditions within the medium and overcomes many
of the limitations of conventional microrheology experiments'™.

The second recommended technique is the use of a two-cell DWS technique’, a
sandwich consisting of two independent glass cells. The first cell contains the viscoelastic
medium under investigation while the second is filled with a viscous liquid and scatterer
particles. This technique eliminates any perturbation by the scatterer probes to the
viscoelatic medium. Details of this technique and the experimental setup are discussed in

reference 5.
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8.2.2 Recovery of solution rheology after deactivation of the hydrophobic groups

In chapter 7, we presented an approach to modulate the hydrophobic association.
The first step in that approach involves the addition of inclusion compound hosts (a- or
B- cyclodextrin) to the polymer solution. The encapsulation of the hydrophobic groups
leads to significant reduction in the solution viscosity and viscoelastic properties The
second step requires the addition of surfactants to reactivate the hydrophobic groups and
thus recover the solution rheological properties. Although, we were able to recover the
solution properties, the final viscosity profile was different than that of the original
polymer solution. This change is attributed to the polymer-surfactant interactions.
However, a more direct approach to recover the solution properties is to degrade the
cyclodextrin.

A novel approach to reactivate the hydrophobic groups would be through
enzymatic degradation of the cyclodextrin. Currently, there are several enzymes that are
capable of degrading cyclodextrins, including Cyclodextrinase, Alpha Amylase from
different sources and Glucoamylase Amylase®'’. However, it is crucial that the enzyme
meets the following two criteria:

1. Thermophilic enzymes (preferably has no activity at room temperature with
maximum activity at 50-60°C)
2. Stable at pH 7.0 or higher and preferably have optimum pH >> 6.0

In the next section we discuss some preliminary results of using different enzymes

to degrade cyclodextrin and recover the solution properties. The first enzyme used is

cyclodetrinase enzyme from alkalophilc Bacillus sp. I-5 (CDase I-5) with specific activity
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300 u/mg on B-cyclodextrin and optimum conditions 50°C and pH 7.5. This enzyme was
kindly supplied by Professor Kwan Hwa Park, Research Center for New Bio-Materials in
Agriculture, S. Korea. The second enzyme is a fungal alpha-amylase enzyme derived
from a selected strain of Aspergillus oryzae and has the commercial name Clarase”. The
specific activity of this enzyme is 40000 SKBU/g (one SKBU will degrade 1.0 gram of
limit-dextrin substrate per hour) and optimum pH and temperature 5.6 and 50°C.,

respectively. This enzyme was kindly supplied by Genencor International®.

Effect of cylodetrinase (Cdase) enzyme

Figure 1a and b shows the effect of incubation with 300 u/g Cdase at 50°C and
pH 9.0 for 24 hrs on the steady shear viscosity and elastic (G’) and viscous (G”’) moduli
of a 3% polymer solution that has the hydrophobic groups initially encapsulated with 20
moles a-cyclodextrin per moles hydrophobes. The incubation with Cdase enzymes
increased the solution viscosity and viscoelastic properties. The recovery of the solution
properties could be attributed to the reactivation of the hydrophobic groups as the treated
sample has steady and dynamic profile similar to the original 3% solution. No full
recovery, however, was achieved even after long incubation time. This is due to the
incubation pH being higher than the optimum pH for the enzyme.

To increase the activity of the Cdase enzyme, a 3% polymer solution was
prepared at pH 7.5. Figure 2a and b shows the reduction of the solution pH from 9.0 to
7.5 has slight effect on the solution rheological properties. However, incubation with 300

u/g Cdase enzyme at 50° and pH 7.5 showed a near full recovery of the solution
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rheological properties even after 1 hour as shown in Figures 3a and b. Incubation for

longer times showed a slight increase in the rheological properties.

Effect of Clarase enzyme

Because the optimum pH for the Clarase enzyme is 5.5, we have not attempted
the incubation at pH 9. Incubation at 50°C and pH 7.5 with 1200 SKBU u/g clarase
enzyme for 30 hrs showed a significant increase in the rheological properties of the 3%
polymer solution as shown in Figures 4a and b.

In summary, our preliminary data suggests that using enzymes to degrade
cyclodextrin, as a way to reactivate the hydrophobic groups, is a promising approach. A

detailed study, however, needs to fully explore the optimum use of the enzymes.
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Figure 1. Effect of CDase enzyme on the (a) steady shear viscosity and (b) dynamic
elastic (G’) and viscous (G”’) moduli of 3% polymer solution encapsulated

with 20 moles a-CD/hydrophobes. pH 9, incubation temperature 50°C,
incubation time 24 hrs.
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Figure 2. Effect of solution pH on the (a) steady shear viscosity and (b) dynamic elastic
(G’) and viscous (G”’) moduli of 3% polymer solution.
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Figure 3. Effect of CDase enzyme on the (a) steady shear viscosity and (b) dynamic
elastic (G’) and viscous (G”) moduli of a 3% polymer solution encapsulated
with 20 moles a-CD/hydrophobes. pH 7.5, incubation temperature 50°C,
incubation time 1 and 10 hr.
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Figure 4. Effect of Clarase enzyme on the (a) steady shear viscosity and (b) dynamic
elastic (G’) and viscous (G”) moduli of a 3% polymer solution encapsulated

with 20 moles o-CD/hydrophobes. pH 7.5, incubation temperature 50°C,
incubation time 30 hrs.
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