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ABSTRACT
INVESTIGATION OF THE INTERACTIONS OF CATIONIC POLYELECTROLYTES
WITH ANIONIC SURFACTANTS: EFFECTS OF POLYMER, SURFACTANT AND
SOLUTION PROPERTIES
by Lisa Renee Huisinga

December 2008

The intent of this research is to explore and understand the effects that a range of
polymer, surfactant and solution parameters have on the interaction of oppositely-charged
polymers and surfactants. Cationic polysaccharides were chosen for this research
because they are known to interact with anionic surfactants, and they offer a wide range
of adjustable polymer properties, including molecular weight, charge substitution, and
backbone structure. Cationic poly(vinylpyridinium hydrochloride) polymers were chosen
for these studies because they provide the opportunity to explore the effects of charge
position on the interaction of cationic polymers with anionic surfactants and how this
influences the mechanism of interaction. The overall goal of this research is to define the
effects of polymer and surfactant structural properties, and solution properties, on the
interaction between cationic polymers and anjonic surfactants, and the subsequent
formation of coacervate in these systems.

The interaction of cationic polymers with varying properties with anionic
surfactant was studied using conventional microscopic and macroscopic methodologies
to probe the mechanism of interaction in these systems. Polyquaternium-10 systems

interacted with anionic surfactant in accordance with the cooperative mechanism of
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interaction and coacervate formation as described by Goddard. The mechanism of
interaction between poly(vinylpyridinium hydrochloride) polymers and anionic surfactant
was found to be dependent on the position of the cationic charge relative to the
hydrophobic polymer backbone. Polymer-surfactant interaction with poly(4-
vinylpyridinium hydrochloride) and anionic surfactant occurred via the site-specific
cooperatiVe mechanism of interaction. However, the interaction of poly(2-
vinylpyridinium hydrochloride) with anionic surfactant exhibited characteristics of the
site-specific cooperative interaction mechanism as well as the macrojon-macroion
interaction mechanism.

A high-throughput screening method was developed to facilitate systematic
studies of the effects of polymer, surfactant and solution properties on the macroscopic
property of coacervate formation. This method allowed rapid and reproducible
preparation and analysis of multi-component systems and representation of the amount of
coacervate and compositional range of coacervate formation in these systems in easily
understood contour phase diagrams. In the cationic polysaccharide systems, the amount
of coacervate and the compositional range of coacervate formation displayed a
dependence on both the polymer charge density and molecular weight. Also, the polymer
critical overlap concentration was observed to affect coacervate amount with higher
coacervate formation observed above c*.

Coacervate formation with the poly(vinylpyridinium hydrochloride) polymers
was found to be dependent not only on the position of the cationic charge on the polymer,
but also on the structure of the surfactant tail group. Coacervate formed initially with

P4VP and P2VP and sodium capryl sulfonate and sodium xylene sulfonate was not stable
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over 24 hours, however coacervate formed between these polymers and sodium
dodecylbenzene sulfonate was stable over 24 hours. This indicates that a hydrophobic
chain with sufficient length and/or an aromatic group is necessary to form
thermodynamically stable coacervate.

The effect of salt in solution on polymer-surfactant interaction was studied with
both classes of polymer. A dependence of coacervate amount and compositional range of
coacervate formation on salt concentration was observed. The effect of salt was
dependent on the degree of polymer charge substitution. The order of addition of
polymer, surfactant, and salt also affected coacervate formation. This was consistent for
both low and high molecular weight polymers, as well as low and high charge substituted
polymers. Although an effect of addition order was observed in all systems, the specific

effects differed depending on the polymer properties.
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CHAPTER 1

GENERAL INTRODUCTION

The mechanism of interaction and resulting complex formation between
oppositely-charged polymer and surfactant has received considerable attention with both
naturally-derived and synthetic polyelectrolyte-surfactant systems.l'23 Cationic
polyelectrolytes are widely used in industrial applications because they have the ability to
interact with negatively charged surfaces, and in some of these applications cationic
polyelectrolyte is coupled with anionic surfactants. Some common industrial
applications where these interactions are important include cosmetic products, paints and
pharmaceutics.17 To date, investigations of polymer-surfactant interactions have focused
primarily on the dilute surfactant regime, however it is important to also understand these

. . . . e . 2-
interactions in the semi-dilute and concentrated surfactant reglmes.H’ 6,7,22-30

Polyelectrolytes

Polyelectrolytes are defined as macromolecules comprising monomeric units that
contain ionizable groups and these charged groups are interconnected through chemical
bonds.>! Depending on the nature of the jonizable groups these molecules can either be
classified as strong or weak polyelectrolytes. Strong polyelectrolytes are those where the
ionizable groups are permanently ionized, for example trimethylammonium substituted
hydroxyethyl cellulose in which the ammonium group is quaternized. Weak
polyelectrolytes are those for which the degree of ionization is controlled by dissociation,

such as induction of ionization of the polymer through pH adjustment. Poly(methacrylic



acid) is an example of a weak anionic polyelectrolyte and poly(vinyl pyridine) is a weak
cationic polyelectrolyte.”!

The solubility of both types of polyelectrolytes in aqueous solution is governed by
the electrical attractions between the polyelectrolyte and its oppositely-charged
counterions. This attraction can be described similar to that of the Gibbs-Donnan effect,
or the Donnan Equilibrium, which is the uneven distribution of charged species across
two sides of a semi-permeable membrane.’*> * The uneven distribution is attributed to the
presence of an existing charged species that is unable to pass through the membrane but
that influences the motion of the charged molecules. Polyelectrolytes exist in the
presence of their oppositely-charged counterions and in solution the counterions
distribute unevenly, with the highest concentration near the polymer chain. The
counterions are attracted to the chain through electrochemical potential (g) but are driven
into solution by effects of chemical potential (1). This equilibrium is described

schematically in Figure 1-1.

Figure 1-1. Schematic representation of the distribution of counterions around a
polyelectrolyte.



Chemical potential drives counterions into solution because an increase in entropy of the
system is produced. However, the electrochemical potential attracts the oppositely-
charged counterions to the polyelectrolyte chain. As a result the counterions reside in a
region that is determined by the equilibrium state between these opposing effects. This
region can be described similarly to the electrical double layer in colloids. In the Gouy-
Chapman-Stern model of the electrical double layer, two layers exist, the Stern layer and

the diffuse layer (Figure 1_2)‘7, 15-39

Figure 1-2. Schematic representation of the electrical double layer in polyelectrolytes.

The Stern layer is the inner layer where some counterions adsorb onto the charged
surface. In the diffuse layer, the counterions are able to move in solution and the
electrostatic attraction to the surface is in competition with Brownian motion. This

results in a layer close to the charged surface that contains an excess of one type of ion.



This is similar to the polyelectrolyte-counterion associations described above. The
formation of this electrical double layer region is important because the configurational
entropy of the counterions makes a large contribution to the free energy of dissolution of
the polyelectrolyte in water.?

The conformation of polyelectrolytes in solution is affected by the charges present
along the polymer backbone. Electrostatic repulsions between the similarly-charged
groups along the backbone occur when screening by counterions is not strong due to their
location in the electrical double layer. These repulsions induce an expansion of the
polyelectrolyte chain, which is typically described in terms of its persistence length.”
Persistence length (p) is a measure of the stiffness of the chain, determined by the
energetic penalty to bend that chain. When persistence length is a significant fraction of
the total contour length of the chain the polymer will be in a rod-like extended
conformation. Conversely, when the contour length of the chain is large relative to the
persistence length a flexible random coil conformation exists.”* The Porod-Kratky

™

wormlike chain model™ is useful for the intermediate stiffness regime between the

flexible coil and the rod
(F*)o/ni? = pf1 - (p? [ni* J1 - exp(- ni/ p)] Equation 1-1.
where n is the number of chain segments, / is the length of the segments, and (r*), is the
end-to-end vector of the entire macromolecule and is given by
(r*), = Cnl? Equation 1-2.
where C is a defined quantity known as the characteristic ratio which physically is the

ratio of the actual dimensions of a chain in the fluid state to what they would have been if

the chain had performed a truly random walk.” This Porod-Kratky model is useful in



situations where interactions occur that cause a molecule to stiffen, such as an increase in
linear charge density, because persistence length can be used as the relevant parameter to
characterize the configurational change, as is the case for polyelectrolytes.” In
polyelectrolyte systems the persistence length is described by Equation 1-3, where P,; is
used to differentiate its electrostatic character.

P, =1, /(ax?5%¢?) Equation 1-3.
The electrostatic persistence length involves several factors: the Bjerrum length
I, = e*[e kT is the separation at which the interaction between two electrostatic charges
of magnitude e, in a solvent of dielectric constant e, is comparable in magnitude to the
energy kT; x' is the Debye screening length which is given by x? = 8xd,¢, with ¢, the
monovalent salt concentration in solution; b is the distance between charges along the

chain; £ is a number between 0 and 1 that accounts for counterion condensation,

discussed below.” Equation 1-3 can be used in the Porod-Kratky model (Equation 1-1) to
determine the polyelectrolyte configuration.

For stiff polymer chains, such as cationic polysaccharides, it is likely that discrete
rods exist at low molecular weights because the contour length is low relative to the P.;
and there are repulsions between cationic charges along the polymer chain.” % 1740, 42.43
At very high chain lengths, these polymers would be expected to form loose coils,
however cationic repulsions along the backbone may alter this conformation.” % > 43
For flexible polyelectrolytes, such as poly(vinylpyridines), a random coil solution
conformation is common, with the actual conformation dictated by the repulsion of

charged groups along the chain and the polymer concentration in solution.>""* For both

polymer types, at high chain lengths and high polyelectrolyte concentrations, the



polymers will likely adopt a random coil conformation because the total contour length is
higher than the P,; and mutual electrostatic screening of cationic repulsions along the
polymer backbone occurs.”*** This effect of chain length and concentration on
polymer conformation is evidenced by the “polyelectrolyte effect”, where chain
extension in very dilute solutions and coiling of the chains as concentration is increased
occurs.”! This has been demonstrated, using poly(methacrylic acid) at high percent
ionization, by a decrease in viscosity with an increase in concentration from

0.01 g/100mL to 0.1 g/ 100mL.3! Salt concentration and polymer charge density also
influence polyelectrolyte conformation and from the Porod-Kratky model it is evident
that P,; will decrease with an increase in salt concentration and will increase with
increasing polymer charge density.’

An increase in persistence length is observed with an increase in the linear charge
density of the polyelectrolyte; however, the degree of chain expansion due to increased
charge density is limited by counterion condensation. Manning observed that if a
polyelectrolyte possesses an ionic charge above a certain critical charge density, then
sufficient counterions would condense on the polyelectrolyte chain to maintain the charge
density at its critical level.**® Thus, all polyelectrolytes have a critical charge density
above which chain expansion is not increased.

Polyelectrolyte chain expansion can affect the concentration at which polymer
chains begin to overlap one another, known as the critical overlap concentration (c*),
which is the boundary between the dilute and semi-dilute polymer regimes. This
concentration decreases with increasing molecular weight for any given polymer-solvent

system.” As discussed above, polyelectrolytes in solution are generally in an extended



conformation at low concentrations due to electrostatic repulsions between charged
moieties along the polymer backbone or osmotic intrusion of water into the
macromolecule.”* The osmotic intrusion can be considered to be driven by the excess
concentration of counterions within the intramolecular polymer domain compared to the
lower concentration in the intermolecular aqueous phase.”® As polyelectrolyte
concentration increases, mutual screening among the polyelectrolytes causes them to
behave like neutral polymers and entanglements can occur.” *%:32 Above c* the
average distance between segments of different polymer chains becomes important.’
This distance between segments, known as the correlation length between entanglements,
decreases as the polymer concentration is increased.*’ The correlation length is also
decreased and c* is lowered in systems of hydrophobically-modified polymers, where
hydrophobic interactions occur between water-soluble polymer chains due to self-

association.” **

Association Colloids
Surfactants are molecules characterized by their tendency to adsorb at surfaces
and interfaces in order to lower the free energy of that interface.” Ionic surfactants
contain a polar head group and a nonpolar, hydrophobic tail group.® They are solubilized
in water due to ion-dipole interactions between water molecules and the polar head
group. However, interactions between water molecules are strong due to hydrogen
bonding, forming a network structure,*® and the introduction of a nonpolar group disturbs
the water structure. Restructuring of water molecules around the nonpolar group is

possible, however, this causes a loss in entropy and subsequent increase in the free



energy of the system.” To minimize the free energy of the solution, surfactant molecules
are excluded from water, either migrating to the air-water interface or forming micelles in
solution.®>* In both surface adsorption and micelle formation, the surfactant molecules
orient so that the hydrophobic groups are directed away from the solvent. In
micellization the hydrophobic groups cluster on the interior of the micelle, which imparts
a loss of freedom of the surfactant molecules due to confinement in the micelle and
electrostatic repulsions for anionic surfactants. These forces increase the free energy of
the system and thus oppose micellization. Therefore, whether adsorption at the air-water
interface or micelle formation is favored depends on the balance between the factors that
promote or oppose micellization.® **

At surfactant concentrations above the critical micelle concentration (CMC),
micelles are present in solution. The head groups of anionic surfactants are similarly
charged and repel each other, which imparts curvature to the associated surfactant
structure. This curvature, or shape of association colloids varies depending on the
effective size of the surfactant head group and/or tail group. This can be conceptually
understood from a mathematical model that is based on the packing factor, P, (Equation
1-4), where v is the volume of the hydrophobic tail group, a is the cross-sectional area of

the polar head group, and I is the length of the hydrophobic tail group.’> 5”5

Equation 1-4.

When P < 1/3, the molecule assumes a cone-shape, where the head group volume is
much larger than the volume of the tail group and these cones are able to pack into
spheres, producing spherical micelles whose structure is reinforced by electrostatic

repulsions between the head groups and hydrophobic associations between the tail



groups. As P increases, the structures become less spherical, due to smaller head groups
and/or bulkier tail groups. For ellipsoidal or cylindrical micelles, 1/3 <P <1/2.
Surfactants with a packing factor between 1/2 and 1 form lyotropic liquid crystal
structures. These liquid crystal structures are hexagonal, cubic, or lamellar, the former
having a larger head group and smaller tail group than the latter.

An increase in surfactant concentration also alters the size and shape of the
micelle. As surfactant concentration increases micellar growth causes a transition from
spherical to rod-like micelles. This occurs due to growth in one-dimension, where the
hydrophobic core is similar in size to that of the spherical micelles but the linear length of
the micelle can vary from less than 10 nm to many hundreds of nanometers. * The
addition of ions to solution has been shown to increase micelle size and decrease micelle
curvature as well. Additional ions, such as salt ions, cause the position of the Donnan
Equilibrium to shift and favor a tightening of the electrical double layer with respect to
the anionic head groups of the surfactant molecules, causing the anionic charge
repulsions between neighboring molecules to be screened.®® This change in the position
of the Donnan Equilibrium at the micelle surface results in a reduction of the effective
Bjerrum length and decrease the effective size of the ionic head group. The packing
factor is inversely proportional to the effective size of the head group so screening of
head group repulsions to decrease effective head group size affects the ionic micelle
structure, causing formation of more ordered surfactant structures with higher P.”-'% 1
Also, the addition of salt to aqueous solution induces increased structuring of the water
molecules, which enhances hydrophobic associations between tail groups of surfactant

molecules, contributing to micelle growth.?
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Polymer-Surfactant Interactions

Mechanism of Interaction

The mechanism of complex formation has been explored for both oppositely-
charged polyions, and oppositely-charged polyelectrolytes with surfactants in the dilute
surfactant regime.> ™ 1%2% 6% The models developed for these interactions fall into one
of two categories, either macroion-macroion interactions or site specific ion-ion
interactions.> 7+ 1520 6% Theoretical treatments of interactions between oppositely-
charged polyions have been developed by Voorn and Overbeek, Veis and Aranyi, and
 Tainaka."' The Voorn-Overbeek theory was developed to explain complex formation and
phase separation between gelatin and acacia and describes a competition between
electrical attractive forces and entropy effects, where the former tend to aggregate
oppositely-charged polyions, while the latter disperse them. In this theory, a random coil
configuration of the polymers in solution is assumed and the molecules interact on a
macroscopic level such that water is able to be trapped.' Trapping of water in the spaces
between the two associated polyions creates a fluid separated phase called a coacervate.
Site-specific interactions would lead to no trapping of water and precipitation or
aggregation.61 A second theory of coacervate formation is the Veis-Aranyi theory, or the
twp-step “dilute phase aggregate model”. The Voorn-Overbeek theory requires a
sufficiently high charge density and/or molecular weight, but the Veis-Aranyi theory
accommodates systems that do not meet this requirement. In the first step of this model,
the oppositely-charged gelatins aggregate spontaneously due to electrostatic interactions,
with formation of ion pairs. In the second step, the aggregates rearrange over time to

increase configurational entropy. The Tainaka theory involves aggregate formation
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similar to the Veis-Aranyi theory, but without specific ion pairing. These aggregates
condense to form coacervate due to attractive forces between aggregates, dependent on a
critical intermediate molecular weight and charge density.? ®!

Dubin and coworkers?” have presented a mechanism of coacervate formation
between oppositely-charged polyelectrolyte and surfactant based on these polyion
theories, particularly the Veis-Aranyi theory, using poly(diallyldimethylammonium
chloride) (PDADMAC) and sodium dodecy! sulfate (SDS)/Triton X-100 (TX100) mixed
micelles. They described the overall model as coacervation due to attractive forces
between neutral aggregates which were formed by electrostatic interaction. In the Dubin
model, a critical micelle charge density is required for complex formation and once this is

reached, surfactant micelles bind to the polymer chain. A schematic representation of

this mechanism presented by Wang and coworkers is shown in Figure 1-3.%°

VAR

Figure 1-3. Schematic representation of the Dubin macroion-macroion coacervation
mechanism. Darker shading represents increased micelle charge density.?’
Initial interactions occur between the polyion and surfactant micelles, described as
macroion-macroion associations (Figure 1-3b). When electrical neutrality of the complex
is reached, intrapolymer complexes aggregate into interpolymer complexes and
coacervation occurs (Figure 1-3c). At higher micelle charge density intermicellar and

intercomplex repulsion occurs and coacervation is absent (Figure 1-3d), but at very high



12

micelle charge density electrostatic interactions are so strong that tight binding occurs
and precipitate is formed (Figure 1-3¢). In summary, the Dubin model concludes that due
to macroion-macroion interactions, the micelle charge density is the controlling factor in
coacervate formation.?’

Contrary to the macroion-macroion coacervation mechanisms discussed above,
some researchers have theorized mechanisms that involve site-specific ion-ion
interactions, originally proposed by Goddard.>"'® In these systems, complex formation
is a cooperative process between electrostatic interactions and hydrophobic
association/segregation.>” '® The cooperative process is driven entropically by release of
the counterions from both the surfactant and the polyelectrolyte into solution and
enthalpically by binding of the polyelectrolyte ion to the surfactant ion (Figure 1-4a).

The process is also driven both entropically and enthalpically by a strong driving force
for the hydrophobic tail groups of bound surfactant molecules to reduce their
hydrocarbon/water contact area resulting in association of these groups during binding to

the polymer chain (Figure 1-4b).” '®
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Figure 1-4. Schematic representation of site-specific ion-ion coacervation mechanism.

Using surface tension measurements with cationically-modified hydroxyethyl
cellulose (Polymer JR) and SDS, Goddard and coworkers observed that complexation
between oppositely charged polyelectrolyte and surfactant involves surfactant binding,
phase separation and resolubilization, dependent on surfactant concentration. This is

represented as three separate zones in Figure 1-5.>7-%% %
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Figure 1-5. Polyelectrolyte-surfactant interactions as a function of surfactant
concentration.

Interactions between oppositely-charged polymers and surfactants are strong due to their
electrostatic attractions, thus the surfactant concentration required for these interactions
to occur is much lower than the surfactant’s normal CMC.!® Binding of surfactant
molecules to the polyelectrolyte occurs at a surfactant concentration below CMC, known
as the critical aggregation concentration (CAC).”'®®""! In the case of cationically-
modified hydroxyethyl cellulose (HEC) with SDS, Ohbu and coworkers observed that the
CAC was at 1/20"™ of the CMC with 50 % of all cationic charges associated with a
surfactant molecule at the CAC.”"? At these low surfactant concentrations, the polymer-
surfactant complexes are soluble and the solution is single phase because the
concentration of hydrophobic tails, now attached to the polyelectrolyte, is not high
enough to promote aggregation. (Figure 1-5a). At intermediate surfactant
concentrations, where there is a 1:1 charge balance between surfactant and
polyelectrolyte, phase separation occurs (Figure 1-5b).7 At this point, the critical
precipitation concentration (CPC), all charged units on the polymer are bound to a

surfactant molecule head group.”! The hydrophobic tail groups of the bound surfactant
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molecules aggregate to form micelle-like structures. Thus it is unable to interact strongly
with water molecules and phase separation occurs, creating the fluid-like coacervate

phase, described schematically in Figure 1-6.

\ coacervate

(polymer-surfactant rich phase)

Figure 1-6. Schematic representation of fluid-like coacervate phase.

High surfactant concentrations are represented in Figure 1-5¢c. When the
surfactant concentration sufficiently exceeds the 1:1 charge ratio, the excess surfactant
molecules interact hydrophobically with the surfactant molecules that are bound to the
polymer chain. This leaves the head group of the surfactant molecule exposed to ion-
dipole interactions with water molecules, thus resolubilizing the polymer/surfactant

7.16,72

complex through comicellization. The surfactant concentration at which this

occurs is known as the critical resolubilization concentration (CRC).2! The CRC is
dependent on the hydrophilic species of the surfactant and can be difficult to reach if the
polyelectrolyte has a high charge density or if there are irregularities in the surfactant

structure.7’ 3
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Wang and Tam'® observed site-specific ion-ion interactions using isothermal
titration calorimetry. With poly(acrylic acid) and dodecyltrimethylammonium bromide
(DoTAB), they observed binding of individual surfactant molecules up to a critical
surfactant concentration, at less than half the CMC of DoTAB, where an increase in
AH,p, indicated polymer-induced micellization of electrostatically-bound surfactant
molecules. Saturation of the polymer with surfactant molecules and micellization of
these bound surfactant molecules became complete at one-half the DoTAB CMC and free
micelle formation was observed at a surfactant concentration near that of the CMC in the
absence of polymer.'® Similar to Goddard and coworkers, Wang and Tam conclude that
site-specific ion-ion interactions occur, where the initial attraction is due to electrostatic
interactions and micellization is induced by the bound surfactant molecules.” *®
Polymer Property Effects

In both the macroion-macroion and the site-specific ion-ion interaction
mechanisms of coacervation that have been presented in the literature, complex formation
between polyelectrolyte and oppositely-charged surfactant is dependent on a variety of
polymer and surfactant properties which impact the degree of surfactant binding, packing
arrangements and conformation of each component.” These properties include polymer
molecular weight, charge density, structure, and flexibility and surfactant molecular
architecture and micelle charge density.3’ 7.16.19.7  Both the Voorn-Overbeek and
Tainaka coacervation theories show a dependence of coacervation on polymer molecular
weight. In the former, a critically high molecular weight is required for coacervation to
occur, while in the latter an increase in molecular weight provides a stronger attraction

between the oppositely-charged components.’ Dubin and coworkers investigated
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poly(sodium styrene sulfonate) (NaPSS) with DoTAB/TX100 mixed micelles and
observed the onset of polymer-surfactant interaction at a lower DoTAB fraction with
increased NaPSS molecular weight.'*” This was shown by Choi and Kim as well, with
a lower CAC for high molecular weight poly(acrylic acid)-C,TAB systems.“’ 76 Dubin
and coworkers have also investigated the effects of polymer molecular weight using
PDADMAC-SDS/TX100 systems where little difference was observed for the coacervate
complexes as molecular weight was increased; however in experiments involving a
transition from intrapolymer to interpolymer complexes the molecular weight was
important.'* " The polymer concentration required for this transition to occur was
lowered with increased molecular weight and at low molecular weight no phase
separation was observed.'* Chronakis and Alexandridis’ investigated the coacervation
mechanism of low and high molecular weight cationic polysaccharides with various
anionic surfactants and observed different types of interactions as a function of polymer
molecular weight. For the high molecular weight system, they determined, using
rheological methods, that the complexes formed with this polymer were polymer-
dependent, or that the surfactant played a secondary role in complex formation.
Coacervation in the low molecular weight systems displayed a dependence on the
surfactant tail group architecture, indicating that this complexation was surfactant-
dependent.’

The Voorn-Overbeek and Tainaka theories also predict a dependence of
coacervation on polymer charge density, with a critically high charge density required in
the former and stronger interactions at higher charge densities in the latter.®! Binding

studies between oppositely-charged polymer and surfactant have demonstrated that the
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'atlraction between these components is stronger with higher charge density polymers.
This leads to a higher degree of binding and increased cooperativity in the coacervation
process, and generally a higher number of bound surfactant molecules in the complexes
formed." Similar to molecular weight, higher charge density also lowers the CAC.
Kogej and coworkers investigated the effects of increasing charge density of poly(acrylic
acid) and poly(methacrylic acid) with N-cetylpyridinium chloride and N-
dodecylpyridinium chloride and observed stronger interactions at higher charge densities.
Also, at high charge densities, the bound surfactant molecules arranged into ordered
structures upon micellization whereas with the low charge density systems, interaction
and subsequent polymer-induced micellization occurred, but ordered structures were not
formed."> A similar effect was observed by Chen and coworkers, where the charge
density of ionene bromide polymers was varied by introducing different alkyl lengths into
the polymer backbone. With low charge density polymer there was a large spacing
between cationic charges and the surfactant tail groups were unable to pack into an
organized structure. However, with the high charge density system (3,3-ionene bromide)
the charges were close enough to one another that surfactant tail groups packed in a side-
by-side organized array. The low charge density system exhibited resolubilization
because comicellization was possible, however phase separation persisted in the high
charge density system because comicellization was not favorable.> This effect of charge
density on resolubilization has also been observed by Goddard and by Naderi and
coworkers.” 16

Polyelectrolyte structure has also been shown to impact coacervate formation,

particularly with respect to hydrophobic modification. Hydrophobic modification of
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polyelectrolytes has been shown not only to affect polymer-surfactant interactions, but
also to alter the mechanism of coacervate formation in regards to the surfactant binding
process.'® In the absence of surfactant, hydrophobically-modified polymers self-
associate intramolecularly and also intermolecularly, forming crosslink points (Figure 1-
7a).” These points of self-association can either be weakened or strengthened by
interactions with surfactant molecules. Holmberg and coworkers® have described
interactions between hydrophobically-modified polymers and oppositely-charged
surfactants, where the primary driving force is hydrophobic association between the
hydrophobic moieties along the polymer backbone and the surfactant tail groups.””® With
increased surfactant concentration, micelles form around these hydrophobic moieties,
connecting the polymer chains and inducing or enhancing crosslinking, which causes

coacervate formation (Figure 1-7b).

hydrophobic
side groups

a b c

Figure 1-7. Schematic representation of interactions between hydrophobically-modified
polymer and oppositely-charged surfactant as a function of surfactant concentration.?

As surfactant concentration is further increased a larger number of micelles are formed

and the hydrophobic moieties are sequestered in individual micelles, disrupting micelle-
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induced crosslinks and self-associations. This causes resolubilization of the coacervate
(Figure l-7c).8

The mechanism governing the onset of polymer-surfactant interaction with
hydrophobically-modified polyelectrolytes was demonstrated by Smith and McCormick
using hydrophobic terpolymers with cetyltrimethylammonium bromide (CTAB).* They
observed that both electrostatic and hydrophobic interactions occurred in these systems,
however hydrophobic groups along the polymer chain imparted a specificity to the
interactions.””*® Panmai and coworkers also observed that the presence of charged sites
on hydrophobically-modified polyacrylamide enhanced interactions with the oppositely-
charged CTAB*, however binding occurred initially at very low surfactant
concentrations with preferential binding at the hydrophobic groups along the polymer
backbone.” They also found, at very high surfactant concentrations after crosslink sites
had been disrupted, the formation of rod-like micelles and subsequent bridging of
neighboring rod-like micelles via hydrophobically-modified polymers.59

Another structural aspect that has been shown to impact coacervate formation is
the flexibility of the polymer backbone. Utilizing Monte Carlo simulations, Jonsson and
Linse have demonstrated that the flexibility of the polyelectrolyte strongly affects binding
of oppositely-charged macroions. Their investigations probed the degree of “wrapping”
of the polymer chain around the macroion upon interactions as a function of chain

stiffness (Figure 1-8).°
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Figure 1-8. Typical configurations of polyelectrolyte interactions with oppositely-
charged macroions as a function of polymer chain stiffness, achieved through Monte
Carlo simulations. Chain stiffness increases from (a) to (g).9
From free energy calculations, the interaction of one surfactant macroion with the
polymer chain becomes less favorable with an increase in chain stiffness. When one
macroion is complexed to a flexible polymer chain, the polymer is able to wrap around
the macroion so that many of the charged polymer segments are near the oppositely-
charged macroion head groups (Figure 1-8a). However, stiff polymer chains remain

straight even with macroion binding so that only a few of the charged polymer segments
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are in contact with the macroion head groups (Figure 1-8g). The first few macroions
complex strongest to the flexible polymer but once the complex is neutralized, binding of
additional macroions to the stiff chain is stronger. The extended chain possesses more
available area for additional macroions and electrostatic repulsions are lower because
macroions are located farther from one another (Figure 1-8h). Addition of surfactant
macroions to flexible polymer chains occurs with little additional extension of the
polymer chain. Extension of the chain would result in an entropic loss so wrapping of the
polymer chain around the additional macroions occurs and repulsions between bound
macroions are screened so that the macroions are located close to one another (Figures 1-
8b and 1-8d).° The Monte Carlo studies provide insight into the effects of polymer
flexibility with regards to the macroion-macroion interaction mechanism. With the
flexible PDADMAC-SDS system, Li and coworkers experimentally observed the
formation of a compact coacervate structure, similar to the Monte Carlo predictions.
They attributed this conformation to minimization of conformational entropy loss during
complex formation because random coil-like polymer conformations were maintained. "
Naderi and coworkers also investigated a flexible polymer system (poly{[2-
(propionyloxy)ethyl] trimethylammonium chloride} (PCMA) with SDS and also
observed a reduction in size of the polymer chain with the addition of surfactant.'®
However, Guillot and coworkers investigated systems of sodium carboxymethylcellulose
(NaCMC), a stiff polyelectrolyte, and observed that polymer size in the absence of
surfactant was very similar to the complex size after the addition of surfactant.'® " This

discrepancy in polymer collapse with the addition of surfactant was attributed to the
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stiffer structure of NaCMC compared to PCMA, which is also in agreement with the
Monte Carlo simulations.®
Surfactant property effects

Surfactant properties have been shown to affect coacervate formation, specifically
surfactant structure and micelle charge density. Goddard and Hannan investigated
polymer-surfactant interactions between cationically-modified HEC (JR400) and sodium
alkyl sulfates of differing chain lengths, Cg, Cjg, Ci2, and C14.7 They observed a line of
maximum precipitation, at the 1:1 stoichiometric ratio, that terminated when the polymer
concentration was lowered below a certain value. This polymer concentration increased
with decreasing surfactant alkyl chain length, such that with increased surfactant alkyl
chain lengths less polymer was required for coacervate formation.*” These researchers
also investigated the effects of ethoxylation of the surfactant molecules on coacervate
formation. The introduction of ethoxy (EO) groups into surfactant structures is known to
influence surfactant micelle structure where the large tail group volume with increasing
degree of ethoxylation lessens the desirability of hydrophobic chain packing.® Goddard
and Hannan observed that both monoethoxy and triethoxy n-dodecyl sulfates displayed
interactions with JR400, as did 3EO and 7EO n-pentadecyl sulfates, although the longer
alkyl chain sulfates required higher concentrations of surfactant for resolubilization.
Thus they concluded that introducing irregularities, such as EO groups, into the surfactant
structure can influence the resolubilization of coacervate.®

As mentioned previously, surfactant charge density effects were determined to
affect coacervate formation. The surface charge of colloidal particles, such as surfactant

micelles, is known to influence their adsorption characteristics.”' For oppositely-charged
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polymers and surfactants, this property is of particular importance due to the ion-
exchange interaction mechanism that contributes to polymer-surfactant interaction.
Dubin and coworkers have extensively investigated the effect of micelle surface charge
density on polymer-surfactant interactions.” 14,157, 80 They have observed that above a
critical micelle surface charge density complex formation occurs, with increasing
coacervate formation as micelle surface charge density increases.®
Solution property effects

Solution properties, such as component concentrations and the addition of salt,
have also been shown to impact coacervate formation. As discussed previously, at high
polyelectrolyte concentrations the polymers are more likely to adopt a random coil
conformation due to mutual electrostatic screening of cationic repulsions among polymer
chains, and this occurs at lower concentrations for polymers with longer chain lengths.”
40.45 Chain extension in very dilute solutions and coiling of the chains as concentration is
increased is known as the “polyelectrolyte effect” and was demonstrated with
poly(methacrylic acid) at high percent jonization.’! In regards to the binding process, the
polymer concentration has been shown to affect the CAC. At low polymer
concentrations, CAC is less than CMC, but as polymer concentration increases CAC also
increases and finally at very high polymer concentrations the CAC is lowered again.
This has been attributed to ionic strength effects of the solution.” Leung and coworkers
demonstrated the effects of polymer and surfactant concentration on coacervation
specifically in the JR400-SDS system. Using 0.1 % JR400, a decrease in viscosity with
increasing SDS concentration was observed, which they attributed to intramolecular

complex formation. However, with 1.0 % JR400 the viscosity increased with surfactant
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addition and produced a phase separation region. Just above the resolubilization zone,
the viscosity dropped sharply, and was much lower than the viscosity of the polymer
alone. At low surfactant concentration (0.1 % SDS) with 1% JR400 they observed
pseudoplastic behavior of the polymer-surfactant solution. At a higher surfactant
concentration (1.2 % SDS) rheopectic behavior was observed, which was attributed to
shear-induced unwrapping of the polymer to provide a relatively extended polycation
with an adsorbed bilayer of surfactant providing an overall negative net charge."> Thus
the formation of coacervate was strongly dependent on the polymer and surfactant
concentrations in these systems.

The effect of surfactant concentration on complexation has also been explored.
As was previously discussed, increasing surfactant concentration causes an increase in
micelle size and eventually a transition from spherical to rod-like micelles to lyotropic
liquid crystals.’ ® Primarily, surfactant concentration effects have been investigated only
at concentrations up to and slightly above the CMC. Ultilizing fluorescence techniques,
Ananthapadmanabhan and coworkers inferred that below the region of maximum
precipitation hemi-micelles formed along the polymer backbone (systems of Polymer JR
and SDS), but as surfactant concentration increased conventional micelle-type structures
developed.' At very high surfactant concentrations, Panmai and coworkers found that
bridging of neighboring rod-like micelles via hydrophobically-modified polymers
occurred.”® Svensson and coworkers investigated coacervation over a range of both
polymer and surfactant concentrations using visual analysis. The resulting ternary phase

diagram is shown in Figure 1-9.
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Figure 1-9. Ternary phase diagram for mixtures of JR400-SDS in water."”

At high surfactant concentrations multi-phase regions were observed and as this
concentration decreased a transition to single-phase systems occurred. At low surfactant
concentrations two-phase systems were again present. In the multi-phase regions at high
surfactant concentration, the coacervate phase was isotropic and in the three-phase
system SDS crystals with lamellar ordering were formed, determined using small-angle
X-ray scattering (SAXS). In the two-phase region at low surfactant concentrations, no
higher order structures were observed from SAXS analysis. Coacervation in this region
was very near the 1:1 stoichiometric ratio as predicted by the Goddard coacervation
mechanism. As polymer concentration decreased, this two-phase region also decreases.
By examining mixtures of these systems over a wide range of concentrations, one is able

to better visualize the effects of component composition on coacervate formation.
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Many of the industrial applications described previously involve simple salts,
which have the potential to affect interactions given the reliance of complex formation
and resolubilization in these systems on electrostatic attractions.'® '*** Generally
accepted throughout the field, is the screening of electrostatic interactions by the addition
of salt, which has resulted in both “coacervate suppression” and “coacervate
enhancement”.” 8% Coacervate suppression occurs via a decrease in binding of
surfactant to polymer in the presence of salt and a subsequent decrease in coacervate
formation. This interruption of electrostatic interactions between oppositely-charged
polymer and surfactant has been observed by an increase in CAC for systems containing
NaCl.2 With the addition of CaCl,, Chen and coworkers also observed a deviation from
the 1:1 charge ratio for complex formation, with a greater deviation at increased salt
concentrations.'®?! In contrast to the above results, Guillemet and Piculell have
indicated coacervate formation at lower surfactant concentrations in the presence of NaCl
compared to the parent system. Thus, coacervate formation was enhanced by the
addition of NaCl, which may be due to surfactant micelle growth with the addition of
salt, as discussed previously.>® 82

The occurrence of coacervate enhancement or coacervate suppression has been
shown to depend on salt concentration. At low ionic strengths, the reduction of
electrostatic interactions is predominant, where with the addition of salt, the critical
aggregation concentration shifts to higher surfactant concentrations, but above CAC
electrostatic interactions occur and micelle-like aggregates are found along the polymer
chain.”'*% Resolubilization at high surfactant concentrations was also observed in these

systems.”® In systems with higher salt concentration, micelle formation becomes



28

dominant.” ' Wang and coworkers observed a decrease in CMC with the addition of
NaBr demonstrating the promotion of micelle formation due to screening of head group
repulsions. The interaction between polymer and surfactant in these systems was
observed at surfactant concentrations where micelles existed in solution before
introduction to polymer.19 Resolubilization of coacervate formed in the presence of NaCl
was not observed for the PCMA-SDS systems explored by Naderi and coworkers and this
was attributed salt screening of bound surfactant molecule repulsions between one
another, restricting resolubilization.'® With these systems at very high NaCl
concentrations Naderi and coworkers observed no coacervate formation, similar to
observations of Wang and coworkers with PDADMAC-SDS/TX100 systems, where the
NaCl concentration was high enough to completely screen electrostatic interactions.'®%°
It 1s apparent from this previously published work that the effect of salt on
polymer-surfactant interaction and subsequent coacervate formation shows no linear
trends. Rather, it depends upon the balance of the effects of salt on polymer
conformation, surfactant micelle structure and ion-ion binding between oppositely
charged species, and these effects are dependent on the concentration of all components
in solution. The lack of definite trends makes the investigation of an array of variables

necessary to understand the effect of salt on polymer-surfactant systems, and high-

throughput screening is a useful tool for investigating this vast number of systems.

High-Throughput Screening
The success of combinatorial and high-throughput screening methodologies in

pharmaceutical research has triggered the introduction of these techniques to other
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fields.®® The field of polymer science is well suited to high-throughput screening and
combinatorial methods due to the vast number of variables and parameters for
investigation, including molecular weight, polydispersity, viscosity, and other
application-specific parameters.*® Schubert and coworkers have reported feasibility study
findings that “combinatorial and high-throughput methods will represent an indispensable
tool in the future of polymer research (although it most likely will not replace
conventional techniques)”.®?> Recent high-throughput screening formulation method
development has focused on the creation of compositional gradients and discrete
libraries.***’
Gradient Methods

Compositional gradients in films have been achieved at the National Institute for
Standards and Technology (NIST) through a dynamic dual syringe system as well as with
microfluidic systems.*> % Both of these systems offer advantages of thorough
component mixing and facile isolation of the final compositions for analysis using
traditionally based techniques. In the dynamic dual syringe method, component mixing,

deposition and spreading is achieved (Figure 1-10).%

A
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Figure 1-10. Complete dynamic dual syringe method developed at NIST.
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In this technique, a vial is initially filled with pure component B. Component A is
introduced gradually to the vial containing component B through rate-controlled syringes.
As component A is being introduced, a third syringe is used to take aliquots from the vial.
Over time, the controlled addition of component A causes a gradient of A in component
B to form. This gradient is in turn transferred to the third syringe. After all of
component A has been introduced to the vial, the contents of the third syringe are
deposited on a substrate and spread into a thin film using a knife-edge coater. The films
are then analyzed for the desired properties as a function of composition. This technique
was validated using poly(caprolactide) (PDLA) and poly(caprolactone) (PCL) with the
gradient film cast on a sapphire substrate. Fourier Transform Infrared Spectroscopy
(FTIR) was employed at various positions along the gradient in order to determine mass
fractions of each component at these points. PDLA absorbance increased as a function of
film position, while PCL absorbance decreased, indicating the formation of a

composition gradient along the film (Figure 1-11).%
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Figure 1-11. Validation of composition gradient formation using the dynamic dual
syringe method. %
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In the microfluidic devices developed at NIST a gradient is generated by
controlling the introduction rate of components and the geometry of the device.
Microfluidics offers an added advantage of mixing and characterization in situ. To

investigate the mixing capabilities of microfluidic devices, both T-junction and ternary

designs have been developed (Figure 1-12).%

(a) (b)
Figure 1-12. Microfluidic devices designed for intricate mixing: (a) T-junction design
and (b) ternary mixing design.®

To date, the compositional gradient capabilities of microfluidic devices have been
investigated in terms of polymerization rather than formulation, where the devices act as
microchannel reactors for controlled polymerizations (Figure 1-13).%° By varying the
flow rate or the rate of introduction of reactants, a continuous gradient of polymer
properties is synthesized, such as a molecular weight gradient. The devices used for
synthesis reactions are designed to provide an area for mixing and therefore may be

adaptable to formulation techniques where rate of addition of one component is varied.
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Figure 1-13. Microchannel reactor for controlled polymerization.

Bergbreiter and coworkers®® have recently demonstrated a need for high-
throughput screening in the determination of the lower critical solution temperature
(LCST) for poly(N-alkylacrylamide) copolymers. Conventional techniques for LCST
determination are time consuming which limits the ability to probe the structural effects
of solvent and polymer on the LCST. The researchers developed a high-throughput
screening technique that exploits the known effect of solution cloudiness that occurs at
and above the LCST. By employing a light scattering detector and a temperature
gradient microfluidic device they were able to determine the LCST by monitoring the
change in scattering amount along the temperature gradient. An example of the results

generated using this technique is shown in Figure 1-14.
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Figure 1-14. Sample clouding curve generated using a microfluidic temperature gradient
device. Inset contains CCD images of the microfluidic channels where the blue regions
are precipitant, pseudo-colored for clarity.88

By utilizing this rapid screening technique they were able to probe structural effects of
the solvent and polymer on LCST to enhance the understanding of the systems’
behaviors.®®
Discrete Sample Methods

The major disadvantage of the compositional gradient techniques is the limited
amount of materials that can be combined. To address this issue, researchers at NIST
have also focused on the formation of discrete libraries. In their research, as well as other
investigators, discrete libraries are formed using liquid dispensers for delivering materials
onto either previously patterned surfaces or creating a pattern during dispensing.®* 89-91
Cabral has utilized tailored arrays created rapidly via photolithography techniques. In
general, a 10 x 10 well array (2 mm x 2 mm) was used with varying wall heights, offering

volume tailoring (Figure 1-15).3
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Figure 1-15. Sample vessel for creating 10 x 10 discrete arrays using liquid dispensing
systems.84
Dispensing the components into the arrays is accomplished via syringe pumps attached to
an overhead actuator, with accuracy in both the volume dispensed and the position of the
actuator over the well. This “tailor-made liquid dispenser” differs from commercially
available liquid handlers in that it dispenses very small amounts of samples (0.1-1.0 pL).
Similarly to the composition gradients, these tailored microwell arrays can be used in
conjunction with traditionally based analysis techniques, such as combinatorial small
angle X-ray scattering.84
Schubert and coworkers have focused on development of ink-jet printing high-

throughput techniques for use with polymeric systems.?**' Original work in this area
focused on polymeric electronic devices where ink-jet printing has become a keystone
technology. In brief, ink-jet printing of polymers is achieved by printing a library of
individual dots or rectangles on a given substrate where the compositions are well-

controlled (Figure 1-1 6).5°!
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Figure 1-16. An example of a polymeric film array generated using ink-jet printing
techniques.”
The library shown in Figure 1-16 is one of the original examples of ink-jet printing as a
method of polymer library generation.”® There is a multitude of factors that need to be
considered in employing this technique, including solution viscosity, nozzle deposition
mechanism and solvent type.89'91 In addition, the small sample size leads to rapid
evaporation of solvent, leaving behind a film of the composition under investigation. 89-91
In a general sense, film formation is not a disadvantage but for the understanding of
polymer-surfactant interactions it is desirable to investigate the system in the presence of
its continuous phase, which is usually a volatile solvent such as water. This consideration
eliminates Schubert’s technique as a method to investigate compositional phase behavior
that results from polymer-surfactant interaction.
The advantages of discrete library methods are that they offer the capabilities of

preparing multiple component compositions and analysis via previously established

methods. However, one significant drawback with the available discrete library methods

is that the sample sizes are not large enough to ensure good sample mixing. Therefore,
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their use is limited to components with low viscosities so that mixing is attained even at
these small sample volumes. Taking into account these advantages and disadvantages
from available high-throughput techniques a novel high-throughput screening technique
that allows rapid investigation of polymer-surfactant systems in the liquid state was

developed in this research (Chapter IV-A).
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CHAPTER II

OBJECTIVES AND NEED FOR RESEARCH

The interaction between oppositely-charged polyelectrolyte and surfactant has
been investigated in a variety of systems, including biological systems and naturally- and
synthetically-derived polymers.” Oppositely-charged polyelectrolyte and surfactant
interact to form soluble complexes, as well as phase-separated complex coacervate,
which has made them useful in many applications, including the food, toiletries, and
pharmaceutical industries. A great deal of previous research has focused on
understanding the interaction between polyelectrolyte and oppositely-charged surfactant
on a microscopic level, which has generally focused on systems in dilute surfactant
regimes near or slightly above the surfactant critical micelle concentration.!” The
exploration of coacervation in the dilute surfactant regime has demonstrated that
polymer-surfactant interactions are not governed by any one universal mechanism, but
that multiple possible mechanisms exist and have been observed depending on the
polymer-surfactant system.7’ 2 The properties of the polymer and surfactant components
and of the solution have been shown to affect not only the mechanism of coacervate
formation, but also the amount of coacervate formed and the compositions at which it is
formed. An investigation of various possible parameters of these components over a

wide range of concentrations would require an immense amount of time using
conventional techniques. However, a broad ranging investigation is needed to unravel

the apparently paradoxical mechanism of coacervate formation.
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A fundamental understanding of the effects of polymer and surfactant structure, as
well as solution properties, on the interaction between polymer and surfactant and the
resulting coacervate formation over a wide surfactant concentration range is lacking.
This fundamental understanding is critical for enhancement of the scientific
understanding of these systems as well as for the practical design of polymer-surfactant
systems for specific applications, which may range from enhanced deposition of polymer
from solution to formation of stable complexes for targeted drug delivery.

This research aims to explore multiple polymer, surfactant and solution
parameters that could potentially influence the interaction of oppositely-charged
polymers and surfactants. The overall goal of this research is to define the effects of
polymer and surfactant structural properties, and solution properties, on the interaction
between cationic polymer and anionic surfactant, and the subsequent formation of
coacervate in these systems. To achieve this goal, the interaction of cationic polymers
with varying properties with anionic surfactant will be studied using conventional
microscopic methodologies. In addition, polymer, surfactant and solution properties will
be varied systematically and the macroscopic property of coacervate formation will be
investigated using a novel high-throughput method.

The specific objectives of this research are to:

e Develop and validate a rapid and reproducible method capable of
preparation of multi-component samples, analysis of these samples
regarding formation of coacervate and representation of the immense

amount of data for easy interpretation
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Examine the interaction of cationic HEC polymers and anionic surfactant
to understand the mechanism of interaction as a function of molecular
weight

Perform a systematic study of the effect of polymer properties (molecular
weight, charge substitution, and backbone structure) and surfactant
properties (micelle charge density, tail group structure) on coacervate
formation over a broad compositional range

Thoroughly characterize the poly(vinylpyridinium hydrochloride)
polymers to confirm the solution properties of these systems, enabling
more accurate understanding of their interaction with surfactants
Examine the interaction of cationic poly(vinylpyridinium hydrochloride)
polymers and anionic surfactants to understand the mechanisms of
interaction as a function of solution conformation and charge positioning
along the polymer backbone -

Investigate the effects of solution properties (salt concentration, addition
order) on coacervate formation over a broad compositional range and in

multiple polymer-surfactant systems
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CHAPTER IlI

EXPERIMENTAL

Materials
Cationic Polysaccharides
Cationically-modified cellulosic polymers, INCI name Polyquaternium-10 (PQ-
10)*2, were supplied by Amerchol Corporation, a division of The Dow Chemical
Company and were used as received. These polymers are derivatives of
hydroxyethylcellulose (HEC) modified via the addition of trimethylammonium
substituted epoxides to create quaternary ammonium salts with a chloride counterion

(Figure 3-1).”* The average molar degree of ethoxylation along the HEC backbone is 2.5.

17,94

OH <|=Hs ¢
(o] + CHchzo ']_CHchCHz”T_ CH3
X

CH;
(o]
HO (o]
o n
[cuzcuzo]l-u
X

Figure 3-1. Nominal chemical structure of Polyquaternium-10."

A series of PQ-10 polymers that differ in molecular weight and cationic charge

substitution (CS) was studied (Table 3-I).
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Table 3-1. PQ-10 series properties.

Polymer Name a 031‘;/‘;301) M,/M, %Nitrogen™ CS
LK 350 4.0 0.50 0.13
LR400 400 5.2 0.95 0.25
JR125 350 5.8 1.85 0.48
JR400 500 5.5 1.85 0.48
JR30M 1500 2.3 1.85 0.48
LR30OM 1300 2.0 0.95 0.25

The values of molecular weight were determined using size exclusion chromatography
(SEC) with multi-angle laser light scattering (MALLS) and differential refractive index
detection, according to a previously published method.”® An average dn/dc of 0.140 was
used for all calculations. The molecular weight distribution was unimodal and broad for
all PQ-10 polymers studied (Figure 3-2). The broad PDI observed with these systems
may be due to heterogeneity of charge along and among the polymer chains, which is
reasonable given the original cellulose molecular weight distribution and the subsequent

derivitization and grafting processes.
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Figure 3-2. Molecular weight distributions of the PQ-10 polymer series.
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The CS is defined as the number of moles of nitrogen per mole anhydroglucose unit.”®
The percent nitrogen values were provided by Amerchol Corporation® and CS was
determined using Equations 3-1 and 3-2

N(@mol) _ N(g)
ru. (mol) rau.(mol)

CS = + N(g/mol) Equation 3-1.

where r.u. is the anhydroglucose repeat unit so that r.u. (mol) = 1, N(g/mol) = 14 g/mol,

and

N(ig) _ YN (r.u.(mass))
ru(mol) 100

Equation 3-2.
where r.u. (mass) = 366 g/mol.

Hydrophobically-modified PQ-10 polymers, INCI name Polyquaternium-67 (PQ-
67) %", were supplied by Amerchol Corporation, a division of The Dow Chemical
Company and were used as received. These polymers are derivatives of HEC modified

via dimethyldodecyl ammonium substitution of the hydroxyethyl side chain to create

quaternary ammonium salts with a chloride counterion (Figure 3-3).”

CH3 ¢y
‘{CHzcl"zo'l_ CHchCHz N'— CH3
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Figure 3-3. Nominal chemical structure of Polyquaternium-67. °’

A series of PQ-67 polymers was studied where all polymers have a molecular weight

range of 200 000 to 800 000 g/mol and CS = 0.25.%” The degree of hydrophobic
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substitution is defined as the average number of moles of hydrophobic substituent per
mole of the anhydroglucose repeat unit.”® The degree of hydrophobic substitution (HS)
differs for all polymers in the series (HSg1.5s = 5x10'4, HSsi.60 = 5x107 R

HSst1.-100 = 1x102).%°7 The hydrophobic substitution for SL-30 was not reported,
however it is known to be between that of SL-5 and SL-60.

Cationically-modified galactomannans, INCI name Guar
Hydroxypropyltrimonium Chloride (cationic guar) °, were supplied by Rhodia
Incorporated and were used as received. These polymers are derivatives of guar bean
galactomannans, where a portion of the galactose units are cationically-modified with

pendant quaternary ammonium salts with a chloride counterion (Figure 3-4).%
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Figure 3-4. Nominal chemical structure of Guar Hydroxypropyltrimonium Chloride.

A series of cationic guars was studied and the properties are listed in Table 3-I1I.



Table 3-II. Guar Hydroxypropyltrimonium Chloride series properties.

MW
Polymer Name (10° @/mol)

C-1000 1000 0.14
Excel 1500 0.14
C-14S 2000 0.14

C-17 2000 0.17

Synthetic Cationic Polymers

All cationic synthetic polymers were synthesized via reverse-addition

100, 101
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fragmentation chain transfer (RAFT) polymerization by the McCormick Research Group

at The University of Southern Mississippi, and donated for our studies. The details of the

synthesis, purification, and characterization are reported by Convertine, et. al.'® The

chain transfer agents used for poly(4-vinylpyridine) and poly(2-vinylpyridine) were 4-

cyanopentanoic acid dithiobenzoate (CTP) and 2-dodecylsulfanylthiocarbonylsulfanyl-2-

methyl propionic acid (DMP), respectively. Poly(ar-vinylbenzyltrimethylammonium

chloride) (VBTAC) was also synthesized via RAFT with the CTP chain transfer agent.

The polymers were used as received. Cationic charge was imparted on poly(2-

vinylpyridine) and poly(4-vinylpyridine) using HCI to produce poly(2-vinylpyridinium

hydrochloride) (P2VP) and poly(4-vinylpyridinium hydrochloride) (P4VP). The

chemical structures of P4VP, P2VP, and VBTAC are shown in Figure 3-5.



Figure 3-5. (a) P4VP, (b) P2VP, and (c¢) VBTAC chemical structures.

The properties of all cationic synthetic polymers studied are shown in Table 3-II1.

Table 3-II1. Properties of cationic synthetic polymers.

Charge Densi
Polymer (g/m';)l) PDI % Icg;nizationt)y
P4vPp 9 000 1.2 86
P4VP 32 000 1.0 91
P2VP 6 000 1.2 85
P2VP 32 000 1.1 74

VBTAC 12000 1.0 —
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The values of M, and PDI were determined using SEC according to a previously

published method.'” The dn/dc values for P4VP and P2VP were 0.225 and 0.167 mL/g,
respectively.'”? Charge densities were controlled by pH adjustment using 1.0 N HCI.
Percent ionization was calculated using Equation 3-3, where the apparent pK, values of
P4VP and P2VP are 4.0 and 3.5, respectively.'”
% lonization = 100/ (1 +100 "”K")) Equation 3-3.'*

VBTAC has a permanent quaternary ammonium cationic charge on each repeat unit.
Surfactants

Sodium lauryl ether sulfate (SLES) with an average of three ethylene oxide (EO)
units per molecule and ammonium lauryl ether sulfates (ALES) with averages of three,
twelve, and thirty EO units per molecule were supplied by Stepan Company and were

used as received. The chemical structure of SLES is shown in Figures 3-6.

0

/\/\/\A/\/\(\OCHZCHZ 0—!—0’ Na*
’ I

0
Figure 3-6. SLES chemical structure.
The critical micelle concentration (CMC) of SLES in water at 25°C was determined from

surface tension (Figure 3_7).105, 106
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Figure 3-7. Surface tension as a function of SLES concentration.

The pre-CMC dip in the curve is likely due to impurities, and despite this the
experimentally determined CMC of 3.0 mM is in good agreement with previously
reported values.'” '® Multiple runs were performed, exhibiting excellent reproducibility
in the data.

The CMC values of ALES surfactants in water at 25°C were provided by the

supplier (CMCsgo = 0.41 mM, CMCj3g0 = 0.14 mM, and CMCsogo = 0.06 mM).!?71®

The chemical structure of ALES is shown in Figure 3-8.

O
/\/\/\/\/\/\(\O CH,CH, )_n 0_%:__ o NH

O
n=3, 12, or 30

Figure 3-8. ALES chemical structure.
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Sodium alkyl sulfates of differing linear chain lengths were obtained from Aldrich
and used as received (sodium octyl sulfate (CsS), sodium decyl sulfate (C0S), sodium
dodecyl sulfate (C1»S), and sodium tetradecyl sulfate (C14S)). The CMC values in water
were reported in previously published literature (CgS: 140 mM (40°C), C;0S: 33 mM
(40°C), C5S: 8.6 mM (40°C); 8.2 mM (25°C), C14S: 2.2 mM (40°C); 2.1 mM (25°C)).

A representative chemical structure is shown in Figure 3-9.

o

H;C (H,0);—O O Na*

O—w

n=8§,10, 12, 0r 14

Figure 3-9. Representative sodium alkyl sulfate chemical structure.

Sodium dodecylbenzene sulfonate (SDBS) was supplied by Rhodia Incorporated
and used as received. The CMC of SDBS in water at 25°C (2.4 mM) was determined
from surface tension and is in agreement with previously reported values (Figure 3-

10).'%
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Figure 3-10. Surface tension as a function of SDBS concentration.

Sodium capryl sulfonate (SCS) and sodium xylene sulfonate (SXS) were supplied by
Stepan Company and were used as received. The CMC of SCS was 48 mM.'"® Sodium
xylene sulfonate is highly water-soluble and does not form micelles. The chemical

structures of SDBS, SCS, and SXS are shown in Figure 3-11.
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Figure 3-11. (a) SDBS, (b) SCS, and (c) SXS chemical structures.

Polyethylene glycol-12 laurate (PEG-12) was supplied by Stepan Company and

was used as received. The chemical structure is shown in Figure 3-12.

0

HyC(CHp)yo (OCH,CH,),0H

Figure 3-12. PEG-12 chemical structure.
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Additional Materials

Sodium chloride (ACS reagent grade), citric acid (anhydrous, ACS reagent
grade), and HPLC grade water were used as received from Fisher Scientific.
Hydrochloric acid standard solution (0.99 N) and sodium hydroxide standard solution
(1.0441 N) were used as received from Aldrich. Kathon™ CG Preservative (INCI name
methylchloroisothiazolinone and methylisothiazolinone) was supplied by Rohm and Haas
Company and was used as received. Deionized (DI) water was obtained from a
Barnstead Nanopure (Barnstead International, Dubuque, IA) reverse-osmosis/filtration

unit (resistivity = 18.0 MQ).""!

Methods
High-Throughput Screening: Sample Preparation
High-throughput sample preparation was performed using a Beckman Coulter
Biomek® FX Laboratory Automation Workstation (referred to herein as “liquid handler™)

with a single-pod system and Span-8 configuration (Figure 3-13).

Figure 3-13. Beckman Coulter Biomek® FX Laboratory Automation Workstation.
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To enhance accuracy, an aspirate/dispense step prior to dispensing into sample wells was
utilized for all solutions. The sample vessels were Biotech Solutions 96-Well Multi-
Tier™ Micro Plate systems (acrylonitrile-butadiene-styrene (ABS) plates with 0.5 mL
glass flat bottom vials). For mixing and storage, 96-plug molded PTFE/silicone liners
were used. All samples were prepared at room temperature.
Polymer Premix Solution Methods

The liquid handler requires all materials to be in the liquid form with a viscosity
maximum of 100 mPas. All polymers were supplied as powders and surfactants were
supplied as either powders or viscous liquids. Thus, premixed solutions (premixes) of all
polymers and surfactants were made prior to their experimental use. All premixes were
prepared with deionized (DI) water. Surfactant premixes were prepared by either
dissolving the powder with mixing or diluting the viscous liquid. Polymer premix
methods differed depending on the polymer type, as indicated below:

Cationic polysaccharide premix preparation method. The premix protocol for PQ-10
and PQ-67 was adapted from the protocol recommended by Amerchol Corporation.”
Typical premixes were made at 0.5 % (w/w), with a total volume of 200 mL. DI water
was heated to 45-50 °C in a glass jar and the polymer powder was added slowly to the
heated water with constant agitation from a magnetic stirbar. Once a portion of polymer
was added, all polymer was dissolved before subsequent additions to prevent hydrated
gel formation. The jars were covered throughout the process to prevent loss due to
evaporation. After all polymer was dissolved, the sample was allowed to cool to RT and
0.003 % (w/w) Kathon™ CG Preservative was added. Guar premixes were prepared

using the same procedure as PQ-10 and PQ-67, with the addition of neat citric acid to



53

obtain pH ~6.5 before Kathon™ CG Preservative was added. This premix protocol was

adapted from the protocol recommended by Rhodia Incorporated.'®

Poly(vinylpyridines) Premix Preparation Method. Typical premixes were made at
0.25 % (w/w) actives, with a total volume of 200 mL. A predetermined amount of
hydrochloric acid (1.0 N) was added to DI water in a glass jar before polymer addition.
pH adjustment of the water was performed to facilitate dissolution of poly(vinylpyridine).
Polymer powder was then added slowly to the acidic water with constant agitation from a
magnetic stirbar. Once a portion of polymer was added, all polymer was dissolved before
subsequent additions to allow protonation, and thus solubilization, of the polymer. The
jars were covered throughout the process to prevent loss due to evaporation. It was
determined that an equilibrium pH was obtained after ~24 hours. Therefore, the pH was
measured and recorded after at least 24 hours and this value was used to calculate the
percent ionization.

Sample Mixing

Mixing of samples in the 96-well plates was performed after robotic addition of
all materials via the liquid handler. The plates were sealed using PTFE/silicone liners as
previously described. Mixing was accomplished using a Scientific Industries Vortex
Genie 2 with a 96-well plate attachment. A mixing time of 30 s per 96-well plate was
used.
Material Layering Methods

Two high-throughput layering techniques were used in studying the effects of salt
and addition order in polymer-surfactant systems. In both methods the materials were

added sequentially to the 96-well plate vials so that the first two materials were able to
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mix via diffusion before the third was added, and the second and third materials were
able to mix via diffusion before the entire plate was mixed to provide complete sample
mixing. In the Constant Salt method the concentration of NaCl was the same in each
composition investigated. In the Salt Gradient method the concentration of NaCl in each
composition varied uniformly across the phase diagram and the concentrations were

slightly dependent on addition order (Figure 3-14).
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Figure 3-14. Salt gradient profiles for PQ-10-SLES-NaCl investigations using the Salt
Gradient method. The addition orders associated with each salt gradient are (a) polymer,
surfactant, salt and salt, surfactant, polymer; (b) surfactant, polymer, salt and salt,
polymer, surfactant; (c) polymer, salt, surfactant and surfactant, salt, polymer.

High-Throughput Screening: UV-Visible Spectrophotometry

High-throughput UV-visible transmittance measurements were performed and
absorbance values were calculated using a Tecan Safire™ Microplate Detection System.
Absorbance scans were performed for new polymer-surfactant systems (T = 25 °C) over
a wavelength range of 230-1000 nm (10 nm step, 10 flashes per well, move time = 10
ms). For all samples, 410 nm was chosen as the appropriate wavelength for absorbance

measurements (additional details provided in Chapter IV-A). For all samples
transmittance was measured at a constant wavelength and temperature (A =410 nm, T =

25 °C, 10 flashes per well) and absorbance values were calculated.
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Surface Tensiometry

Surface tension measurements were performed at 25 °C using the Wilhelmy Plate
method on either a Kruss K100 Processor Tensiometer (polysaccharide systems) or a
Kruss K12 Processor Tensiometer (poly(vinylpyridinium hydrochloride) systems).
Surfactant CMC was determined by successive dosing of a 50 000 mg/L surfactant
solution (SLES) or an 8 000 mg/L surfactant solution (SDBS) into pure distilled water. A
plot of surface tension (mN/m) versus surfactant concentration is generated, where CMC
is defined as the surfactant concentration at the intersection of the lines from the linear

concentration-dependent and concentration-independent regions (Figure 3-15).
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Figure 3-15. CMC determination in surfactant systems.
Surface tension was also measured for mixtures of polymer and surfactant and the

surfactant concentration at the onset of interaction as well as the CMC in the presence of

polymer were determined in a manner similar to Figure 3-15. For polysaccharide
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systems, a solution of 50 000 mg/L surfactant was successively dosed into a 0.35 g/dL
polymer solution. For poly(vinylpyridinium hydrochloride) systems, a solution of
8 000 mg/L surfactant was successively dosed into a 0.15 g/dL polymer solution. The
polymer concentration was constant throughout all measurements.
Solution Viscometry

Zero-shear viscosities were measured for the PQ-10 polymers at multiple
concentrations for determination of critical overlap concentration (c*). Measurements
were performed on a TA Instruments AR 2000 Rheometer using a standard-size double
concentric cylinders geometry. A steady-state stress sweep was performed at 25 °C and
zero-shear viscosity was determined by extrapolation of the plateau region to zero

112

shear.” ~ A representative plot of viscosity as a function of shear rate for multiple

polymer concentrations is shown in Figure 3-16.
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Figure 3-16. Zero-shear viscosity determination for polymers at multiple concentrations.
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Zero-shear viscosities for cationic polysaccharide-anionic surfactant systems were
determined using a Rheometric Scientific SR-5000 controlled-stress theometer with a
25 mm cone and plate geometry. A steady-state stress sweep was performed at 25 °C and
the Ellis model was used to fit the curve.

Apparent viscosities for the poly(vinylpyridinium hydrochloride) polymers and
for mixtures of these polymers with anionic surfactant were measured using a Contraves
LS-30 low shear rheometer with the 2T cup and bob geometry (5.96 s, 25 °C).

Critical Overlap Concentration. For determination of c* the zero shear viscosity was
determined for a range of polymer concentrations and a log-log plot of 1, versus polymer
concentration was generated, where c* is the polymer concentration at the intersection of
two lines with slopes ~1.4 and ~3.4; ideally, for Gaussian chains below c* the viscosity
should scale as 1.4 with respect to polymer concentration and above c* the viscosity

should scale as 3.4 with respect to polymer concentration (Figure 3-17). ®
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Figure 3-17. n_, as a function of polymer concentration for c* determination.
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A power function was used to fit the curves and a numerical value of c* (g/dL) was
determined using Equation 3-4

c* — l O ((IOg Agit —108 A )/ (B.vemi —Bg )) E quati on 3-4.

where A4, and 4, are y-intercept values in the dilute and semi-dilute polymer

semi

concentration regions, respectively, and B, and B, are the slopes of the lines in the

dilute and semi-dilute polymer concentration regions, respectively.
Dynamic Light Scattering

Dynamic light scattering (DLS) studies were performed using a Malvern
Instruments Zetasizer Nano ZS, which has a particle size detection range of 0.6 nm to 6.0
pum. Particles are illuminated by a He-Ne laser (633 nm) and the scattering intensity is
detected at a fixed 173° angle using a non-invasive backscattering technique.

Since particlés in solution exhibit Brownian motion, small fluctuations in the
scattering intensity are observed, which are manifested as an apparently random signal,
which is in fact non-random, with smooth and continuous changes, over short time scales.
This non-randomness is due to the physical confinement of these particles to a specific
location, with limited movement, across these short time intervals. With the Zetasizer
Nano ZS instrument, correlation statistics are applied to calculate the degree of non-
randomness in this apparently random signal, generating a correlegram. The correlation

expression is shown in Equation 3-5

- I(t,)1(t, +7)

=y

Equation 3-5.

where G(7) is the correlation coefficient, / (to) is the initial scattering intensity, I{t, + 1)

is the scattering intensity at some delay time, t, and (tw) is the scattering intensity at
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infinite time. The correlation statistics are then fitted to an exponential algorithm, which
embodies the diffusion coefficient (Equation 3-6)

G(r) =B+ 470" Equation 3-6.
where B is the amplitude of the correlegram, A is the baseline at infinite time, g is a
known scattering vector, and D is the diffusion coefficient. The diffusion coefficient is
then used to determine the radius of hydration (Ry) utilizing the Stokes-Einstein equation
(Equation 3-7)

R, = kT
6znD

Equation 3-7.

where £ is the Boltzmann constant, T is temperature, and 7 is the viscosity of the
dispersant.'"?

The extraction of the Ry can be accomplished using either the cumulants single
exponential decay or a multi-modal non-negative least squares approach. The former
provides a Z-average size and a polydispersity index (PDI). The PDI is the distribution
of particle size around the Z-average size and a high PDI is indicative of either a large
distribution or a multi-modal system (PDI range from 0 to 1). If the PDI is high and
multiple peaks are observed using the multi-modal analysis approach, then the confidence
of the measurement lies with the radii of the multi-modal approach. Hydrodynamic sizes
are presented as a % volume distribution, with an acceptable error in sizes of +/- 5 %,
according to ISO standards.'"*

In our studies, premixes were prepared using HPLC grade water filtered through a

0.1 pm filter. Surfactant and polymer samples were filtered through 0.45 pum syringe

filters prior to measurement. Size measurements were performed using either a low
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volume disposable sizing cuvette or a disposable sizing cuvette. The sample settings
were as follows: Dispersant: Water, 25 °C, viscosity = 0.8872 cP, RI=1.33, with the
dispersant viscosity used as the sample viscosity. For all systems, 3 runs were performed
for each measurement at set run durations (polysaccharide systems: 420 s,
poly(vinylpyridinium hydrochloride) systems: 200 s) and a total of 3 measurements were
performed on each sample. Results were calculated using the Multiple Narrow Modes
method to distinguish individual peaks.
Static Light Scattering

Polymer solutions were prepared using HPLC grade water filtered through a 0.02
um filter as the solvent (the conformation of the polymer molecules upon interaction with
surfactant was desired, thus no electrolytes were added to the solvent). MALLS was
performed using a Wyatt DAWN® EOS 18-angle light scattering detector in batch mode.
A syringe pump was used for precise sample injection. Using the multi-angle mode,
multiple concentrations were analyzed and Zimm plots were generated for each polymer.

A sample Zimm plot is shown in Figure 3-18.
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Figure 3-18. Zimm plot for low molecular weight P4VP obtained using static light
- scattering.!
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The Zimm plot is defined by Equation 3-8

Ke _ 1 2B(k)

Equation 3-8.
Ra, M k

w

where M, is the weight-average molecular weight, B is the second virial coefficient, & is

an arbitrary constant chosen to provide a spread of the data, and c is concentration. X is
given by Equation 3-9

27%n? (@)2
K= . \de) Equation 3-9.

N A
where # is the refractive index, N, is Avogadro’s number, and 4 is the wavelength. In

Equation 3-8, R is the Raleigh ratio and is given by Equation 3-10

ri
Ry = @ Equation 3-10.
® " Il +cos’ @) 1

where r is the distance between the detector and the oscillating dipole, ig is the intensity

at angle ©, and I, is the incident intensity. Extrapolation of the concentration, c, as

©® — 0 gives a line with slope = 2B/k and from this line, the second virial coefficient

was obtained. The second virial coefficient was used to determine polymer-solvent

compatibility.''®
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CHAPTER IV-A
DEVELOPMENT AND VALIDATION OF A HIGH-THROUGHPUT SCREENING
METHOD OF SAMPLE PREPARATION, ANALYSIS AND DATA
REPRESENTATION IN POLYMER-SURFACTANT SYSTEMS
Method Development
Sample Preparation
In this research, the development of a novel high-throughput screening method

was essential for investigating the large range of compositions inherent in generating a
broad understanding of polymer-surfactant interactions. Primary efforts were directed
towards preparing a large number of samples in a relatively short amount of time.
Initially, Finnpipette® digital multi-channel pipettes from Thermo Electron Corporation,
with both 8 and 12 channel heads, were employed for rapid sample preparation using a
“by volume” method (versus traditional “by weight” methods). An experimental design
where surfactant and polymer concentrations were varied systematically to obtain a wide
range of compositions for analysis was developed. Before analysis, sample mixing was
accomplished by inversion of the sample grid for 24 hours. Analysis of coacervate
formation was performed through operator observation, where the amount of coacervate
was classified as “large” or “small”. Traditional data visualization techniques of defining

17,20, 117

areas of one or two phases on ternary phase diagrams were employed

(Figure 4A-1).
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Figure 4A-1. Ternary phase diagrams generated using multi-channel pipettes
(PQ-10-ALES): (a) all samples investigated and (b) enlargement of the circled area.
Although increased sample production was accomplished with the multi-channel pipettes

and grid design method, there were significant drawbacks. Sample preparation was
rapid, but manual operation was rate-limiting insofar as it did not allow the rapid
generation of parallel libraries of compositions. Mixing techniques were also time
consuming and were possibly subject to operator technique. Also, sample analysis was
susceptible to inherent operator-operator error due to the subjective measurements of
“large” and “small” amounts of coacervate. As can be seen in Figure 4A-1a, the phase
diagram containing all compositions studied is narrow in scope despite the effort

involved in generating the data. Presenting only the data at compositions below 3 %



surfactant (Figure 4A-1b) only slightly enhances the potential for interpretation of the
diagram. Thus, the only advantage of the data representation technique was ease of
recognition by those in the field.

Taking these drawbacks into consideration we explored other disciplines that
routinely incorporate high-throughput screening into their research activities.
Specifically, we turned to the pharmaceutical industry and investigated the potential use
of automated liquid dispensing instrumentation. The chosen instrumentation was the
Beckman Coulter Biomek® FX Laboratory Automation Workstation (liquid handler).
The liquid handler offered many advantages over current and traditional techniques.
Sample preparation is performed solely through the instrumentation, providing a
completely “hands-off” sample preparation method. It also avoids the operator errors
that are inherent in manual pipetting. One major drawback of this liquid handler system
was its inability to deliver highly viscous materials and solids (viscosity maximum = 100
mPa-s), which limits the total compositional range to be studied. However, by making
premixed solutions of our materials we overcame the viscosity limitation and investigated
wide compositional ranges in short periods of time.

The second difficulty encountered with automated liquid handling arose from
irreproducible wetting of the polyethylene pipette tips. This lessened the precision in the
delivery of components to the sample vessel. This limitation was demonstrated by efforts
to deliver 200 pL of solution, where the same pipette tip was used for five repetitions.
The results of the five successive aspirating/dispensing steps for both polymer and

surfactant solutions are shown in Table 4A-1.
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Table 4A-1. Repetitive additions of surfactant (S) and polymer (P) solutions to
centrifuge tubes using the liquid handler. The same probe tip was used for all additions

of the respective materials.
Tube  Tube + Material  Material Added
Sample @) (9] £9)

S1 1.285 1.465 0.180

S2 1.257 1.456 0.199

S3 1.274 1.472 0.198

S4 1.238 1.434 0.196

S5 1.253 1.451 0.198
Average of S1-S5  1.261 1.456 0.194 £+ 0.008

P1 1.279 1.452 0.173

P2 1.297 1.493 0.196

P3 1.246 1.442 0.196

P4 1.279 1.472 0.193

P5 1.227 1.424 0.197
Average of P1-P5  1.266 1.467 0.191 +0.01

Samples S1 and P1 were the first samples dispensed for the surfactant and polymer
materials, respectively. The tip was used as received for these initial dispensings. A total
volume of 180 pL and 173 pL was delivered for samples S1 and P1, respectively.
Samples S2-4 and P2-4 were the subsequent samples dispensed for the surfactant and
polymer, respectively. The tip was not changed between dispensings so that the tip was
coated by either surfactant or polymer for these subsequent dispensings. A total volume
of ~199 pL and ~196 pL was delivered for each S2-4 sample and each P2-4 sample,
respectively. Little variation occurred between the last four dispensings.

Aspirating 200 pL of the surfactant or polymer material (premix) into each pipette
tip and then dispensing that volume into a waste container before any sample wells were

filled was found to eliminate this source of irreproducibility (Table 4A-II).
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Table 4A-I1. Repetitive additions of surfactant (S) and polymer (P) solutions to
centrifuge tubes using the liquid handler with an aspirate/dispense step prior to sample
preparation. The same probe tip was used for all additions of the respective materials.

Tube  Tube + Material  Material Added

Sample ®) ®) &

St 1.232 1.433 0.201

S2 1.291 1.495 0.204

S3 1.277 1.485 0.208

S4 1.226 1.430 0.204

S5 1.245 1.446 0.201
Average of S1-S5  1.254 1.458 0.204 £ 0.003

P1 1.247 1.461 0.214

P2 1.228 1.439 0.211

P3 1.295 1.512 0.217

P4 1.262 1.477 0.215

P5 1.239 1.453 0.214
Average of P1-P5  1.254 1.468 0.214 +0.002

This precision of the liquid handler method was increased with incorporation of the
aspirate/dispense step, as verified by the decreased standard deviations of the samples in
Table 4A-II compared to those in Table 4A-1. The statistical significance of the
difference with incorporation of the aspirate/dispense step was evaluated using the t-test
approach. The experimental t-value, ¢y, was calculated using Equation 4A-1

A, - A
t, = Z—— Equation 4A-1."8

0
\/MSE(—I— + —1—)
n m

where 4, and A; are average values for each data set, n; and n, are the number of runs in

each data set, and MSE is the mean square error (Equation 4A-2)

(n, —1X(S;]
MSE = -—Z—}:—(————)—(ﬁ——)- Equation 4A-2 118
n, -

where S’ is the square of the standard deviation. Using the values shown in Tables 4A-I

and 4A-1], the difference between the standard deviations for the surfactant samples
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without and with the incorporation of the aspirate/dispense step were determined to be
statistically significant with a 95 % confidence interval, as were the standard deviations
for the polymer samples.''® Thus, an aspirate/dispense step was incorporated for all
sample preparation. The liquid handler was adopted as the sample preparation method
for all subsequent polymer-surfactant interaction phase diagrams.
Phase Separation Analysis

It was important to develop a rapid and repeatable method for sample analysis
that is compatible with samples prepared using the liquid handler. At the initial time of
development, the common technique for sample analysis was visual observation of phase
separation with classifications of one or more phases. In an effort to limit operator-to-
operator error we chose 1.5 mL centrifuge tubes as the sample vessels, where volume
markers on the centrifuge tubes were utilized to determine high, medium and low
amounts of coacervate, with attempts to determine a percent coacervation based on the
total volume of sample. These tubes were also compatible with the liquid handler. A

representative diagram showing coacervate amount is shown in Figure 4A-2.
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Figure 4A-2. Binary phase diagram of phase separation analyzed via visual observation
(LR400-SLES).
From this diagram we observe the success of generation of a considerable amount of data
in a reasonable time frame using the liquid handler for sample preparation. For example,
the 120 discrete samples in Figure 4A-2 were generated in approximately 60 minutes.
Centrifuging the samples after complete sample mixing via slow rotation increased the
accuracy of visual measurements of phase separation, evidenced by moderately discrete
regions of high, medium and low coacervate in Figure 4A-2. However, areas of
significant overlap between low and medium coacervate amount were observed,
demonstrating a need for more accurate and potentially quantitative analyses.
Reproducibility measurements performed on data generated using this method further

illustrates this point (Figure 4A-3).
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Figure 4A-3. Reproducibility in visual observation of phase separation analysis
(LR400-SLES).

In Figure 4A-3 an original run and a repeat run are represented. Squares represent one
phase regions and circles represent two phase regions in each run and points where one
and two phase regions overlapped are circled. The reproducibility graph indicates that
problems with repeatability existed using this method, but that the differences occurred in
regions of transition from one to two phases might be expected because small changes in
sample composition and/or environment could cause the system to traverse the phase
boundary. This is discussed in more detail in Chapter IV-B.

Turbidity measurements are commonly utilized to detect coacervate formation
and quantify coacervate amount in the dilute regime'* %1920 7119 o4 4 high-throughput
transmittance measurement was explored. In this method, 96-well plates are loaded into
the Tecan Safire high-throughput UV-Visible spectrophotometric reader where a beam

originates above the plate, passes through the sample, and exits through the bottom of the



70

well to a detector on the bottom of the reader. The amount of light transmitted is
recorded and converted into an output reading of absorbance units.

Sample preparation on the liquid handler employed 96-well plates, which are
compatible with the Tecan Safire UV-Visible spectrophotometer. The 96-well plates also
have the advantage of mixing through a 96-well plate attachment on a Vortex Genie 2
(30 s per plate). The 96-well plates consist of 500 pL glass flat bottom well inserted into
plastic plates with a slit along the bottom of each row of the plgte so that the beam can
pass through the well without interference from the plate. To determine whether
normalization of each absorbance reading was necessary to account for solvent (water)
and glass well absorbance, a study was performed with blank wells and wells containing

only DI water at varying total volumes (Table 4A-III).

Table 4A-III. Absorbance readings of background components at 410 nm, 25 °C.

Background Average Standard

Component Absorbance  Deviation

glass wells 0.029 0.0050
150 pL DI water 0.068 0.015
300 pL DI water 0.040 0.0079

As will be discussed later, absorbance readings of 0.04 absorbance units are considered
one phase systems so background readings of the glass wells (0.029 a.u.) and solvent
(0.040 a.u.) are negligible with respect to characterization of polymer-surfactant
interaction. Therefore, background normalizations were not performed.

In sample preparation with the liquid handler, the total volume of each sample
was considered because the pathlength of each “cell” is dictated by the total sample

volume. In order to compare absorbance reading between systems, the pathlength needed
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to be held constant, as dictated by Beer’s Law (Equation 4A-3), where 4 is absorbance, ¢
is molar absorptivity, b is pathlength, and ¢ is concentration.
A= ¢gbc Equation 4A-3.

Pathlength effects were controlled by use of a constant sample volume (300 pL).

Absorbance scans were performed for each polymer-surfactant system to
determine the appropriate wavelength for absorbance readings. A sample set from 96-
well plates with different polymer-surfactant systems was chosen, consisting of 12-24
wells that visually exhibited high, medium, or no coacervation. These three levels of
phase separation were investigated with a wavelength scan from 230-1000 nm to ensure
that single phase systems were not exhibiting absorbance at the chosen wavelength and
also to ensure that higher absorbance readings were obtained for high phase separation
systems than medium phase separation systems. An example of three wavelength scans
with these different separation amounts for a cationic polysaccharide-surfactant system is

shown in Figure 4A-4.
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Figure 4A-4. Absorbance scans of cationic polysaccharide-surfactant samples.

An example of three wavelength scans with different separation amounts for a

poly(vinylpyridinium hydrochloride)-surfactant system is shown in Figure 4A-5.
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Figure 4A-5. Absorbance scans of poly(vinylpyridinium hydrochloride)-surfactant

samples.

The most appropriate wavelength was chosen at a point on the curve with a low slope to

avoid irreproducibility from sample to sample. Also, the known amounts of coacervation

were taken into account, as described above. For both polymer systems, a low slope in

all curves, as well as a higher absorbance reading for the high phase separation system

versus the medium phase separation system, was observed at 410 nm, and the single

phase system showed no absorbance at 410 nm. This wavelength was used for all

subsequent UV-Visible spectrophotometric analyses.

Data Representation

Traditional methods of data representation focus primarily on ternary phase

diagrams.”'” The phase boundaries in these diagrams can be accurately measured by

separating the phases and precisely determining the composition of each phase. Each

sample analyzed results in two (or three) points of a boundary in the phase diagram.

Repeated analysis of many different phase-separated samples eventually produces

enough points to define the phase boundaries by a “connect the dots” approach. This

method is accurate, but laborious and too slow to offer practical, real-time guidance to

investigators, especially as more components are added and the systems become more
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complex.m'123 To expedite the process, investigators often characterize a limited number
of samples and “guesstimate” the positions of the phase boundaries on the diagram.'”**
17 This often leads to restricted diagrams with insufficient investigated points to clearly
define the positions of the phase boundaries.5!” For example, Svensson and coworkers

have investigated the interactions of polymer and surfactant in a water continuous phase

using conventional techniques for ternary phase diagram generation.!” Their published

ternary phase diagram is shown in Figure 4A-6.
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Figure 4A-6. Traditional ternary phase diagram for representation of polymer-surfactant
interactions.'’

To generate this traditional phase diagram, samples were prepared and stored for a
number of weeks before analysis, attempting to reach thermodynamic equilibrium. The

number of phases present was determined visually for all compositions, and the structures
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were identified sample by sample, using small-angle X-ray diffraction.'” Because of
these labor-intensive methods, development of a single phase diagram is tremendously
time consuming. In addition, a small number of points are actuélly investigated which
can mask elucidation of trends and could lead to theoretical misunderstanding based on
artifacts. Also, with only a few data points and laborious phase diagram generation, it is
difficult to develop a holistic understanding as a function of property variation and
therefore difficult to truly gain a “big picture” understanding of how the polymer and
surfactant are interacting.

The high-throughput screening methods that were developed in this research offer
the opportunity to rapidly generate and characterize a sufficient number of samples to
definitively show the location of the phases and their boundaries in a phase diagram.
Therefore, we have the advantage of constructing phase diagrams with more detail and
better accuracy than the “guesstimate” approach. However, we do not chemically
analyze the samples and, as a consequence, our current methods do not lend themselves
to the determination of ties lines or precise chemical compositions of points on the phase
boundaries. With these advantages and limitations in mind, it became clear that we
would have to devise a new way to represent our pseudo-phase diagrams in a manner
that:

e emphasized the detailed accuracy for the position of phase boundaries and semi-
quantitative accuracy with respect to the amount of the separated phase

(coacervate)
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e distinguished our results from those of the extremely accurate traditional methods
by clearly illustrating that our diagrams did not contain tie lines or information on
chemical composition of the phases

e could be adapted to image analysis to enable comparisons between different
pseudo-phase diagrams. This aspect considers a future in which an enormous
number of pseudo-phase diagrams would be available for comparison, and mining

of the data by computer would be preferable to human visual scrutiny

In simple polymer-surfactant interaction studies there are only three components
(polymer, surfactant, and water) and their phase behavior can be presented using either
binary or ternary phase diagrams. Conventionally, phase diagrams for oppositely-
charged polyelectrolyte and ionic surfactants have been depicted as binary phase
diagrams® 7, and in this work we continued this tradition.

The first iteration of binary phase diagrams was presented in Figure 4A-2.
Utilizing color-coding, areas of low, medium, and high phase separation were clearly
delineated. However, as discussed, there were areas of overlapping points so the new
data representation method must be capable of indicating areas of overlap in addition to
distinguishing between areas of no, low, medium and high phase separation. With the
implementation of quantitative coacervate amount analysis using the UV-Visible
spectrophotometer, the new data representation method was required to allow
straightforward visualization of compositions exhibiting distinct coacervate amounts.

The software program DPlot was used to create binary phase diagrams with

components plotted as a function of absorbance: surfactant (x-axis), polymer (y-axis),
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absorbance units (z-axis, color gradient). Each point on the graph contains a discrete
concentration of surfactant and a discrete concentration of polymer. It is understood that
water makes up the balance of the composition to 100 % (w/v). A sample diagram

showing the discrete compositions that were investigated is shown in Figure 4A-7.
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Figure 4-7. Discrete data points prepared and analyzed using high-throughput screening
methods.

A “connect the dots” approach could be applied to this binary diagram, as is traditionally

done. Typically, designations of one or two phase regions are made (Figure 4A-6);

however the high-throughput screening analysis method has the added advantage of

quantitatively determining coacervate amount, and by using a contour function these

regions can be clearly delineated (Figure 4A-8).
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Figure 4A-8. One and two phase regions and relative coacervate amounts based on
discrete data points.

The mapping of regions of phase separation and the relative amount of coacervate in each
region (Figure 4A-8) provided a phase diagram with more distinct boundaries than
traditional diagrams due to analysis via UV-Visible spectrophotometry. Although this
type of diagram is relatable to traditional phase diagrams, it was also desirable to develop
a phase diagram format in which phase separation patterns could be quickly recognized
and visually compared. This is necessary to rapidly analyze the large amounts of data

that can be generated using high-throughput screening methodologies.
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A color gradient offers a way to depict and visualize coacervate amounts that
emphasizes the accuracy of the high-throughput screening methods, but also
distinguishes our diagrams from those of extremely accurate traditional methods. This
was accomplished by converting the discrete data points (Figure 4A-7) into a 2-
dimensional surface plot where the absorbance unit data along the z-axis was represented
by a color gradient, similar to a topographic contour map. In this color gradient, blue
areas indicate one phase systems (i.e., no visible coacervate formation). The gradient
represents an increase in coacervate amount up to the red areas, which represent the
highest amount of coacervate formed for the class of polymers under investigation.
Intermediate values are shown by intermediate colors in the spectrum, viz green, yellow,
and orange in that order. An example of this data representation is shown in Figure 4A-9.
The description of the color gradient in terms of coacervate amount is also provided in

Figure 4A-9.
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Figure 4A-9. Binary contour phase diagram showing quantitative phase separation.
Data obtained with the Tecan Safire UV-Visible spectrophotometer is represented by a
color gradient.
A brief discussion of the method through which DPlot software generates the
contour phase diagram is necessary. When data is entered as input into the DPlot
program the points exist as the corners of a triangle grid design and through a mesh

procedure, the software averages the z-axis values at the three corners of the triangle

creating the color contour diagram from these meshes (Figure 4A-10).
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Figure 4A-10. Triangle mesh utilized by the DPlot software program to create the
gradients between neighboring points of different absorbance units.

This mesh is important because it can indicate a gradient phenomenon between points
where in reality the gradient may not be as distinct. An example of this can be found
along the y-axis in Figure 4A-10, where two points of the triangle (0.5, 0.28) and (0.5,
0.26) are high absorbance (red) and one point (0, 0.28) is low absorbance (blue).
However, recognition of this can actually increase the amount of learning that is gleaned
from a phase diagram. In the situation described above, the gradient formed as a result of
the mesh procedure shows that in the samples with no surfactant, one phase exists,

however, with an increase of surfactant to 0.5 %, large amounts of coacervate are formed.
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Thus polymer-surfactant interactions occurring below 0.5 % surfactant could be

identified as systems to investigate in more detail.

Method Validation
Initial validation of the high-throughput screening method was performed by
visual comparison of phase separation in samples prepared using the liquid handler to
samples prepared using traditional methods.® Validation of the high-throughput
screening method was performed with JR400 and four sodium alkyl sulfates, Cs, Cio, Cia,
and Cy4 . For discussion purposes, the JR400-SDS system was chosen to represent this

validation work. The original diagram from the work of Goddard and Hannan is shown

in Figure 4A-11.
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Figure 4A-11. Traditional JR400-SDS phase diagram.®
For comparison between the high-throughput screening data and the literature phase

diagram (Figure 4A-11), the boxed region of Goddard and Hannan’s phase diagram was
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investigated. Given the subjectivity in phase separation terminology from the literature
study (e.g. turbid vs. hazy)® we have chosen to describe points as simply two phase or
one phase. The observations from the literature and from high-throughput screening are

summarized in Figure 4A-12.
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Figure 4A-12. Comparison of one phase (square) and two phase (circle) regions of
literature (closed symbols) and high-throughput (open symbols) phase diagrams for
validation of the high-throughput screening method.®

Of the points compared in Figure 4A-12 only two points did not show reproducibility
between methods which can be expected given the subjectivity of the analysis. This good
agreement with a classic phase diagram was validation that our sample preparation
method was appropriate.

We found no literature reports for the use of UV-Visible spectrophotometry to
quantitatively determine the presence and amount of coacervate. Therefore, the complete
high-throughput screening method was validated against visual observation methods.

Samples were prepared using the liquid handler and then analyzed via UV-Visible
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spectrophotometry. After UV-Visible spectrophotometric analysis, visual observations
were made and the amount of coacervate was estimated. The results for a representative

cationic polysaccharide-surfactant system are shown in Figure 4A-13.
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Figure 4A-13. Validation of the quantitative phase separation method with a cationic
polysaccharide-surfactant system (JR30M-SLES): (a) visual observation and (b)
spectrophotometric analysis.

Figure 4A-13 shows two views of the same cationic polysaccharide-anionic surfactant
system. Coacervate amounts in Figure 4A-13a were determined using visual observation
and ranked as high, medium, low, or no phase separation. Samples in Figure 4A-13b
were analyzed using UV-Visible spectrophotometry, as previously described. In both
plots the overall shape of the phase separation area is similar and the areas of high,
medium, low and no coacervation are comparable. Additionally, the sensitivity of

analysis with UV-Visible spectrophotometer is greater.
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There were visible differences in the nature of the coacervate formed from

different polymer systems, therefore validation of the quantitative analysis technique was

also performed for synthetic cationic polymer-surfactant systems (Figure 4A-14).
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Figure 4A-14. Validation of the quantitative phase separation method with a cationic
synthetic polymer-surfactant system (VBTAC-SLES): (a) visual observation and (b)
spectrophotometric analysis.
The results in Figure 4A-14 further indicate the agreement between visual observation
and quantitative analysis and the increased sensitivity and advantage of using the UV-

Visible spectrophotometric method over conventional visual observation techniques for

quantitative coacervate analysis.

Method Reproducibility
Reproducibility is an important consideration with high-throughput screening.
With such high volume data generation it is imperative that the data produced is
reproducible so that artifacts do not distort the results. Since this was a novel coacervate

screening method, it was important to ascertain the reproducibility of these phase
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diagrams. Reproducibility analyses were conducted for every system studied and the
reproducibility was reported in color-coded diagrams that mirrored the coacervate
amount phase diagrams. The compositional ranges of interest and the programs utilized
for sample preparation evolved as the project proceeded and, as a result, the methods
used for reproducibility determination with polysaccharides differed slightly from those
used for poly(vinylpyridinium hydrochlorides).
Polysaccharides

For the polysaccharide systems, repeat compositions were incorporated into the
same 96-well plate so that some compositions had two or more repetitions. For
compositions with only two repetitions, the absolute value of the difference between the
absorbance readings was calculated. For compositions having more than two repetitions
the standard deviation of absorbance readings was determined. The results of these
calculations were plotted as a function of the composition. The degree of difference
between repetitions as a function of the total range of absorbance readings was presented
via color coding, where all compositions in green were reproducible within 20 % of the
absorbance range and all compositions in red varied more than 20 %. Typical
reproducibility for the polysaccharide method is shown in Figure 4A-15, where Figure
4A-15a is the coacervate amount phase diagram and Figure 4A-15b is the corresponding

reproducibility diagram.
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Figure 4A-15. Reproducibility of high-throughput screening methods for a cationic
polysaccharide-surfactant system (JR400-SLES).
Poly(vinylpyridinium hydrochlorides)

For the poly(vinylpyridinium hydrochloride) systems, repeat compositions were
not incorporated into the same 96-well plate, but a complete duplicate experiment was
performed so that all compositions have two repetitions. For all compositions the
absolute value of the difference between the two absorbance readings was calculated and
the results of this calculation were plotted as a function of the composition. Data
representation was performed in the manner described above. Typical reproducibility for

this method is shown in Figure 4A-16.
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Figure 4A-16. Reproducibility of high-throughput screening methods for a synthetic
cationic polymer-surfactant system (P4VP-SDBS).
For screening purposes, we accepted that reproducibility within 20 % was adequate to
‘quantify the coacervate phase behavior across the composition diagram, and almost all of
the systems showed good reproducibility at this level.*

In summary, a high-throughput screening method capable of rapid and repeatable
sample preparation, analysis and data representation has been developed. Using a liquid
handling system for sample preparation we are able to produce ~400 samples in 60
minutes, including a complete repeat set of data to ensure reproducibility. Those 400
samples are analyzed rapidly using a high-throughput UV-Visible spectrophotometer to
determine a quantitative amount of phase separation. The data is represented using
contour mapping on a binary phase diagram which presents the results in a manner that is
easily interpreted and understood, where trends can be rapidly discerned as a function of
sample composition and as a function of polymer or surfactant properties by comparing

and contrasting individual contour phase diagrams.
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CHAPTER IV-B
INVESTIGATION OF CATIONIC HYDROXYETHYLCELLULOSE — ANIONIC
SURFACTANT INTERACTIONS
Coacervate Physical Description
The separated phase observed with polymer-surfactant systems of opposite charge
is commonly referred to as a complex coacervate, which is rich in polymer and surfactant
and contains some water. For cationic polysaccharide-anionic surfactant systems, visual
observation of this separated phase showed it to be a gel-like coagulum. Photographic

images of representative samples are shown in Figure 4B-1.

Figure 4B-1. Photographic images of coacervate formed in cationic polysaccharide-
anionic surfactant mixed systems at different compositions. Coacervate amount
decreased from left to right, with no coacervate present at far right.
The first two samples in Figure 4B-1 were formed using the JR30M-SLES system and
the last two samples were formed using the JR400-SLES system. It was apparent from

visual observation that the macroscopic coacervate properties were similar across these

systems.
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Correlation with Traditional Systems

Interaction of oppositely-charged polymer and surfactant has been extensively
studied in the dilute surfactant regime, and a general mechanism of coacervate formation
has been demonstrated by Goddard and others.”® '® Polymer-surfactant complexes are
formed only above a critical concentration of surfactant, called the critical aggregation
concentration (CAC). Above this concentration, according to Goddard, site-specific
interactions occur between anionic surfactant molecules and cationic sites along the
polymer backbone. As surfactant concentration increases, additional interactions occur
until a concentration is reached where the polymer-surfactant complex (coacervate) phase
separates from the aqueous solution. Further increase in surfactant concentration to the
vicinity of the critical micelle concentration (CMC) of the system can result in
solubilization of the coacervate, to produce a macroscopically single-phase system. Ata
1:1 charge equivalence ratio of surfactant and polyelectrolyte, maximum phase separation
usually occurs, and this phase separation can persist at all surfactant concentrations for

this charge ratio, as was demonstrated by Goddard and Hannan (Figure 4B-2)%’
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Figure 4B-2. Solubility diagram of JR400 with sodium alkyl sulfates. Maximum
precipitation lines are also shown for sodium alkyl sulfates with Cg, Cyg, and C1 chain

lengths.”
Goddard and Hannan also observed phase separation proximal to the 1:1 charge
equivalence lines, designated in Figure 4B-2 as the precipitation boundary.®” When the
polymer fraction was lowered below a certain concentration, maximum precipitation was
no longer observed along the 1:1 charge equivalence line, and instead the phase boundary
extended over a much broader range of polymer concentrations below the 1:1 charge
ratio. With JR400 and sodium dodecy! sulfate (SDS), the polymer concentration below
which 1:1 charge equivalence effects terminated was ~0.07 g/dL and the constant
surfactant concentration where this occurred was ~0.70 mM.® For reference, the CMC of

pure SDS is 8.3 mM. 0% 106
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JR400 was also investigated in our research, however the primary anionic
surfactant studied was sodium lauryl ether sulfate (SLES), as opposed to the more
commonly investigated sodium dodecyl sulfate (SDS). SLES is better suited to these
studies than SDS because many of the techniques used require solutions that remain in
liquid-form at room temperature. The Krafft point of SDS is 38 °C!% which is higher
than room temperature. Thus, SDS has the potential to separate into crystalline phases
during sample preparation and analysis, which could lead to confusing results. The
Krafft point of SLES is <0 °C!2 50 phase separation at room temperature is not
problematic. In addition, SLES is often the primary surfactant used in commercial
cleansing formulations.

The long alkyl chain of SLES was expected to promote hydrophobic interactions
between bound surfactant molecules, in a manner similar to proposed models with SDS,
causing coacervate formation.” The contour phase diagram for the JR400-SLES system

generated using our high-throughput screening method is shown in Figure 4B-3.
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Figure 4B-3. Contour phase diagram of JR400 with SLES below 24 mM SLES. The 1:1
charge ratio is designated by the solid red line.
Examining the compositional range that was investigated for JR400-SDS by Goddard and
Hannan (Figure 4B-2), we observed that phase separation in the JR400-SLES system,
generated using high-throughput screening, was consistent with the SDS system
investigated using traditional techniques. For JR400-SLES, maximum coacervation
occurred near the 1:1 stoichiometric ratio, which is in agreement with the region of
maximum coacervation in Goddard’s phase diagram. Also in agreement with Goddard’s
phase diagram was the deviation of maximum coacervate formation from the 1:1
stoichiometric ratio at a certain polymer concentration. For the JR400-SLES system, this
deviation occurred at ~0.2 g/dL. JR400 and coacervation was observed over a range of

JR400 concentrations extending below 0.2 g/dL, and at a constant surfactant



93

concentration of 4.8 mM SLES. For reference, the CMC of SLES was determined to be
3.0 mM (vide infra).

JR30M was also investigated with SLES. JR30M has the same charge
substitution (CS) as JR400 but has a greater molecular weight (measured as 1 500 000
g/mol and 500 000 g/mol, respectively). The contour phase diagram for the JR30M-
SLES system investigated over the compositional range studied by Goddard and Hannan

is shown in Figure 4B-4.
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Figure 4B-4. Contour phase diagram of JR30M with SLES below 24 mM SLES. The
1:1 charge ratio is designated by the solid red line.

The most noticeable aspect of this phase diagram is the increased range of compositions

exhibiting phase separation with the higher molecular weight polymer. The JR30M-
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SLES system exhibited maximum phase separation near the 1:1 stoichiometric ratio.
Deviation of maximum separation from the 1:1 stoichiometric ratio occurred in this
system at ~ 0.25 g/dL JR30M. Below 0.25 g/dL. JR30M, coacervation occurred at a
constant surfactant concentration range, between 4.8 and 19 mM SLES. These properties
are in agreement with the trends of coacervation observed in Goddard’s phase diagram
and the JR400-SLES phase diagram, but the compositional range of coacervate formation

is much broader.

Effect of Polymer Molecular Weight

Phase Diagrams

Although both the JR400-SLES and JR30M-SLES systems exhibited coacervate
formation in agreement with Goddard’s systems, the amount of coacervate formed and
the compositions at which it formed were markedly different for the different systems.
The amount of coacervate produced with JR30M was much greater and occurred over a
much wider compositional range than that of JR400. Using the high-throughput
screening technique, these systems were explored at higher surfactant concentrations.
The contour phase diagram and the corresponding reproducibility diagram for the JR400-

SLES system and the JR30M-SLES system are shown in Figure 4B-5.
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Figure 4B-5. Contour phase diagrams for (a) JR400 with SLES and (b) JR30M with

SLES. Reproducibility diagrams for (c) JR400 with SLES and (d) JR30M with SLES.
The reproducibility phase diagrams for both polymer-surfactant systems indicate
compositions where the presence of a one or two-phase system was not repeatable. Much
of the irreproducibility was found in compositional regions between one and two phase
systems. For instance, in the JR30M-SLES system, two-phase systems were consistently
present at high polymer concentration and one-phase systems were consistently present at

low polymer concentration. At intermediate polymer concentrations, between 0.05-0.3
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g/dL polymer, irreproducibility was observed. It is reasonable to attribute this lack of
reproducibility to entrapment within the spinodal region, which is a fundamental
consideration in polymer solubility.

The concept of spinodal entrapment can be understood by considering the free

energy of mixing (AG,,, ) as a function of polymer composition. The thermodynamics of

polymer solubility are classically described by the Flory- Huggins equation’" 1%

AIC:;‘” =n, Ing, +n,Ing, + yn¢, Equation 4B-1.

where 7, is the mole fraction of solvent, ¢, is the volume fraction of solvent, n, is the

mole fraction of polymer, ¢, is the volume fraction of polymer, and y is the Flory-
Huggins interaction parameter. The first two terms on the right-hand side describe the
combinatorial entropy of mixing, and this will always be favorable to molecular mixing
of the polymer and the solvent. In the original conceptual thinking of Flory-Huggins
theory, the third term arises only from the enthalpy of mixing, and the polymer and

solvent are completely miscible over the entire composition range if°": 126128

2 <05(+@, v,y ¥
where V| is the molar volume of the solvent and ¥, is the molar volume of the polymer.
This equation predicts that the solubility of a polymer will decrease with an increase in
the molar volume of the polymer, and hence its molecular weight, and that a polymer and
solvent should be completely miscible if the value of the Flory-Huggins interaction
parameter, y , is less than 0.5.
The simple Flory-Huggins theory has several drawbacks which limit its

applicability to systems of polyelectrolyte and oppositely charged surfactant, including
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the variation of ¥ with concentration and temperature, the complications in extending y
to multicomponent systems, and the necessity for modification of ¥ to include terms for
molecular orientation and specific binding such as interactions between oppositely
charged ions.'”” However, the consideration of AG,,, can assist us in broad conceptual
understanding of the phase behavior in our polymer-surfactant systems.

A one-phase homogeneous polymer solution occurs when

o°AG),
—=>0

o9,
for all compositions between two polymer volume fractions ¢ and ¢7. For example, in

Figure 4B-6 a one phase system is present at all compositions below the curve, or all

polymer volume fractions.

AGE,
RT

¢,

Figure 4B-6. Molar free energy of mixing as a function of polymer concentration for a
miscible system.

In this system, the energetics of miscibility are more favorable than the energetics of

phase separation so miscibility occurs for all compositions.
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In a system where phase separation occurs over some compositional range the

free energy curve exhibits multiple minima (Figure 4B-7).
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Figure 4B-7. Molar free energy of mixing as a function of polymer concentration for a
phase-separated system.

In the regions to the left of point A and right of point B

O*AGT.

>0
09,

so a one-phase homogeneous system exists, as described above. Between points C and D

O’AGD,
____._25"_2‘_. <0

09,
and a phase separated condition is more energetically favored. The two separate phases
in this region do not mix and thus one phase grows at the expense of the other. The

points where the slope is changing from positive to negative, the inflection points, are

observed when
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and are represented by points C and D. These inflection points are called spinodals and
the regions between the spinodals and the free energy minima (regions A—>C and B—D)

are metastable regions known as spinodal regions. According to Fick’s second law, the

diffusion of a polymer into solution is described by

D=¢,M ( ~2 J Equation 4B-2.
2 2 a
¢, TP

where D is the diffusion coefficient of the polymer, M, is the polymer mobility, and

U, is the chemical potential of the polymer. Fick’s second law states that D is

0, . . . . .
proportional to 2 and since, at the inflection point the second derivative goes through
2

a maximum turning point,

ou, _ 3°AGE,

7 =0
o¢, 04,

That is, at the spinodals D = 0. In the region between the spinodals (between points C
and D), diffusion-driven phase separation is favored and spontaneous separation into two
phases usually occurs. In the metastable spinodal regions, between the free energy
minima and the spinodal, the molecules have to diffuse ‘uphill’ against the chemical
potential and phase separation is thermodynamically disfavored.

Entrapment within a spinodal region is especially pertinent to systems exhibiting
complex coacervation between oppositely-charged polymer and surfactant. Slow
diffusion is expected for the polymer and surfactant in a spinodally-entrapped gel due to

the surfactant’s capability of hydrophobic self-assembly which would be expected to
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slow the diffusional motion of the relatively stiff polymer. This “gelation” would be
expected to trap the system in a pseudo-equilibrium state for an indeterminate time
depending upon random diffusional fluctuations. Thus, irreproducibility of phase
separation would be expected adjacent to the two-phase region and that was what was
observed in our phase diagrams for JR400-SLES and JR30M-SLES. The points
occurring in the spinodal region (represented in red in Figure 4B-5c-d) were, therefore,
not considered as representative of thermodynamically equilibrated biphasic regions in
the contour phase diagrams.

In the JR400-SLES contour phase diagram (Figure 4B-5a), it was observed that
maximum coacervate formation occurred below 24 mM SLES and above 0.2 g/dL.
JR400; in the JR30M-SLES contour phase diagram (Figure 4B-5b), maximum coacervate
formation was observed below 48 mM SLES and above 0.1 g/dL. JR30M and the
compositional range of coacervate formation persisted into much more concentrated
surfactant regimes. The CS of both polymers is the same and therefore this effect must
be due to the higher polymer molecular weight of JR30M.

Critical Overlap Concentration

Chronakis and Alexandridis investigated the coacervation mechanism of JR400
and JR30M with different anionic surfactants and proposed that chain entanglements and
crosslink points formed through bound aggregates were important to coacervate
formation for the high molecular weight JR30M polymer.® These studies, performed in
the dilute surfactant regime, indicate that polymer entanglement could be an important
factor in coacervate formation. In order to probe the importance of chain entanglement in

our systems, the c* was determined for the series of cationic HECs presented in Chapter
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III. A summary of the polymer molecular weights and charge substitutions for this PQ-

10 series is shown in Table 4B-1.

Table 4B-1. PQ-10 series properties.”

M, %

Polymer (1 0’ g/mol) M, /M, Nitrogen CS
LR400 400 52 0.95 0.25
JR125 350 5.8 1.85 0.48
JR400 500 5.5 1.85 0.48
JR30M 1500 2.3 1.85 0.48

LR30M 1300 2.0 0.95 0.25

As described in Chapter I, the polymer specific viscosity (7,, ) in salt-free solution was

plotted as a function of polymer concentration on a log-log scale. The linear regions of
the dilute and semi-dilute regimes were fit to the power law equation given in Equation
4B-3, where 4 is the pre-exponential factor, c is polymer concentration, and b is the
scaling exponent.

Ny =A-c’ Equation 4B-3.
Critical overlap concentration is given by the intersection of the two lines from the dilute
and semi-dilute regimes and was calculated using Equation 3-4. The plot of 7, Versus

concentration for the high molecular weight polymers JR30M and LR30M is shown in

Figure 4B-8.
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Figure 4B-8. Specific viscosity as a function of polymer concentration for JR30M and
LR30M in DI water.

The calculated c* and scaling exponents from the dilute and semi-dilute regimes for these

polymers are summarized in Table 4B-II.

Table 4B-I1. High molecular weight polymer c*.

M, c* b b
Polymer (10°gmol) CS (g/dL) (dilute) (semi-dilute)
JR30M 1500 048 03 0.8 3.6
LR30M 1300 025 025 0.8 3.3

Theoretically, for non-interacting Gaussian chains in dilute solution the specific viscosity
should scale as a power of 1.4 with concentration, and for non-interacting overlapping
chains in semi-dilute solution the specific viscosity should scale as a power of
approximately 3.4. The b scaling values for both JR30M and LR30M in the dilute

regime were less than 1.4, which can be attributed to the polyelectrolyte effect, which
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causes an increase in viscosity at very low polymer concentrations. The values of 0.8 are
similar to that observed by Candau and coworkers (b = 0.65) for polyelectrolyte below
c*.'® In the semi-dilute regime, both polymers displayed a scaling exponent near the
theoretical value for non-interacting Gaussian chains. This indicates that the cationic
charges have little effect on intermolecular interactions in this region. The c* values
were similar for both polymers, but slightly lower for the lower charge substituted
LR30M. This is likely due to enhanced intermolecular repulsion with higher CS of
JR30M requiring a slightly higher polymer concentration for entanglement to occur.

The plot of 77, versus concentration for the lower molecular weight polymers in

the PQ-10 series, JR400, JR125 and LR400, is shown in Figure 4B-9.
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Figure 4B-9. Specific viscosity as a function of polymer concentration for JR400, JR125
and LR400 in DI water.
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The calculated c* and scaling exponents from the dilute and semi-dilute regimes for these

polymers are summarized in Table 4B-III.

Table 4B-III. Low molecular weight polymer c*.

M, c* b b
Polymer (10°g/mol) CS (g/dL) (dilute) (semi-dilute)
LR400 400 025 07 09 35
JR125 350 048 09 1.0 3.3
JR400 500 048 1.0 1.1 3.7

The b scaling values for the lower molecular weight JR400, JR125 and LR400 polymers
were also less than 1.4, which is attributed to the polyelectrolyte effect. In the semi-
dilute regime, all polymers displayed a scaling exponent near the theoretical value for
non-interacting Gaussian chains, indicating that the cationic charges have little effect on
intermolecular interactions in this region. This consistency in scaling factors with the
high molecular weight systems is reasonable because the CS range is the same. The c*
values for these lower molecular weight polymers were all significantly higher than their
high molecular weight counterparts, which is again reasonable given the known effects of
molecular weight on c*. Low CS LR400 had the lowest c* of this group, which is likely
due to a lower degree of intermolecular electrostatic repulsions with low CS. The c*
values of JR400 and JR125 were essentially the same, indicating that for this class of
polyelectrolytes a molecular weight difference of 150 x 10? g/mol has little effect on
chain entanglement, possibly due to the relative stiffness of the polymer backbone or the

polydispersity of the systems.
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The interaction between polymer chains can be described by the relationship

. 1
between c* and ﬁ , where if ¢* < —1— then attractive forces are present and if c* > —[—7;]
n

[7]

repulsive forces are present. These comparisons were attempted for the salt-free PQ-10
systems, however due to the polyelectrolyte effect in dilute solution a negative slope was

obtained (Figure 4B-10), making extrapolation to determine [77] impractical.
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Figure 4B-10. Reduced viscosities of PQ-10 polymer series in DI water.

The c* values were considered in analysis of the data from the high-throughput
and more detailed studies and were determined to affect coacervate formation. The
contour phase diagrams for JR125, JR400, and JR30M with SLES are shown in Figure
4B-11, with a red line indicating the critical overlap concentration of the polyelectrolyte,
if applicable. The molecular weights were 350 000, 500 000, and 1 500 000 g/mol,

respectively, and the CS was 0.48 for each polymer.
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Figure 4B-11. Contour phase diagrams of (a) JR125, (b) JR400, and (c) JR30M with
SLES. Molecular weight increases from left to right.

For all systems in Figure 4B-11, the pattern of coacervation as a function of surfactant
concentration followed the general principles of coacervation, Wheré phase separation
was observed at low surfactant concentrations and as the amount of surfactant increased
solubilization occurred, providing a one-phase system at high surfactant concentrations.
The phase separation in the JR125-SLES and JR400-SLES systems occurs below c* and
maximum phase separation occurs in the region near the surfactant CMC (3.0 mM). For
the JR30M-SLES system, the same behavior was observed, except in this system
additional regions of coacervate were found above the polymer c* and at higher
surfactant concentrations.

Theoretically, polymers will separate from solution at theta conditions and under
these conditions it is generally accepted that the mesh size becomes equal to the Kuhn
length. Goddard and Hannan attributed phase separation in similar polymer-surfactant
systems to the attachment of hydrophobes to the hydrophilic polymer chain, where the
bound surfactant tail groups are likely to form hydrophobic associations. This would

promote a decrease in mesh size that is consistent with phase separation in the PQ-10-
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SLES systems. A decrease in mesh size would decrease the configurational and

conformational entropy of the polymer molecules. Since AG,,. is governed by

AG,,. =AH,. —TAS,, Equation 4B-4.

the free energy of mixing will be less favorable and a two phase system is more likely
with a decrease in entropy of the polymer molecules. This was observed in all high CS
PQ-10-SLES systems, where phase separation occurred below the polymer c*. We also
observed an effect of ¢c* on coacervate amount, where above ¢* in the JR30M-SLES
éystem a greater amount of coacervate was formed, which can be attributed to a decrease
in mesh size due to an enhancement of the polymer entangled network with the addition
of anionic surfactant.

The effect of molecular weight was also studied at low charge substitution (CS =
0.25) using LR400 and LR30M (400 000 and 1 300 000 g/mol, respectively). The
contour phase diagrams for these two polymers with SLES are shown in Figure 4B-12,

with a red line indicating the c* of the polyelectrolyte, if applicable.
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Figure 4B-12. Contour phase diagrams of (a) LR400 and (b) LR30M with SLES.
Molecular weight increases from left to right.
Comparing the contour phase diagrams of these two polymers, it is again evident that
molecular weight is an important factor in the amount of coacervate formed. Nearly all
two-phase regions were observed above c* for the LR30M-SLES system. Although the
viscosity scaling in this regime is characteristic of a non-ionic polymer there was clearly
enough charge present on the polymer to cause coacervation.

From these high-throughput molecular weight studies we can conclude that, in
general, an increase in molecular weight causes an increase in coacervate amount and
compositional range of coacervate formation. We can also conclude that polymer
entanglement influences coacervate formation, with an increase in coacervate amount

observed above c* of the polymer.
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Detailed Investigation of Specific Systems

The contour phase diagrams for the JR400-SLES and the JR30M-SLES systems
were used to select compositions for more detailed study. The compositions chosen were
at a constant polymer concentration of 0.35 g/dL and a surfactant concentration range of
0.10 — 43 mM. This compositional region was chosen because it exemplifies the general
principles of coacervate formation and presents a region above c* for JR30M and below
c* for JR400 which would allow us to probe the molecular mechanisms involved in
coacervate formation for both a dilute and semi-dilute polymer system.
Surface Tensiometry

Surface tension measurements were performed over the selected SLES
concentration range to evaluate the onset of interaction between the polymer and
surfactant, a parameter that was not determined using high-throughput screening. The
CMC of the surfactant was also determined for reference. The plot of surface tension

versus surfactant concentration for the JR400-SLES system is shown in Figure 4B-13.
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Figure 4B-13. Surface tension versus surfactant concentration data for 0.35 g/dL JR400
with SLES. we== SLES;® JR400-SLES mixture, Run 1;0 JR400-SLES mixture, Run 2.
The CMC of SLES in the absence of polymer was determined to be 3.0 mM. Despite the

pre-CMC dip in the curve, due to impurities, the experimentally determined CMC is in
good agreement with previously reported values.'® '® Multiple runs were performed on
the JR400-SLES mixture series, exhibiting excellent reproducibility in the data.

At very low surfactant concentrations the surface tension was lower in the mixture
than in the pure SLES system, which is consistent with the formation of a highly surface-
active complex between the polymer and surfactant monomers.” Thus, the onset of
polymer-surfactant interaction, or the critical aggregation concentration (CAC), occurred
at very low surfactant concentrations, below 7.1 x 10> mM SLES. At a surfactant
concentration of 2.1 x 10 mM the curves intersect and the surface tension of the mixture
remained higher than that of the pure surfactant until a surfactant concentration of

31 mM. This higher surface tension compared to pure surfactant is indicative of
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polymer-surfactant interaction where the surfactant interacts preferentially with the
polymer rather than the surface. Electrostatic interaction between surfactant head groups
and cationic charges along the polymer are enthalpically and entropically favorable” '8
and from the increase in surface tension we can conclude that the free energy of
interaction of SLES with JR400 is lower than the free energy of adsorption of surfactant
monomers at the air/water interface.

The large plateau region between 0.50 — 24 mM SLES (approximately 1.5
decades) is indicative of strong interactions between the polymer and surfactant, likely
due to the attraction of the oppositely-charged species'*® and this corresponds to complex
coacervate formation observed in the contour phase diagram (Figure 4B-5a). The
plateau region extends from an anionic:cationic charge ratio of 0.1:1 to 3:1. Therefore
the complex coacervate forms over a range of stoichiometries encompassing the 1:1
charge ratio.

The CMC in the presence of polymer was shifted to a higher surfactant
concentration of 31 mM. At this point the two curves converge, indicating the presence
of free micelles in the system. This corresponds with the resolubilization observed in the
contour phase diagram (Figure 4B-5a). The anion:cation stoichiometric ratio at this
CMC is 7:1, or seven surfactant molecules per cationic group. Yamato and Lochhead
observed a similar size for hemi-micelles in the JR400-SDS system.”

Surface tension measurements were also performed for the JR30M-SLES system,

which was above c* at 0.35 g/dL JR30M (Figure 4B-14).
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Figure 4B-14. Surface tension versus surfactant concentration data for 0.35 g/dL JR30M
with SLES. === S[ES: ¢ JR30M-SLES mixture, Run 1; © JR30M-SLES mixture, Run 2.
As in the JR400-SLES system, the surface tension for the JR30M-SLES system was
lower than that of pure SLES at very low surfactant concentrations, indicating the
formation of a highly surface-active complex between the polymer and surfactant
monomers with a CAC below 7.1 x 10? mM SLES.” The SLES and JR30M-SLES
mixture curves intersect at 1.4 x 10> mM SLES and the surface tension of the mixture
remained higher than that of the pure surfactant until a surfactant concentration of

50 mM. Initial interactions occurred at a lower surfactant concentration and CMC was
reached at a much higher surfactant concentration for the JR30M-SLES system compared
to the JR400-SLES system. The larger value of CMC in the JR30M-SLES system is
attributed to the entangled polymer network and is in agreement with the observation of a

two-phase system up to ~ 48 mM SLES in the contour phase diagram (Figure 4B-5b).
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The plateau region was approximately the same length as in the JR400-SLES system
indicating that the strength of interactions is similar with both polymers.”® The
anion:cation stoichiometric ratio was 11:1 at the CMC in the presence of polymer, or
eleven surfactant molecules per cationic group, which is greater than that for JR400-
SLES.

Interactions between macromolecules and amphiphilic molecules (surfactants)
occur only if the free energy gained by their association exceeds the free energy gained
by other processes available to the surfactant.”®' One such process having a favorable
gain in free energy is micelle formation, since the hydrophobic portions of the surfactant
molecule are driven towards association. We observed that coacervate formation
occurred at concentrations well above the pure surfactant CMC indicating that polymer-
surfactant interaction was more favorable than micelle formation in both the JR400-SLES
and JR30M-SLES systems. Micellization is governed by both electrostatic repulsive
forces (increase in free energy of association) and hydrophobic associations (decrease in
free energy of association). The interaction of oppositely-charged polymer and surfactant
is governed by electrostatic attractive forces and hydrophobic associations, both of which
lower the free energy of association. Therefore, it is reasonable that the formation of
coacervate was more favorable than micellization in these systems. At the CMC2, the
CMC in the presence of polymer, the surfactant and polymer-surfactant surface tension
curves converge and above this concentration the chemical potential of polymer-
surfactant complexation and the chemical potential of micelle formation are equal so that

polymer-surfactant complexes and free micelles coexist.
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Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were performed to investigate the
formation of polymer-surfactant complexes over the selected concentration range.
Polymer in the absence of surfactant and surfactant in the absence of polymer were also
investigated. It is important to note that these systems were studied in salt-free aqueous
solutions. Because polyelectrolyte solutions consist of polyions, counterions, co-ions and
solvent, scattering studies are more complex than with their neutral analogues."> The
long-range electrostatic interactions between polyions in solution provide a much faster
diffusion rate than their neutral analogues'*> and because the radius of hydration ( R ) 1s

determined using the Stokes-Einstein equation

D= kT Equation 4B-5.
67nR,,

where D is the diffusion coefficient and 7 is the viscosity of the solution, a faster
diffusion can lead to error in determination of polyelectrolyte particle size. Thus, the
apparent Ry presented in these studies is not indicative of the true polymer Ry. However,
for comparison of particle size in pure polymer solution with particle size in polymer-
surfactant solutions, the polymer apparent hydrodynamic diameter (D;;) was employed,
similar to studies by Zhou et al.”®

The apparent Dy of the surfactant over a wide range of concentrations was also
determined for comparison with polymer-surfactant solutions. A decrease in Dy was
observed with increasing surfactant concentration, which was attributed to long chain
alcohol impurities in the surfactant (discussed previously), and those impurities being

solubilized at higher surfactant concentrations. It is also probable that as concentration

was increased the electrostatic repulsions between surfactant head groups became
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stronger causing monomers and micelles to diffuse more rapidly in solution. As
discussed with the polyelectrolytes in salt-free solution, this caused a reduction in
apparent Ry. For comparison of particle size in pure surfactant solution with particle size
in polymer-surfactant solutions, the apparent Dy values were used.

DLS studies of polymer-surfactant solutions were performed at a constant
polymer concentration (0.35 g/dL) and surfactant concentrations above and below the

CMC. The DLS results for the JR400-SLES system are shown in Figure 4B-15.
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Figure 4B-15. Dynamic light scattering data for 0.35 g/dL. JR400 — SLES mixtures.

The 0.35 g/dL. JR400 - 0.24 mM SLES system showed a very similar distribution to the

pure polymer, with a hydrodynamic diameter of 4.9 nm. A small shoulder was observed
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on the left side of this peak indicating that a possible smaller second particle size was
present. From the surface tension studies, this system is above the CAC so that
surfactant molecules are electrostatically bound along the polymer chain. The similarity
in Dy between the pure polymer and the JR400-SLES complexes indicates that minimal
hydrophobic association is occurring between polymer-bound surfactant molecules. This
is reasonable because association between bound hydrophobes would result in a

133 An absence of complexes

conformational entropic penalty for the polymer molecule.
at high Dy indicates that intermolecular interactions did not occur in this system.

The apparent Dy profile was dramatically different for the 0.35 g/dL JR400 - 2.4
mM SLES system compared to the pure polymer and surfactant solutions. The sample
used for this study contained two phases, and a random sample was used for the DLS
measurement (i.e., DLS was not performed solely on the supernatant). Three peaks of
nearly equal volume distribution were present below 100 nm, with diameters of 3.6 nm,
10 nm, and 24 nm. The diameter of the smaller peak at the far right is 830 nm. The four
distinct peaks are convincing evidence of the coexistence of micelles (3.6 nm), soluble
complexes (10 and 24 nm) and coacervate (830 nm). The micelle peak at 3.6 nm
(shoulder in previous mixture) was visible in this system because the polymer peak was
not present and baseline resolution was attained. At this SLES concentration, slightly
below CMC, the soluble complex peaks with Dy larger than the polymer in solution may
be attributed to intermolecular hydrophobic interactions of bound surfactant molecules
along neighboring polymer chains, as was shown by Zhou et. al.”> The peak
corresponding to 830 nm is in agreement with the visual observation of a two-phase

system.
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For the 0.35 g/dL JR400 — 36 mM SLES system a single peak was observed, with
a particle size of 2.7 nm. From the contour phase diagram and from visual observation a
one-phase system exists at this composition. According to the general principles of
coacervation, this system is in a region of resolubilization with an anion:cation
stoichiometric ratio of 8:1. This system was above the CMC in the presence of polymer
(Figure 4B-13) so it is likely that excess surfactant molecules have associated with bound
surfactant molecules through hydrophobic associations, limiting the contact of the
hydrophobic tail groups with water and decreasing the free energy of the system. These
excess surfactant molecules may now form hemi-micelles along the polymer chains with
head groups oriented into solution”, which causes redissolution of the phase separated
complexes, producing small polymer-surfactant complexes. Zhou and coworkers
observed similar interactions and dissociations with PQ-10-SDS systems.”

The DLS results for the JR30M-SLES system are shown in Figure 4B-16. The

polymer was above c* at the concentration studied.
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Figure 4B-16. Dynamic light scattering data for 0.35 g/dL JR30M with SLES.

For JR30M, the Dy of the pure polymer solution at 0.35 g/dL. was 8.7 nm. As previously
discussed, the polymers were studied in salt-free aqueous solution. The difference
observed in apparent Dy between JR400 and JR30M can be deconvoluted from their time
autocorrelation functions and is discussed in more detail in Appendix 1.

A single peak was observed for the 0.35 g/dL. JR30M - 0.12 mM SLES system,
with a very similar Dy to the pure polymer solution (8.7 nm). This system is above the
CAC (Figure 4B-14) sé surfactant molecules are electrostatically associated with the
polymer chain. From the c* measurements, we know that the polymer exists in an

entangled network in this system. The absence of change in Dy with the addition of
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surfactant indicates that this small concentration of surfactant does not significantly affect
inter- or intramolecular associations within the entangled polymer network.

The apparent Dy profile was different for the 0.35 g/dL. JR30M - 2.4 mM SLES
system compared to the pure polymer and surfactant solutions. The sample used for this
study contained two phases, and a random sample was used for the DLS measurement
(i.e., DLS was not performed solely on the supernatant). Three peaks were observed, one
with a much greater volume distribution. The Dy of this peak was 14 nm. The
hydrodynamic diameters of the two peaks with low volume distribution were 68 nm and
460 nm. The presence of three distinct peaks, all with a diameter greater than that of the
polymer in solution indicates that intermolecular interactions occurred at this surfactant
concentration and it is likely that polymer-surfactant complexes aggregated to produce
the high Dy of 460 nm. No micelle peak was observed in this system indicating that
polymer-surfactant interaction was highly favored in the entangled system. The large
volume distribution of particles with Dy of 14 nm may be due to swelling of the
entangled network by the addition of surfactant molecules bound to the polymer chains.
At this SLES concentration (2.4 mM), the particle sizes for the JR30M-SLES system are
overall larger than in the JR400-SLES system, which can be attributed to the existing
network structure in the former.

A single peak at 3.6 nm was observed for the 0.35 g/dL. JR30M — 36 mM SLES
system. Contrary to the JR400-SLES system at this composition, a two-phase system
was observed visually and from the contour phase diagram for the JR30M-SLES system.
The separated phase of the 0.35 g/dL. JR30M - 36 mM SLES system was more compact

than the 0.35 g/dL — 2.4 mM SLES separated phase so DLS measurements were
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performed solely on the supernatant. The decreased particle size in this system compared
to pure polymer indicates that complexes were present in solution despite the presence of
a separated phase.
Viscometry

Zero-shear viscosity measurements were also performed on polymer-surfactant
solutions over the selected concentration range. Polymer concentration remained
constant (0.35 g/dL) and surfactant concentrations above and below the CMC were

studied. The results for JR400-SLES mixtures are shown in Figure 4B-17.
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Figure 4B-17. Zero-shear viscosities of 0.35 g/dL. JR400-SLES mixtures.
--------- Precipitation boundary; ——- CMC in the absence of polymer.
An increase in zero-shear viscosity with increasing SLES concentration was observed in
single phase solutions up to the precipitation boundary at 1.2 mM SLES. Thisisin

agreement with complex formation observed in the DLS studies for the 0.35 g/dL JR400
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—0.24 mM SLES system. A peak in viscosity occurred at 2.4 mM. As was discussed
with the DLS studies, the viscosity measurement of the 0.35 g/dL JR400 — 2.4 mM SLES
mixture was performed on the two phase dispersed system, not solely on the supernatant.
The peak viscosity at this composition is in agreement with the presence of multiple large
particle sizes observed in the DLS studies. It is also in agreement with the viscosity
increase observed by Leung and Goddard in JR400-SDS systems, which they attributed
to association of bound surfactant hydrophobic tail groups along neighboring polymer
chains.!®> The decrease in viscosity at higher surfactant concentrations is also in
agreement with the decrease in particle size observed with DLS and can be attributed to
resolubilization of coacervate complexes.

The zero-shear viscosity results for the JR30M-SLES mixtures are shown in

Figure 4B-18.
102

E I

Q I
2 I
& al
I

.g 10! 4 |
2 ] I
2 '
& I
§ I
= 10° 3 :
T : I
£ I
N I

: | -
10°! = - £ ! - JRIM
T T ¥ ¥ TTTET T T T T LRI L | l i T T T T T LA |
102 10-1 100 MC 10! 102
SLES concentration (mM)

Figure 4B-18. Zero-shear viscosities of 0.35 g/dL. JR30M-SLES mixtures.
--------- Precipitation boundary; ——- CMC in the absence of polymer.



122

Below the precipitation boundary, the zero-shear viscosity increased only slightly with
increasing surfactant concentration and was similar to the polymer solution viscosity at
0.35 g/dL. This is in agreement with the absence in Dy change for the 0.35 g/dL JR30M
—0.12 mM SLES system observed with DLS. The viscosity increased dramatically at
2.4 mM SLES, where as was discussed with the DLS studies, the viscosity of the JR30M-
SLES mixture was performed on the two phase dispersed system, not solely on the
supernatant. The high viscosity of this mixture is in agreement with the presence of
multiple large particle sizes determined via DLS. Within the precipitation boundary, as
the surfactant concentration increased the viscosity decreased, which can be attributed to
solubilization of some of the complexes. The low viscosities above 12 mM SLES are in
agreement with the decrease in Dy observed with DLS for the 0.35 g/dL JR30M —
36 mM SLES, supporting the presence of small complexes in solution for two-phase
systems and partial resolubilization of coacervate complexes in the single-phase systems.
Data Summary

In order to provide an overall picture of coacervate formation in these systems the
data from high-throughput screening, surface tension, DLS, and viscometry
measurements were compiled for the JR400-SLES system (Figure 4B-19). Figure 4B-
19a shows the amount of coacervate formed at 0.35 g/dL polymer as a function of
surfactant concentration using the same color-coding as the contour phase diagram.
Figure 4B-19b is the zero shear viscosity as a function of surfactant concentration for
0.35 g/dL JR400 —SLES mixtures. Figure 4B-19c is a representation of apparent Dy as a
function of surfactant concentration. Figure 4B-19d is the surface tension data re-

presented in its entirety.
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The phase separation range of the JR400-SLES system at 0.35 g/dL polymer was
observed visually from 1.2 mM to 12 mM SLES, which corresponds to the region of
phase separation in the contour phase diagram (Figure 4B-19a). As discussed previously,
viscosity increased with the increasing SLES concentration and a maximum was reached
in the two-phase region. The maximum viscosity at 0.35 g/dL - 2.4 mM SLES is in
agreement with the coexistence of soluble complexes and aggregates as shown by DLS,
and corresponds to the plateau region of the surface tension plot, which was previously
designated as a region of complex coacervate formation. The decrease in viscosity at
higher surfactant concentrations is in agreement with the decrease in particle size
observed with DLS, the one-phase regions (blue) observed with high-throughput
screening, and the presence of micelles observed in the surface tension data. Zhou et. al.
observed a similar trend and attributed it to a polymer chain that has been saturated with
SDS micelles and the break up of large complex particles into small complex particles as
a result of the repulsion between SDS micelles.”

The data from high-throughput screening, surface tension, DLS, and viscometry
measurements were compiled for the JR30M-SLES system as well (Figure 4B-20). All

plots are the same as those described for the JR400-SLES system (Figure 4B-19).
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The data and our interpretation of the data for the JR30M-SLES system are similar to that
already rendered for the JR400-SLES system, with the exception of an extension of the
phase separation region to higher surfactant concentrations, which is also manifested in
the plateau region of the surface tension versus surfactant concentration curve. It is
notable that the charge substitution is the same for both polymers, but that the molecular
weight of JR30M is approximately three times greater than the molecular weight of
JR400. The systems studied with JR400 were below c* whereas the JR30M systems
were above c*. Therefore, the differences we observed in complexation and coacervate
formation must be due to the different molecular weights and/or the fact that one system

was in the dilute regime and the other was in the semi-dilute regime.
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CHAPTER IV-C
CATIONIC POLYSACCHARIDE — ANIONIC SURFACTANT INTERACTIONS AS
A FUNCTION OF POLYMER AND SURFACTANT PROPERTIES
Polymer Structural Effects
In Chapter IV-B, the effect of polymer molecular weight on coacervate formation
was investigated for a series of polyquaternium-10 polymers with SLES and, at constant
charge substitution (CS), a dependence of coacervate formation and coacervate amount
on polymer molecular weight was observed. Our broader goal is to gain a better
understanding of the polymer and surfactant properties that underpin the phase separation
behavior of oppositely charged polymer-surfactant complexes. To achieve this goal we
expanded our studies to encompass a range of cationic polysaccharides that included
cellulosic polymers, hydrophobically-modified cationic cellulosics, and cationic
galactomannans. These classes of polysaccharides were investigated in order to probe
the effect of a range of polymer charge substitutions and molecular weights and the effect
of polymer backbone structure on coacervate phase behavior.
Degree of Charge Substitution
In previous research on complex coacervation, polymer CS has usually been
considered to be of primary importance.’ In the present study this was investigated by
comparing three polymers (LK, LR400, and JR125) with approximately the same
molecular weight (350 000 — 400 000 g/mol, Table 4B-I) but different charge
substitutions (CSyx = 0.13, CSpraso = 0.25, CSjri25 = 0.48). The contour phase diagrams
for these polymers with SLES are shown in Figure 4C-1. All polymers were below c*

for all compositions investigated.
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Figure 4C-1. Contour phase diagrams of (a) LK, (b) LR400, and (c) JR125 with SLES.
Charge substitution increases from left to right.

Polymer LK has a very low degree of CS (0.13) and shows almost no coacervate
formation. This can be attributed to the low amount of electrostatic interaction resulting
in less hydrophobic tail group associations. Two-phase regions occurred at similar
compositions for the LR400-SLES and JR125-SLES systems, near the 1:1 stoichiometric
ratio. The amount and compositional range of coacervate formation increased with
increasing CS of the polymer. The same trend was observed for the high molecular
weight polymers LR30M and JR30M (1 300 000 — 1 500 000 g/mol) with SLES, shown
in Figure 4C-2. The degree of CS is 0.25 for LR30M and 0.48 for JR30M. Both

polymers were studied above and below their c* (c* r3om = 0.25 g/dL; c*jr3om = 0.30

g/dL).
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Figure 4C-2. Contour phase diagrams of (a) LR30M and (b) JR30M with SLES.
Charge substitution increases from left to right.
Both the LR30M-SLES and JR30M-SLES systems showed maximum coacervate
formation above c*, as was discussed in Chapter IV-B. As in the systems with low
molecular weight polymer, the amount and compositional range of coacervate formation
was less for the polymer with lower CS.

From these studies we confirm that polymer CS is an important factor in
coacervate formation. For low and high molecular weight polymers, an increased amount
of coacervate, as well as an increased compositional range of coacervate formation,
occurred in systems with higher charge substituted polymers. In Chapter IV-B, we
determined that polymer molecular weight and c* were also important factors in
coacervate formation. The relationship among the polymer structural properties of
molecular weight, CS, and c* and phase behavior in PQ-10-SLES systems is summarized

in Figure 4C-3.
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Figure 4C-3. Relationship between polymer structural properties and coacervate
formation for the PQ-10 series with SLES.

Polymer Backbone Structure

A second class of cationic polysaccharides, cationic galactomannans, was

investigated to determine whether the coacervation trends discussed above could be

extended to polysaccharides with a different backbone structure. Cationic

galactomannans have rigid backbones, similar to cationic HEC, but with a more regular

structure in regards to pendant group positioning (Figure 3-3)."** As with

polyquaternium-10, a series of cationic galactomannans (cationic guars) including a

range of molecular weights and degrees of CS was studied (Table 4C-I).
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Table 4C-1. Guar hydroxypropyltrimonium chloride series properties.'®

MW
Polymer (10’ g/mol) CS
C-1000 1000 0.14

Excel 1 500 0.14
C-14S 2 000 0.14
C-17 2 000 0.17

The relationship between the cationic guar structural properties of molecular weight and

CS and phase behavior in systems with SLES is summarized in Figure 4C-4.
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Figure 4C-4. Relationship between polymer structural properties and coacervate
formation for the cationic guar series with SLES: (a) C-1000, (b) Excel, (c) C-14S,
and (d) C-17.
A broader range of surfactant concentrations was investigated with the cationic guar-
SLES systems (up to 480 mM SLES) than with the PQ-10-SLES systems (up to 140 mM
SLES). Considering only the portion of the cationic guar-SLES phase diagrams below

140 mM SLES, comparable trends as a function of molecular weight and CS were

observed for both polymer types. At low polymer molecular weight (C-1000) coacervate
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amount was low and only observed at very high polymer concentrations. At higher
molecular weights, the compositional range of coacervate formation became broader, as
was observed in the PQ-10 series. At the highest molecular weight (C14-S) coacervate
amount was greatest and coacervate formation occurred over the broadest compositional
range. Although CS for the cationic guars varied only from 0.14 to 0.17 (C-14S and C-
17, respectively), which was a narrower CS range than that studied with the PQ-10 series,
the increase in CS provided an increase in the amount of coacervate formed. This was
comparable to the CS effect observed with LR30M-SLES and JR30M-SLES

(Figure 4C-2).

For the cationic guar series, all systems showed some two-phase region(s) at high
surfactant concentration (above 140 mM SLES), with the amount and compositional
range of coacervate increasing at higher in molecular weights. Conventional thinking
dictates that, at high surfactant concentrations, coacervate that had been formed would be
resolubilized via comicellization.” '® > However, Panmai and coworkers proposed a
model for hydrophobically-modified polymer-surfactant interactions where polymer
cationic groups acted as crosslinks between multiple anionic surfactant micelles creating
a network structure.” It is compelling to adopt Panmai’s model to explain the large
amount of coacervate that we observed at these high surfactant concentrations.
Hydrophobic Modification

The presence of hydrophobic groups along the polymer backbone has been shown
to alter the ion-exchange and hydrophobic interaction cooperativity of the polymer-
surfactant interaction mechanism.” Smith and McCormick demonstrated that both

electrostatic and hydrophobic interactions occurred with hydrophobic terpolymers and
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CTAB?, however association between hydrophobic tail groups and hydrophobic groups
along the polymer chain imparted a specificity to these interactions.” The potential
alteration of the mechanism of coacervate formation with the addition of hydrophobic
moieties was investigated for a series of hydrophobically-modified cationic HEC
polymers, polyquaternium-67 (PQ-67), with SLES using high-throughput screening. The
PQ-67 series consists of polymers of constant molecular weight range (200 000 — 800
000 g/mol) and constant CS (0.25) with different degrees of hydrophobic substitution.

Contour phase diagrams for this series with SLES are shown in Figure 4C-5.

HLH BTttt

Figure 4C-5. Contour phase diagrams for PQ-67 series with SLES: (a) SL-5, (b) SL-30,
(c) SL-60, and (d) SL-100. The degree of hydrophobic substitution increases from left to

right.
In general, the amount of coacervate and the compositional range of coacervation
increased with higher degrees of hydrophobic substitution. A shift in the compositional
range of coacervate formation was observed between the system with the lowest degree
of hydrophobic substitution (SL-5-SLES, Figure 4C-5a) and the systems with polymers
with higher degrees of hydrophobic substitution. The low degree of hydrophobic
substitution for SL-5 (HS = 5x10™") provided a polymer very similar to LR400 or
LR30M and coacervate formation at similar compositions and in similar amounts was

observed. As the amount of hydrophobic substitution on the polymer chain increased, the
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region of coacervate formation was shifted to lower polymer concentration. This shift in
compositional range can be attributed to the variation of the cooperative mechanism of
coacervate formation with hydrophobically-modified polyelectrolytes.

An increased amount of coacervate and increased range of coacervate formation
was also observed at higher degrees of hydrophobic substitution. Panmai et. al.
demonstrated that in the presence of hydrophobically-modified polymer surfactant
micelles incorporate hydrophobic moieties of multiple polymer chains into their core,
forming cross-links and a subsequent network structure that can lead to phase
separation.7’ % Using viscosity measurements, they determined that the number of
potential crosslinking sites increased with an increased degree of hydrophobic
substitution.” Our observation of the highest amount of coacervate in the most
hydrophobically-substituted SL-100-SLES system (HS = 1x107) compared to the

SL-30-SLES and SL-60-SLES (HS = 5x107°) systems is consistent with the formation

of micellar junction zones between polymer chains as hypothesized by Panmai et. al.”

Surfactant Structural Effects
Micelle Charge Density
The surface charge of colloidal particles, such as surfactant micelles, is known to
influence their adsorption characteristics.”! For oppositely-charged polymers and
surfactants, this property is of particular importance due to the ion-exchange interaction
mechanism that contributes to polymer-surfactant interaction. Dubin and coworkers have
extensively investigated the effect of micelle surface charge density on oppositely-

charged polymer-surfactant interactions.” ' 1> 78 They have observed that above a
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critical micelle surface charge density complex formation occurs, with increasing
coacervate formation as micelle surface charge density increases.®® This behavior was
attributed to polymer-surfactant association via a different mechanism than that proposed
by Goddard"’ and this is discussed in more detail in Chapter IV-E.

The examination of micelle charge density and its effects on coacervate formation
was investigated by studying surfactants with various degrees of surfactant ethoxylation
(EO). This effect was investigated using JR30M and LR30M with ammonium lauryl
ether sulfates (ALES) with different EO lengths (3 EO, 12 EO, and 30 EO). The results

are shown in Figure 4C-6.
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Figure 4C-6. Contour phase diagrams of JR30M (a-c) and LR30M (d-f) with
ammonium lauryl ether sulfates with increasing EO lengths from left to right.

For both polymers, increasing the EO length of the surfactant caused a decrease in the

compositional range and amount of coacervate formation. The inclusion of a
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poly(ethylene oxide) spacer would be expected to increase the size of the palisade layer
of the micelle, and in turn decrease the net charge density of the micelle. The decrease in
coacervate with a decrease in micelle charge density is in agreement with Dubin’s
hypothesis.

The examination of micelle charge density and its effects on coacervate formation
was also performed using the mixed nonionic/anionic surfactant system, PEG-12 with
ALES. In this case the incorporation of a nonionic surfactant can be expected to decrease

135

the surface charge density of the resulting mixed micelle. *> The contour phase diagrams

for JR30M-SLES and JR30M with the mixed micelle system are shown in Figure 4C-7.
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Figure 4C-7. Contour phase diagrams of JR30M with (a) ALES and (b) PEG-12/ALES
premixed in a 2:1 ratio.

For all compositions, ALES and PEG-12 were premixed at a constant ratio of
2:1 PEG-12:ALES before addition to the polymer, and polymer was added to a

0.17 M NaCl solution in the initial step of sample preparation.
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Coacervate formation was observed over a similar compositional range for the
anionic surfactant system (Figure 4C-7a) and the nonionic/anionic surfactant system
(Figure 4C-7b). The amount of coacervate formed was less in the mixed micelle system,
which is in agreement with studies by Dubin where a decrease in micelle charge density
results in decreased coacervate formation between polymer and surfactant micelles.””
From the similarity in the phase diagrams, it could be inferred that in the mixed micelle
system there could be specific and cooperative binding of the anionic surfactant to the
cationic polymer that may cause demixing of the anionic from nonionic surfactant

components of the mixed micelles. This is an interesting result that merits further study.
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CHAPTER IV-D
CATIONIC HYDROXYETHYLCELLULOSE — ANIONIC SURFACTANT
INTERACTIONS IN THE PRESENCE OF SODIUM CHLORIDE
The theories of coacervate formation discussed in Chapters I and IV-B include a

dependence on electrostatic interactions between the polymer and surfactant and
hydrophobic associations between surfactant tail groups, thus interference with these
interactions would be expected to affect coacervate formation.” 2 Tt is generally
accepted that the addition of salt causes screening of either inter- or intramolecular
electrostatic interactions.” ' 132° Dubin and coworkers attributed a decrease in
coacervate amount due to salt ion screening of intermolecular electrostatic interactions
between the polymer and surfactant micelles.”’ Conversely, Picullel and Guillemet
attributed an increase in coacervate amount to screening of the electrostatic repulsions
between anionic surfactant head groups causing an increase in micelle size.”* * Salts also
have an effect on hydrophobic interactions which has been shown for amphipathic
systems (PNIPAM) by Bergbreiter and coworkers.'*® Using a high-throughput gradient

method, they investigated the effects of multiple ions from the Hofmeister series,

CO5” >8047>8,05" > HoPO4 >F >CI'> Br <F ~NO; > I'> ClO; > SCN°
where the position of the ion in the series is related to its ability to precipitate soluble
proteins from aqueous solution.”® Ions to the left in the Hofmeister series are usually

called kosmotropes (water-structure making). Bergbreiter and coworkers determined that

kosmotropes caused the emergence of two distinct steps in the LCST of PNIPAM. They
explained the effects of the kosmotropes on the basis of three distinct interactions: (i)

polarization by anions of the water molecules that are positioned to hydrogen-bond with
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the polymer amide groups, (ii) interference of anions with the hydrophobic hydration and
a subsequent reduction in the interfacial tension of the cavity surrounding the polymer
backbone and the isopropyl group, and (iii) direct binding of anions to the polyamide."*®
Analogous effects could occur with the amphipathic surfactant molecules in polymer-
surfactant systems, thus interfering with polymer-surfactant interaction.

In addition to the possible effects observed by Bergbreiter and coworkers, salt can
interact with each of the components of an oppositely-charged polymer-surfactant system
in various ways. An increase in ionic strength could cause conformational collapse of the
polyelectrolyte, an increase in size of the surfactant micelles, and/or shielding of the
polymer-surfactant ion-ion interaction. At the present time we cannot predict the relative
contributions of each of these phenomena to the eventual outcome.

Naderi and coworkers investigated the effect of addition order on polymer-
surfactant interactions and coacervate formation in the presence of salt and determined
that the order of addition was important, due to interactions at the interface of the
polymer and surfactant layers before homogeneous distribution within the sample was
achieved.'® We have expanded upon this idea and using high-throughput screening we
have studied the effect of all possible addition orders for the three-component system
(polyelectrolyte, surfactant, salt) for a series of PQ-10 polymers with differing molecular
weight and charge substitution. The effect of salt concentration on interactions between
oppositely-charged polymer and surfactant, relative to polymer CS, was also investigated
in this research over a range of surfactant concentrations encompassing the CMC and

substantially greater than the CMC.
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Effect of Addition Order
The effect of NaCl on PQ-10-SLES interactions was investigated by premixing
NaCl with SLES (30:1 SLES:NaCl) before sample preparation. The interactions of
LR400, JR125, and JR400 with the SLES-NaCl mixture were investigated. The contour

phase diagrams in the absence and presence of salt are shown in Figure 4D-1.
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Figure 4D-1. Contour phase diagrams for (a) LR400, (b) JR125, and (c) JR400 with
SLES in the absence (left) and presence (right) of NaCl. The SLES-NaCl mixture
contains a constant 30:1 ratio of SLES:NaCl.



142

In all PQ-10-SLES systems, in the absence of NaCl, coacervate formation was observed
at low surfactant concentrations. The amount of coacervate formed was dependent on the
polymer CS (LR400, JR125) or molecular weight (JR125, JR400), as discussed in
Chapter IV-C. In the premixed SLES/NaCl systems, coacervate formation was absent at
low surfactant concentrations independent of CS or molecular weight. Coacervate
formation was observed at intermediate surfactant concentrations in the presence of salt
(1-3 % SLES/NaCl), but was again absent at higher surfactant concentrations. A similar
trend was observed by Wang and coworkers with NaCMC and DTAB" and they attribute
this behavior to screening of polymer-surfactant interactions at low surfactant
concentrations and as surfactant concentration increased the micelles became large
enough that interactions between the polymer and micelles occurred, resulting in complex
formation.”® Solubilization was observed at high surfactant concentrations.

It is commonly acknowledged that order of addition of components can affect the
observed physical state of these polyelectrolyte-surfactant-salt systems.'® Therefore, it
was of interest to investigate the effect of addition order on coacervate formation in the
PQ-10-SLES-NaCl systems. This allows us to understand the overall effect of addition
order on coacervate formation and will provide insight into the relative importance of the
effect of electrolyte on each of the components.

All possible addition orders were examined for three polymers (LR30M, JR30M,
and JR400) with SLES and NaCl using the Salt Gradient method (Chapter III).
Abbreviations are used to identify the addition orders, where P represents polymer, S
represents surfactant, and E represents electrolyte (salt). The order of the letters is

indicative of the order of addition of the components, for example PSE means the
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addition order was polymer first, surfactant second, and electrolyte last. For reference,

the polymer-SLES contour phase diagrams with no salt added are shown in Figure 4D-2.
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Figure 4D-2. Contour phase diagrams of (a) LR30M, (b) JR30M, and (c) JR400 with
SLES in the absence of salt. c* is represented by the red line.

As discussed in Chapter IV-B, coacervate formation was observed at low surfactant
concentrations and as the amount of surfactant increased solubilization occurred for all
polymer-SLES systems. This phase separation was attributed to ionic attachment of
hydrophobes to the hydrophilic polymer chain and formation of a mesh even below the
measured c*. In JR30M-SLES and LR30M-SLES systems, the highest amount of
coacervate was observed above the polymer c*. In these compositions a polymer
entangled network structure is present and with an entangled network, the bound
surfactant tail groups are likely to form hydrophobic associations that enhance the mesh
structure. Coacervate formation was observed over the broadest compositional range for
the high CS, high molecular weight JR30M-SLES system. The ‘no salt’ diagrams
(Figure 4D-2) were used as a baseline for understanding the effects of addition order in
the presence of salt. The contour phase diagrams for all addition orders with the

polymer-SLES-NaCl systems are shown in Figure 4D-3.
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Figure 4D-3. PQ-10-SLES-NaCl contour phase diagrams: (a) LR30M, (b) JR30M, and
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We observed that the addition of even a small amount of NaCl changes the phase
diagram for all systems and this observed change depends on the addition order. It is
obvious from these diagrams that the addition of NaCl curtails coacervate formation in
dilute solution (< 10 mM) for all systems. This is consistent with dilute solution studies
of Dubin and coworkers, who attribute this to screening of intermolecular electrostatic
interactions between the polymer and surfactant molecules.”

With addition orders where polymer and salt were added first or second (salt,
polymer, surfactant (Figure 4D-3-2) and polymer, salt, surfactant (Figure 4D-3-3)
coacervate formation was dependent on addition order and polymer properties. With the
EPS addition order the amount and compositional range of coacervate formation was
similar to the no salt system for all polymers. Using the PES addition order coacervate
amount decreased for JR30M, but the amount and compositional range of coacervate
formation increased slightly for LR30M and significantly for JR400.

With addition orders where surfactant and salt were added first or second (salt,
surfactant, polymer (Figure 4D-3-4) and surfactant, salt, polymer (Figure 4D-3-5)
coacervate formation was again dependent on addition order and polymer properties.
Using the ESP addition order, a higher coacervate amount and compositional range of
coacervate formation were observed with high CS polymers (JR30M, JR400). With the
SEP addition order an increased compositional range of coacervate formation was
observed for the high molecular weight polymers (LR30M, JR30M) and a decreased
coacervate amount was observed for all systems compared to the no salt systems and the

ESP addition order. The increased compositional ranges of coacervate formation are
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reasonable based on an expected increase in micelle size with the addition of salt to an
ionic surfactant.” '® 160

With addition orders where surfactant and polymer were added first or second
(polymer, surfactant, salt (Figure 4D-3-6) and surfactant, polymer, salt (Figure 4D-3-7)
we observed a decrease in coacervate amount and compositional range of formation with
the high molecular weight polymers (LR30M, JR30M) using the PSE addition order and
an increase in range and amount with the SPE addition order. Conversely, with low

molecular weight JR400 coacervate amount and compositional range of formation

increased with the PSE addition order and decreased with the SPE addition order.

Effect of Salt Concentration

The Salt Gradient method was used to emphasize the effect of order of addition in
systems including salt. To better understand the effect of ionic strength it was important
to construct phase diagrams at constant salt concentration. The Constant Salt method
(Chapter III) was used for preparation of these phase diagrams and the addition order was
PES. Interactions of LR30M and JR30M with SLES in the presence of NaCl were
studied and three contour phase diagrams were generated for each polymer-SLES system:
no salt, 43 mM NaCl, and 130 mM NaCl. The LR30M-SLES-NaCl and JR30M-SLES-

NaCl contour phase diagrams are shown in Figure 4D-4.
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Figure 4D-4. Contour phase diagrams of LR30M - SLES (a-c) and JR30M — SLES (d-f)
with 0 mM, 43 mM, and 130 mM NaCl. NaCl concentration increases from left to right.
In the LR30M-SLES ‘no salt’ phase diagram (Figure 4D-4a) coacervate formation
similar to that discussed in Chapter IV-C was observed. With the addition of 43 mM
NaCl (Figure 4D-4b), the amount of coacervate formed was less than in the ‘no salt’
system. This is likely due to screening of ion-ion interactions between the polymer and
surfactant by the salt molecules, inhibiting coacervate formation. However, the
compositional range of coacervate formation increased to include lower polymer
concentrations. At 130 mM NaCl (Figure 4D-4c¢), very little coacervate formation was
observed. This is probably due to near complete screening of polymer-surfactant
interactions at this high salt concentration. Similarly, Wang and coworkers observed
complete screening of electrostatic interactions with poly(dimethyldiallylammonium

chloride)-SDS/Triton X-100 systems at high surfactant concentrations.*
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In the JR30M-SLES ‘no salt’ phase diagram (Figure 4D-4d) coacervate formation
similar to that discussed in Chapter IV-C was observed. With the addition of 43 mM
NaCl (Figure 4D-4e) the amount of coacervate and the compositional range of coacervate
formation increased. The compositional range of coacervate formation increased further
in the 130 mM NaCl system relative to the 43 mM NaCl system, however where
coacervate occurred in both diagrams, there was a lesser amount at the higher salt
concentration. This could be due to enhanced screening of electrostatic interactions at
the high salt concentration causing a reduction in the amount of coacervate formed. The
increased compositional range of coacervate formation could be due to either “salting
out” of the polymer-surfactant complex or the formation of larger surfactant micelles.

Polymer charge substitution can be expected to influence the degree of surfactant
binding in the presence of added salt because salt interferes with electrostatic
attractions. This parameter was explored using LR30M and JR30M, both with
approximately the same molecular weight, but the charge substitution of JR30M is twice
that of LR30M (0.48 and 0.25, respectively). In general, coacervate amount was greater
for the JR30M-SLES-NaCl systems, which can be attributed to increased surfactant
binding with increased charge substitution, as discussed in Chapter IV-C. With 43 mM
NaCl the amount of coacervate formed increased compared to the ‘no salt’ system for
JR30M-SLES, but decreased for LR30M-SLES. It is probable that screening of
electrostatic interactions by salt molecules was more efficient in the lower charge
substituted LR30M-SLES system, thus less coacervate was able to form. With 130 mM
NaCl, coacervate formation was completely screened in the LR30M-SLES system, and

despite the compositional range of coacervate formation increasing for the JR30M-SLES
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system, the amount of coacervate formed was less with 130 mM NaCl than with 43 mM
NaCl at specific compositions. We conclude that the interactions between low charge
substituted PQ-10 and oppositely-charged surfactant are readily shielded by salt, whereas
the interactions between high charge substituted PQ-10 and oppositely-charged surfactant
persist and extend over a broader compositional range in the presence of NaCl up to 130
mM.

It is important to note that for the LR30M-SLES-NaCl system, similar trends in
coacervate formation were observed with the Salt Gradient method (10-40 mM NaCl)
and the Constant Salt method. In both methods, an increase in compositional range of
coacervate but decrease in coacervate amount was observed. On the contrary, for the
JR30M-SLES-NaCl system, opposing trends were observed between the two salt addition
methods. At a comparable salt concentration, the compositional range and amount of
coacervate increased with the Constant Salt method but compositional range was
approximately constant and coacervate amount decreased with the Salt Gradient method.
From these results, it appears that optimum conditions are required for coacervate to
form. As discussed previously, salt may affect polymer-surfactant interactions through a
variety of pathways, including screening of ion-ion interactions, induction of polymer
collapse, or increasing the size of the surfactant micelle. In a single polymer-surfactant
system, competition between these effects could lead to a multitude of end results.

Certainly, these effects and the end results are also dependent on the polymer and
surfactant properties, the component concentrations, and the addition order of multiple

components. With this vast array of possible interactions and influencing factors, the
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research presented here provides a valuable basis for future studies in the area of

polymer-surfactant interaction in the presence of salt.
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CHAPTER IV-E
INVESTIGATION OF CATIONIC POLY(VINYLPYRIDINIUM HYDROCHLORIDE)
— ANIONIC SURFACTANT INTERACTIONS

In the previous chapters, the interactions of cationic polysaccharides with
oppositely-charged surfactants were found to be dependent on a number of polymer
properties, including molecular weight and charge substitution. All interactions between
these polymers and surfactant occurred via the cooperative mechanism of coacervate
formation described by Goddard.”® However, as discussed in Chapter I, two potential
mechanisms of coacervate formation have been described for oppositely-charged
polymer-surfactant complexes, the Goddard mechanism and the Dubin mechanism.”’ In
the Goddard mechanism, site-specific interactions occur, driven through ion-ion
interaction and hydrophobic association. In the Dubin mechanism, interactions occur
between two macroions, such as the polymer interacting with surfactant micelles. The
Goddard mechanism has been postulated for a variety of polymer systems, while the
Dubin mechanism has been primarily discussed for PDADMAC.

It was of interest in this research to investigate systems that differed
fundamentally from polysaccharides in order to attempt to understand the verisimilitude
of each of the Goddard and the Dubin theories. Cationic poly(vinylpyridines) were
chosen because, in contrast to the cellulose derivatives, they have a hydrophobic and
flexible backbone and two isomers are readily available so that the influence of the
position of the cationic charge relative to the polymer backbone could be investigated.

The polymers used in this research were prepared via RAFT so the PDI values were low,
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which was important because polymer molecular weight has been shown to influence

polymer-surfactant interactions.!> %%

Polymer Solution Conformation

The solution properties of poly(4-vinylpyridinium hydrochloride) (P4VP) and
poly(2-vinylpyridinium hydrochloride) (P2VP) were investigated to gain understanding
of the effects of charge isomerization on solution properties that could impact the
interaction of these polymers with anionic surfactant.
Static Light Scattering

Static light scattering (SLS) was performed using the cationically-charged
polymers in salt-free aqueous solution to directly mimic the systems investigated via
high-throughput screening and other techniques. Low molecular weight P4VP (9 000

g/mol) was investigated at five concentrations (Figure 4E-1).
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Figure 4E-1. Zimm plot of low molecular weight P4VP in filtered HPLC grade water.
A-E indicate concentrations of P4VP investigated (1.0, 4.9, 6.0, 8.0, 9.7 mg/mL). Blue
dashed line follows curvature of the plot.
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Positive curvature of Zimm plots is common in protein and polyelectrolyte solutions,
where the curvature is indicative of association between solute molecules and
aggregation of macromolecules at high concentrations.'*® Aggregation at high
concentrations may be due to blocky charge distribution, too few charges, and/or
temporal complexes between polymers where counterions are associated with more than
one polyelectrolyte. In our system, the formation of aggregates due to a small amount of
charge was unlikely because the percent ionization for P4VP was 86 % (Chapter III). In
order to determine the second virial coefficient (B), the high concentrations that were

responsible for curvature were eliminated (Figure 4E-2).
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Figure 4E-2. Zimm plot of low molecular weight P4VP in filtered HPLC grade water at
low concentrations (A-C = 1.0, 4.9, 6.0 mg/mL).
For P4VP, B was 2.2 x 107 (Equation 3-8). The positive number indicates that water is a
good solvent for this cationic polymer.
Low molecular weight P2VP (6 000 g/mol) was investigated at four

concentrations (Figure 4E-3).
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Figure 4E-3. Zimm plot of low molecular weight P2VP in filtered HPLC grade water.
A-D indicate concentrations of P2VP investigated (1.0, 2.0, 4.0, 6.0 mg/mL). Blue
dashed line follows curvature of the plot.

Similar to the P4VP Zimm plot with high concentrations, curvature was observed with
P2VP, again indicative of macromolecular associations at high concentrations.'*® The

highest concentration was eliminated from this data set to determine B (Figure 4E-4).
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Figure 4E-4. Zimm plot of low molecular weight P2VP in filtered HPLC grade water at
low concentrations (A-C = 1.0, 2.0, 4.0 mg/mL).
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For P2VP, B was -1.4 x 10™. Negative B values have been attributed to both association
of solute molecules and charge fluctuations in macro-ion solutions. The latter has been
reserved for macroions with differing charges, but an average net charge of zero, such as
proteins and weak electrolytes.”*® P2VP does not have a net charge of zero, thus the
negative B value was attributed to poor polymer-solvent interactions.
Surface Tensiometry

Surface tension measurements were also performed on P4VP and P2VP in salt-
free aqueous solution, with initial solution concentrations of 0.15 g/dL. The results are
presented in Figure 4E-5 with the sodium dodecylbenzene sulfonate (SDBS) surface

tension curve as a point of reference (Chapter I1I).
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Figure 4E-5. Surface tension as a function of concentration.
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It is clear from Figure 4E-5 that while both P4VP and P2VP adsorb at the air/water
interface, P2VP was more surface active than P4VP. The increased surface activity of
P2VP compared to P4VP is in agreement with the B values determined with SLS, where
P2VP has poorer interaction with water. It is possible that the cationic groups of P4VP
are oriented in such a way that they are more accessible to water, masking the
hydrophobicity of the polymer backbone.
Dynamic Light Scattering

Dynamic light scattering (DLS) is commonly used to determine the hydrodynamic
size of polymers in solution, however, as discussed in Chapter IV-B, error is inherent in
determination of the hydrodynamic size of polyelectrolytes in salt-free solution due to
electrostatic effects on polymer diffusion.*? Sedlak has demonstrated that the fast
diffusion mode (D)) is sensitive to charge interaction parameters.'*> DLS studies were
performed for both P4VP and P2VP in salt-free aqueous solution at a constant
concentration of 0.15 g/dL and the plot of relaxation time (1) for both polymers is shown

in Figure 4E-6.
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Figure 4E-6. Relaxation time (t) of 0.15 g/dL. P4VP and P2VP.

In both polymer solutions we observed a bimodal distribution of relaxation times,
which has been observed previously by Schmidt and coworkers for quaternized P2VP.'*
The slow mode diffusion rate, D;, was approximately the same for both P4VP and P2VP
(4.8 x 10 us), which is reasonable given the similarity in polymer structure and
molecular weight and the low response of D; to changes in polymer-solvent
compatibility."*? The fast diffusion process of P4VP (3.3 ps) was much faster than that
of P2VP (71 ps). This large difference is in agreement with the sensitivity of Dy to
charge interactions.'? It is generally known that the diffusion of polyelectrolytes in salt-
free solution is faster than that of analogous neutral polymers due to the intermolecular

electrostatic repulsions.'¥ The faster diffusion of P4VP in the fast mode is indicative of
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greater intermolecular electrostatic repulsions in this polymer solution compared to the
P2VP solution.
Solution Viscometry

Polymer critical overlap concentration (c*) was shown to have an impact on
coacervate formation in the polysaccharide systems (Chapter IV-B) so c* values were

determined for all poly(vinylpyridinium hydrochloride) polymers studied in this research.
Apparent viscosities were measured and reduced viscosity, I , was calculated as
c

described in Chapter III. The reduced viscosities were plotted versus the polymer

concentration (c) (Figure 4E-7).
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Figure 4E-7. Reduced viscosities of high and low molecular weight P4VP and P2VP in
DI water at 25 °C.

Despite the absence of salt in these systems, the deviation of the reduced viscosity curve

from linearity ordinarily observed with polyelectrolytes occurred only in the high
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molecular weight P4VP system; only points in the linear region were considered in
determining intrinsic viscosity, [17], for this system."®® The reduced viscosities were
found to be practically linear over the appropriate concentration ranges and [17] was
obtained by extrapolation of the reduced viscosities to infinite dilution, while neglecting
data points that were clearly high due to polyelectrolyte expansion.'* The linearity of
the curves also allows for calculation of the Huggins constant (k') using the Huggins

equation
.,.73.{ = [ﬂ]+ k'[ﬂ]z c Equation 4E-1.
c

The Huggins constant is a parameter describing solute-solvent interaction and has been
shown to decrease as polymer molecules become more extended in solution."*** The
experimentally determined intrinsic viscosities were employed in calculating c* from the

Berry number, [ﬂ]c , with the assumption of non-interacting Gaussian coils so that

[7k’ =1. The P4VP and P2VP values for [57], &', and c* are shown in Table 4E-1.

Table 4E-I. P4VP and P2VP values for [7], k', and c*.

[———

M, c*
Polymer (g/mol) ] K (g/dL)
PAVP 9000 054 0080 19
PAVP 32000 1.9  0.034  0.53
P2VP 6000 0.045 67 22
P2VP 32000 12 0047 083

The solution viscometry studies correspond with the observations from the light

scattering and surface tensiometry studies. Polymers in a good solvent are expected to
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have higher viscosities than polymers in a poor solvent, and this was observed for both
the high and low molecular weight P4VP compared to the corresponding P2VP. Ina
good solvent, the polymer will be hydrated and swollen providing a higher viscosity.
Polymer in a poor solvent will exist in a collapsed conformation, which causes the
viscosity to be lower. This is also in agreement with the observation of the
polyelectrolyte effect only in the high molecular weight P4VP system. Huggins constant
values greater than 1 generally imply aggregation.'* The low Huggins constants for high
and low molecular weight P4VP indicate little hydrodynamic interaction, and thus little
or no aggregation of polymer molecules in solution. The apparent viscosities measured
for the low molecular weight P2VP were4 similar to that of the solvent and therefore the
calculated [77] may be artificially low. This resulted in the very high Huggins constant
and c* for low molecular weight P2VP. Despite this instrumental limitation, it is clear
that low molecular weight P2VP was below c* at these concentrations. The
concentration of the PAVP and P2VP premixes used in our research was 0.25 g/dL so all
compositions investigated for both polymers were below c*.

From the polymer solution studies, we know that water is a good solvent for
P4VP. In dilute aqueous solution, it is likely that this polymer adopts an extended
conformation where the cationic charges are presented to the solvent and the hydrophobic
backbone is shielded from the water. The P2VP system contrasts with that of P4VP,
Water is a poor solvent for P2VP, although it is soluble in aqueous solution due to the
presence of the cationic charges. The surface tension of water was considerably reduced
in the presence of P2VP, indicating hydrophobicity of the polymer. The positioning of

the cationic charge near the polymer backbone possibly requires adoption of a polymer
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conformation where both the cationic charges and the hydrophobic polymer backbone are

in contact with water, possibly in a collapsed or coiled conformation as evidenced by the

viscometry studies.

Polymer — Surfactant Complex Formation
Coacervate Physical Description
It was observed visually that the coacervate formed in poly(vinylpyridinium
hydrochloride)-surfactant systems had different physical characteristics than that of the
polysaccharide-surfactant systems discussed in Chapters IV-B-D. The separated phase
consisted of a fine particulate colloidal dispersion. Photographic images of representative

samples are shown in Figure 4E-8.

Figure 4E-8. Photographic images of coacervate formed in cationic
poly(vinylpyridinium hydrochloride)-anionic surfactant mixed systems at different
compositions: (a) P4VP-SDBS, high coacervate; (b) PAVP-SDBS, low coacervate; (c)
P4VP-SDBS, no coacervate; (d) P2VP-SDBS, high coacervate; (¢) P2VP-SDBS, no
coacervate.

The first three samples (Figure 4E-8a-c) were formed using the P4VP-SDBS system and

the last two samples (Figure 4E-8d-¢) were formed using the P2VP-SDBS system. The
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coacervate formed in these systems was representative of that formed for all
poly(vinylpyridinium hydrochloride)-surfactant systems. The yellow tint observed with
P2VP, due to the chain transfer agent, did not affect the transmittance measurements. It
was apparent from visual observation that the macroscopic coacervate properties were
similar across these systems. Due to the difference in coacervate appearance, and
subsequently a difference in the color gradient scale and the maximum absorbance
measurements, contour phase diagrams of poly(vinylpyridinium hydrochloride) and
polysaccharide systems were not directly comparable.

Poly(vinylpyridines) are intrinsically hydrophobic and insoluble in water, but
become cationically charged and water-soluble at acidic pH. In our experiments we
chose to use an initial solution of the poly(vinylpyridine) at approximately 86 %
ionization (Chapter III). The anionic surfactants studied in this research have neutral or
slightly basic pH values and were added directly to the poly(vinylpyridinium
hydrochloride) solution. It would have been possible to work at constant pH by
performing back titration of the final mixture with a suitable acid. However, back
titration would inevitably change the ionic strength of the system, which has previously
been shown to change the characteristics of the coacervate system.'*2® This would have
introduced an uncontrollable variable and back titration was therefore not performed.

Because an increase in pH upon combination with surfactant could potentially
affect the percent ionization of the polymer, causing insolubility, the effect of pH
increase on poly(vinylpyridinium hydrochloride) water solubility was investigated to
ensure that phase separation observed upon surfactant addition was due to coacervate

formation. The pH of five representative samples was determined using an Accumet
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Scientific AR-15 pH meter after all components were added and the samples were mixed

(Table 4E-II). The pH of the initial P2VP solution was 2.74 and the pH of the surfactant

used was 7.04.

Table 4E-I1. pH readings of representative polymer-surfactant mixtures.

P2VP SDBS
concentration concentration Phase
Sample (g/dL) (mM) pH reading  separation

1 0.1 0.0 2.8 clear
2 0.2 0.0 2.6 clear
3 0.09 160 5.1 hazy
4 0.04 220 5.6 clear
5 0.01 240 6.6 clear

A sample of 0.04 g/dL P2VP was titrated with 1.0 N NaOH and phase separation due to
water insolubility was observed at pH 4.6. The addition of surfactant increased the pH
of samples 1-3 above 4.6, but phase separation was observed only in sample 3. The lack
of phase separation for P2VP- SDBS systems at pH > 5.1 (samples 4-5) indicated that
surfactant was bound to the polymer and resolubilization occurred at these surfactant
concentrations. These are the characteristics normally associated with polymer-surfactant
complex coacervates.

Titration of 0.04 g/dL P4VP with 1.0 N NaOH produced a yellow, dispersed,
separated phase at pH 4.2. A 0.04 g/dL. P4VP- 220 mM SDBS mixture was investigated
and the pH was 6.1. A white, hazy and dispersed separated phase was observed in this
sample. The difference in appearance of the separated phase again indicated that phase
separation was not due to inherent water insolubility of the polymer as a function of pH

increase.
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P4VP-SDBS Interactions

Surface tension measurements were utilized to determine the critical aggregation
concentration (CAC) and the critical micelle concentration in the presence of polymef
(CMC2) of the PAVP-SDBS system. The P4VP concentration was held constant at
0.15 g/dL and the surface tension was recorded as a function of increasing surfactant
concentration. The results are shown in Figure 4E-9. The surface tension curves of pure

SDBS and P4VP are included for reference.
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Figure 4E-9. Surface tension as a function of concentration.

As shown in Figure 4E-5, the surface tensions of P4VP at 0.15 g/dL and SDBS at
6.4 x 10 mM individually were each close to that of water (72 mN/m). However, when
P4VP and SDBS were combined at this composition, the measured surface tension was

35 mN/m. This indicated strong polymer-surfactant interaction to form surface-active
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species upon combination of the polymer and surfactant at very low surfactant

concentrations. In this system, the interactions were so strong that neither a CAC nor a

CMC?2 were detected in the range studied. It is likely that the CAC occurred at a

concentration less than 6.4 x 10 mM and therefore all systems investigated using high-

throughput screening were at concentrations well above the CAC.

The interaction of P4VP and SDBS at three different polymer concentrations was

also investigated using surface tensiometry. The polymer concentrations were held

constant (0.15, 0.10, and 0.050 g/dL) while the surfactant concentration was increased

(Figure 4E-10).
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Figure 4E-10. Surface tension as a function of surfactant concentration. = SDBS,
® (.15 g/dL P4VP-SDBS, - 0.10 g/dL P4VP-SDBS, * 0.050 g/dL P4AVP-SDBS.

The 0.15 g/dL and 0.10 g/dL P4AVP-SDBS curves both showed the presence of a highly

surface active species, with the higher P4VP concentration being the more surface active.

At 0.21 mM these two curves converged on one another. The 0.050 g/dL. P4VP-SDBS
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system had a different profile than the others. Below 6.4 x 10 mM the surface tension
was 72 mN/m, the same as the pure polymer, pure surfactant, and water. Beginning at
6.4 x 10> mM a decrease in surface tension was observed, ending in a plateau at

2.9 x 10 mM, corresponding to the CAC of this system. A second plateau occurred at
45 mM corresponding to the CMC2. In surface tensiometry of polymer-surfactant
complexes, the initial lowering of surface tension is attributed to adsorption of polymer-
surfactant complexes at the air-water interface, where the hydrophobicity of the
complexes formed is the primary driving force.” The water-solubility of P4VP is
conferred by the cationic charges imparted along the hydrophobic backbone. Thus
electrostatic interaction of these charges with SDBS formed complexes consisting of a
hydrophobic polymer backbone with bound surfactant groups. The very low surface
tensions observed in Figure 4E-10 show that these hydrophobic complexes were driven
strongly to the air-water interface. As discussed previously, P4VP was below c* at all
concentrations investigated so that the only difference in solution properties for

0.15 g/dL, 0.1 g/dL and 0.05 g/dL. P4VP was the number of polymer molecules in
solution. At 0.15 g/dL P4VP the surface was saturated at a concentration less than 6.4 x
10 mM indicating significant complexation. At 0.05 g/dL P4 VP, the onset of surface
activity occurred between 6.4 x10” mM SDBS and 1.4 x 102 mM SDBS, which is more
than one order of magnitude lower than SDBS alone. For this polymer concentration
both a CAC and CMC2 were distinguishable, the CAC at 2.3 x 10> mM SDBS and the
CMC2 at about 0.4 mM SDBS. These values are lower than the CMC of SDBS alone,

2.4 mM, and this lends credence to the idea that P4VP-SDBS surface-active complexes
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are formed and that these are more surface active than either the polymer or the
surfactant.

Dynamic light scattering was used to investigate complex formation between
P4VP and SDBS. As discussed previously, the apparent hydrodynamic diameter (Dy)
determined in DLS studies of polyelectrolyte in salt-free solutions is not indicative of the
true polymer Dy. However, for comparison of particle size in pure polymer solution with
particle size in polymer-surfactant solutions, the polymer Dy was employed, similar to
studies by Zhou et al.”> DLS studies of P4VP-SDBS solutions were performed at
constant polymer concentration (0.15 g/dL) and surfactant concentrations above and

below the CMC (between 0.029 - 43 mM) and the results are shown in Figure 4E-11.
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Figure 4B-11. Dynamic light scattering data for 0.15 g/dL. P4VP — SDBS mixtures.

As discussed previously (Figure 4E-6), P4VP in salt-free solution exhibited a fast
diffusion process due to intermolecular electrostatic repulsions that results in an
artificially low value of Dy. Thus the peak at 1.1 nm for P4VP corresponds to the
character of the polyelectrolyte solution and not the actual size of polymer in solution.
This peak was observed in the P4VP-SDBS mixture with the lowest SDBS concentration
(0.029 mM SDBS), but for all P4VP-SDBS compositions with SDBS greater than 0.029

mM SDBS, the peak at 1.1 nm corresponding to uncomplexed P4VP was not present.
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This indicates that uncomplexed P4VP was present with 0.029 mM SDBS, and that all
polymer was complexed at SDBS concentrations above 0.029 mM SDBS. This agrees
with the strong interactions between P4VP and SDBS observed in surface tensiometry
studies.

The Dy was also determined for SDBS in salt-free solution for all concentrations
studied with DLS. A decrease in Dy was observed with increasing SDBS concentration,
with large values below CMC. This is likely an artifact due to impurity in the surfactant,
as discussed for SLES (Chapter IV-B). For the PAVP-SDBS system at 0.029 mM SDBS,
a peak at 400 nm was observed that corresponded with a peak observed in SDBS solution
at this concentration, and is likely due to surfactant impurity. A similar peak was
observed at 0.20 mM SDBS, but at higher SDBS concentrations this peak was absent.

A bimodal peak corresponding to polymer-surfactant complexes was observed for
all P4VP-SDBS compositions studied. At 0.029 mM SDBS, a total of four peaks were
observed for the P4VP-SDBS mixture, corresponding to the character of pure polymer
(1.1 nm) and pure surfactant (400 nm), and polymer-surfactant complexes (60 nm and
120 nm). This is indicative of coexistence of polymer, surfactant and complexes at this
low surfactant concentration. Complex formation between the polymer and surfactant at
this low SDBS concentration is in agreement with the strong interactions observed with
surface tensiometry. At 0.20 mM SDBS and 0.29 mM SDBS, only the bimodal peaks
corresponding to PAVP-SDBS complexes were observed, and the peak size increased
with increasing SDBS concentration. Above the CMC (CMCspps = 2.4 mM), the
bimodal peak and an additional peak with high Dy (5560 nm) were observed. These

samples were visually hazy so the larger particle sizes were likely due to aggregate
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formation. The volume percent of the peak at 5560 nm increased with 43 mM SDBS,
indicating increased aggregation with additional surfactant. The continuity of the
bimodal peaks throughout all compositions studied is in agreement with the cooperative
binding mechanism described by Goddard” * and with the lack of resolubilization
observed with high-throughput screening (vide infra).

The formation of complexes and subsequent aggregation at high surfactant
concentrations was also observed in solution viscometry studies (Figure 4E-12). The
concentration of P4AVP was held constant at 0.15 g/dL. PAVP and the SDBS concentration

differed as described for the DLS studies.
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Figure 4E-12. Apparent viscosities of 0.15 g/dL. P4AVP — SDBS mixtures.
--------- Precipitation boundary; ——= CMC in the absence of polymer.

A slight increase in viscosity occurred with the addition of 0.029 mM SDBS, which may

be due to the coexistence of polymer, surfactant, and polymer-surfactant complexes
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observed with DLS. As SDBS concentration increased, a decrease in viscosity was
observed up to 2.9 mM, where a minimum occurred. Aggregate formation was observed
at 43 mM SDBS in DLS studies, which is in agreement with the large increase in
viscosity for this composition. From these studies we can conclude that interactions
between P4VP and SDBS are strong and that complex formation occurs at very low
surfactant concentration and continues for surfactant concentrations above CMC.
P2VP-SDBS Interactions

As with the P4VP-SDBS system, surface tension measurements were utilized to
determine the CAC and the CMC2 for the P2VP-SDBS system, with the P2VP
concentration held constant at 0.15 g/dL.. The results are shown in

Figure 4E-13. The surface tension curves of pure SDBS and P2VP are included for

reference.
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Figure 4E-13. Surface tension as a function of concentration.
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As discussed in Figure 4E-5, the surface tension of pure P2VP at 0.15 g/dL was

57 mN/m, indicating surface activity of the polymer at this concentration. We also
observed that P2 VP is a more surface-active, and therefore a more hydrophobic polymer
than P4VP. However, at 0.15 g/dL polymer, the addition of 6.4 x 10 mM SDBS to
P2VP yields a moiety that is less hydrophobic than that which is formed under the same
conditions with P4VP and SDBS. This could indicate that the surfactant interacts less
intensely with P2VP than it does with P4VP or that the organization of bound surfactant
molecules along the polymer backbone is different for P2VP and P4VP. However, the
lowest surface tension reached is approximately the same for both P2VP-SDBS and
P4VP-SDBS, indicating that the complexes, once formed, are about equal in surface
activity.

The surface tension decrease beginning at 6.4 x 10 mM and ending in a plateau
at 2.4 x 10 mM indicates the progressive formation of a surface-active complex. As in
the P4VP-SDBS system, the CAC occurred at an SDBS concentration less than
6.4 x 107 mM, and all compositions studied with high-throughput screening were well
above CAC. A CMC2 could not be detected in the P2VP-SDBS.

The interactions of P2VP with SDBS were also investigated using DLS, where
the P2VP concentration was held constant at 0.15 g/dL and surfactant concentrations

between 0.029 - 43 mM were studied (Figure 4E-14).
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Figure 4E-14. Dynamic light scattering data for 0.15 g/dL. P2VP — SDBS mixtures.

As with PAVP, P2VP in salt-free aqueous solution displayed a fast diffusion process,
which resulted in a Dy that is artificially low (21 nm). Also, the SDBS Dy values
decreased with increasing concentration, with large Dy at concentrations below CMC
likely due to impurities. Contrary to the PAVP-SDBS systems, the presence of unimodal
or bimodal peaks was dependent on surfactant concentration. A single unimodal peak
was observed for all P2VP-SDBS composition below the SDBS CMC (2.4 mM); the
small shoulder with 0.20 mM SDBS was similar to a peak observed in the SDBS solution

and was attributed to surfactant impurity. The presence of only a single peak for these
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compositions indicates that coexistence of polymer, surfactant and polymer-surfactant
complexes did not occur for P2VP-SDBS. The interaction of P2VP and SDBS at low
SDBS concentrations is in agreement with the surface tensiometry results (Figure 4E-13).
The size of the unimodal peak corresponding to P2VP-SDBS complexes was similar for
the 0.029 mM SDBS and 0.20 mM SDBS systems (30 nm). At 0.29 mM SDBS, the peak
size was 44 nm; the complex size increased with increasing surfactant concentration. Up
to 2.9 mM SDBS, the complexes formed with P2VP-SDBS were generally smaller than
those with P4VP-SDBS, which may be due to less bound surfactant molecules or a
different structuring of the surfactant molecules around the polymer chain.

Above CMC, bimodal peaks or two distinct peaks corresponding to P2VP-SDBS
complex formation were observed. At 2.9 mM SDBS, the Dy values were larger than
observed at lower SDBS concentrations (100 nm and 300 nm). Two distinct peaks were
also observed at 43 mM SDBS and the Dy was again higher (150 nm and 1000 nm).
These were two-phase systems and it is probable that the particles at large Dy were due to
aggregation of complexes.

Solution viscometry was performed on the P2VP-SDBS compositions explored

with DLS (Figure 4E-15).
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Figure 4E-15. Apparent viscosities of 0.15 g/dL. P2VP — SDBS mixtures.
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An initial increase in viscosity was observed with the addition of 0.029 mM SDBS, and a
gradual increase in viscosity was observed up to 2.9 mM, which was the onset of
macroscopic phase separation. Contrary to the PAVP-SDBS system, a viscosity decrease
and minimum were not observed in the P2VP-SDBS system. At 43 mM SDBS, a sharp
increase in viscosity was observed, which is in agreement with the large Dy observed in
the DLS studies possibly due to aggregation of P2VP-SDBS complexes. From these
studies we can conclude that interaction between P2VP and SDBS is strong and that the
mechanism of complex formation and the resulting polymer-surfactant complexes are

different than those formed with P4VP-SDBS.
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Polymer — Surfactant Contour Phase Diagrams
P4VP — Surfactant Coacervation
The interaction of low molecular weight P4VP (9 000 g/mol) with SDBS was
investigated using high-throughput screening over a wide range of surfactant
concentrations. The stability of the formed coacervate was studied, where the samples

prepared for the initial phase diagram were analyzed after 24 hours (Figure 4E-16).
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Figure 4E-16. Contour phase diagrams for P4AVP-SDBS (a) initial analysis and (b)
analysis after 24 hours.
All P4AVP-SDBS compositions were essentially unchanged after 24 hours, indicating that
very stable complexes had been formed in the P4VP-SDBS system. The 24 hour data
were taken as equilibrium condition for these samples and this diagram is represented in

Figure 4E-17.
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Figure 4E-17. Contour phase diagram of P4VP-SDBS. The 1:1 stoichiometric ratio is
designated by the solid black line. Above the dashed white line coacervate amount was

dependent on polymer and surfactant concentration.

It is important to note that for the P4VP-SDBS system shown in Figure 4E-17 the lowest

concentration of SDBS investigated was 14 mM SDBS. As discussed in Chapter IV-A,

the gradient in color seen between 0 — 14 mM SDBS was an artifact of the mesh

technique employed by the plotting software. Therefore, the color gradient presented in

this range was artificial and was not considered in data analysis.

According to the cooperative coacervation mechanism described for the dilute

regime, maximum precipitation should occur near a 1:1 charge ratio of anionic:cationic

charges, designated by the solid black line in Figure 4E-17.7 For the PAVP-SDBS
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system, maximum coacervate formation was observed near the 1:1 charge ratio, with
coacervate formation on either side of this line as well, which is in agreement with
Goddard’s observations of coacervate formation.® Generally, the absence of coacervate
at high surfactant concentrations is described in terms of ‘resolubilization’ of coacervate
that was formed at lower surfactant concentrations (Chapter I, Figure 1-5).7 In our
sample preparation method, surfactant concentrations are added discretely so it is more
appropriate to discuss an absence of coacervate at higher surfactant concentrations as
‘solubilization’. In the P4VP-SDBS system, complete resolubilization, or solubilization,
of the coacervate was not observed in the surfactant concentration range studied, however
at some constant polymer concentrations a decrease in the amount of coacervate formed
was observed as surfactant concentration increased, indicating some solubilization. The
low degree of solubilization is in agreement with studies by Chen et. al. where
resolubilization was absent in high polymer charge density systems.’

In general, high coacervate amounts were produced at nearly all compositions
studied in the P4VP-SDBS system, with the highest coacervate amounts near the 1:1
stoichiometric ratio. Two trends in coacervate formation were observed, dependent on
the polymer and surfactant concentrations. At polymer concentrations above the dashed
white line in Figure 4E-17, phase separation was dependent on both polymer and
surfactant concentration. Below this line there was a region below 0.05 g/dL P4VP
where coacervate amount was independent of surfactant concentration but had a strong

dependence on polymer concentration. A transition region also occurred below this line,

where both trends were observed between 0.05 - 0.125 g/dL P4VP.
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The interactions of P4VP and SDBS were also investigated at a higher polymer
molecular weight (32 000 g/mol) (Figure 4E-18). The low molecular weight P4VP-

SDBS (9 000 g/mol) phase diagram is included for reference.
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Figure 4E-18. Contour phase diagrams of P4VP-SDBS with P4AVP molecular weights of
(a) 9 000 g/mol and (b) 32 000 g/mol.

Based on the work of Li and coworkers with PDMDAAC and SDS/TX100 systems'’, a

decrease in coacervate amount could be expected for the high molecular weight P4VP-

SDBS system (Figure 4E-18b), however we observed little difference between the

amounts and compositions of coacervate formation with different polymer molecular

weights. The second virial coefficient for high molecular weight P4VP was investigated

using SLS and the resulting Zimm plot is shown in Figure 4E-19.
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Figure 4E-19. Zimm plot of high molecular weight P4VP in filtered HPLC grade water
at all concentrations studied (1.0, 2.0, 4.0, 6.0, 8.0, 10.0 mg/mL).

The curvature of the plot was not as extreme as observed for the low molecular weight
polymer (Figure 4E-1) so all six P4VP concentrations investigated were used in
calculation of B. For high molecular weight P4AVP, B was 3.7 x 10”, which was similar
to the second virial coefficient of low molecular weight P4VP and indicates that water
was a good solvent for this polymer. The similarity in the contour phase diagrams with a
difference in molecular weight but a similarity in polymer-solvent interaction
demonstrates a probable relationship between polymer conformation and coacervate
formation for the P4AVP-SDBS systems.

Coacervation of low molecular weight P4VP with sodium capryl sulfonate (SCS)
was also investigated using high-throughput screening. SCS has the same sulfonate head
group as SDBS, but a Cg linear tail group, which contains no aromatic moieties and is
less bulky and less hydrophobic than the SDBS tail group (Chapter III). It is important to
note that, in this study, poly(vinylpyridinium hydrochloride)-surfactant studies were

performed over the same surfactant wt % concentration range, however the molar
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concentrations range varies due to surfactant molecular weight differences. The initial

and equilibrium contour phase diagrams of P4VP-SCS are shown in Figure 4E-20.
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Figure 4E-20. Contour phase diagrams of P4AVP-SCS (a) initial analysis and (b) analysis
after 24 hours.

After 24 hours, coacervate formed was completely or nearly completely resolubilized
indicating that complexes formed between P4VP and SCS were not stable. The
formation of transient complexes during initial sample analysis (Figure 4E-20a)
demonstrates that interactions occur between P4VP and SCS and it is probable that
thermodynamically stable complexes would form in more concentrated systems or at a
polymer-surfactant ratio not explored in this research.

The interaction of P4VP with sodium xylene sulfonate (SXS) produced a similar
outcome. SXS has a sulfonate head group and an aromatic tail group with very low
hydrophobicity, so much so that micelles do not form in solution. The contour phase

diagrams for P4VP-SXS at initial and 24 hour time points are shown in Figure 4E-21.
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Figure 4E-21. Contour phase diagrams of P4VP-SXS (a) initial analysis and (b) analysis
after 24 hours.
In the P4VP-SXS system, coacervate was initially observed over a wide range of
compositions and in amounts greater than P4VP-SCS but less than P4VP-SDBS.
However, at equilibrium complete dissolution was observed indicating instability of
complexes that were initially formed. The absence of coacervate at equilibrium with
P4VP-SCS and P4VP-SXS compared to the presence and stability of coacervate formed
with P4VP-SDBS indicates that surfactant tail group architecture is critical for formation
of thermodynamically stable complexes with P4VP. The surfactant molecules with only
an aromatic moiety or only a hydrophobic moiety are inefficient at producing stable
coacervate. However, a surfactant architecture that combines both an aromatic and a
hydrophobic moiety of sufficient size produces stable coacervate.
P2VP — Surfactant Coacervation
The interaction of low molecular weight P2VP (6 000 g/mol) with SDBS was also

investigated using high-throughput screening over the same wide range of surfactant

concentrations studied with PAVP-SDBS. The stability of the formed coacervate was
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studied, where the samples prepared for the initial phase diagram were analyzed after 24

hours (Figure 4E-22).
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Figure 4E-22. Contour phase diagrams for P2VP-SDBS (a) initial analysis and (b)
analysis after 24 hours.

As with the P4VP-SDBS systems, the coacervate formed in the P2VP-SDBS system was
stable after 24 hours and this 24 hour contour phase diagram was taken as the equilibrium

phase diagram (Figure 4E-23).
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Figure 4E-23. Contour phase diagram of P2VP-SDBS. The 1:1 stoichiometric ratio is
designated by the solid black line. Resolubilization is designated by the dotted black line.
As previously discussed, the coacervate amounts indicated below 14 mM SDBS were an
artifact of the mesh technique of the software program and were not considered in our
analysis of the data. Similar to the PAVP-SDBS system (Figure 4E-17), maximum
coacervate formation occurred near the 1:1 charge ratio for the P2VP-SDBS system
(solid black line, Figure 4E-23). Thus, phase separation in this region was in agreement
with the observations of Goddard for the dilute surfactant regime.’

Coacervate formation in the P2VP-SDBS system only occurred in the previously-
designated “polymer and surfactant dependent” region. Coacervate amount was highest

above 0.2 g/dL. P2VP; however the regions of coacervate were localized and non-
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continuous. The lower coacervate amounts and smaller compositional range of
coacervate formation with P2VP-SDBS compared to P4VP-SDBS may be due to the
difference in polymer solution conformation and is likely attributable to steric hindrance
of cationic charges due to their position near the polymer backbone. With increasing
surfactant concentration, some degree of solubilization was observed at all P2VP
concentrations, with complete solubilization below 0.1 g/dL. P2VP. Complete, or near
complete solubilization occurred at a constant surfactant : polymer concentration ratio,
designated by the dotted black line in Figure 4E-23. The number of surfactant molecules
required for solubilization was calculated based on this concentration ratio. Using the
coordinate (40, 0.1) from the solubilization line the anionic:cationic molar ratio was
calculated. Since not all ionizable groups on the polymer chain were ionized, the
equivalent mass of polymer per unit cationic charge was determined. In order to
calculate this value, the P2VP degree of polymerization (X, ) was determined using
Equation 4E-2

M,=M,(X,)+M, Equation 4E-2.

where M, is the number average molecular weight (6 000 g/mol), M, is the molecular
weight of the repeat unit (105 g/mol), and M., is the molecular weight of the end groups
(364 g/mol). The number of repeat units was calculated to be 54, and at 85 % ionization
there were 46 cationically charged repeat units. The fraction of charged units was 46 /
54, or 7/ 8, meaning that seven of every eight units were charged. Distributing the
molecular weight of the one uncharged repeat unit among the seven charged units gives
an equivalent mass per unit cationic charge of 120 g/mol. At the point (40, 0.1) there are

1.2 x 107 moles anionically charged units and 2.4 x 10 moles cationically charged units,
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giving a molar ratio of anionic:cationic charges of 5:1, or five surfactant molecules per
cationic charge were required for solubilization.

The effect of polymer molecular weight on coacervate formation was also
investigated for the P2VP-SDBS system. The interactions of low molecular weight
P2VP (6 000 g/mol) with SDBS were compared to the interactions of high molecular

weight P2VP (32 000 g/mol) with SDBS (Figure 4E-24).
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Figure 4E-24. Contour phase diagrams of P2VP-SDBS with P2VP molecular weights of
(a) 6 000 g/mol and (b) 32 000 g/mol.

A large decrease in coacervate formation was observed with the increase in polymer

molecular weight, which is contrary to the consistent coacervate formation observed in

the P4VP molecular weight studies, but is in agreement with the observations by Li and

coworkers of decreased coacervation with increasing molecular weight of PDMDAAC."

The influence of molecular Weight on the P2VP conformation was investigated using

SLS and the Zimm plot is shown in Figure 4E-25.
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Figure 4E-25. Zimm plot of high molecular weight P2VP in filtered HPLC grade water.
A-D indicate concentrations of P2VP investigated (1.0, 2.0, 4.0, 6.0 mg/mL). Blue
dashed line follows curvature of plot.

As with the low molecular weight P2VP (Figure 4E-3), curvature of the Zimm plot was

observed when all concentrations were included. The highest concentration was removed

for determination of B (Figure 4E-26).
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Figure 4E-26. Zimm plot of low molecular weight P2VP in filtered HPLC grade water
at low concentrations (A-C = 1.0, 2.0, 4.0 mg/mL).
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For high molecular weight P2VP, B was 3.8 x 1072, which is greater than the negative B
value obtained for low molecular weight P2VP, but the low number is indicative of poor
polymer-solvent interactions. In addition, a negative curvature of the Zimm plot was
observed, which can be attributed to collapse of the polyions at high concentrations. The
collapse of the high molecular weight P2VP chains is in agreement with the lower
coacervate amount produced in the high-throughput screening studies. Increased coiling
of the polymer could result in the cationic charges being more sterically-hindered than in
the low molecular weight system. Such steric hindrance could restrict direct ion-ion
interaction with surfactant molecules, or micelles, and this would be consistent with the
observed inverse dependence of coacervate formation on P2VP molecular weight. This
P2VP molecular weight study supports the conclusion that polymer conformation has an
effect on coacervate formation in P2VP-SDBS systems.

Coacervation of low molecular weight P2VP with SCS was also investigated
using high-throughput screening and the initial and equilibrium contour phase diagrams

of P4VP-SCS are shown in Figure 4E-27.
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Figure 4E-27. Contour phase diagrams of P4VP-SCS (a) initial analysis and (b) analysis
after 24 hours.
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As with P4VP-SCS, coacervate was formed initially with P2VP-SCS and the coacervate
formed was completely resolubilized after 24 hours, indicating that the complexes formed
between P2VP and SCS were thermodynamically unstable.

Contour phase diagrams for P2VP-SXS formed initially and after 24 hours are

shown in Figure 4E-28.
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Figure 4E-28. Contour phase diagrams of P2VP-SXS (a) initial analysis and (b) analysis
after 24 hours.
In the P2VP-SXS system, coacervate was initially observed over a wider range of
compositions than the P2VP-SDBS and P2VP-SCS systems. In fact, the compositional
range and coacervate amounts were comparable to that of PAVP-SXS (Figure 4E-21a).
Similar to P4VP-SXS and P2VP-SCS, complete dissolution was observed after 24 hours
in the P2VP-SXS system. This instability of formed coacervate with SCS and SXS is
again indicative of the need for both aromatic and hydrophobic surfactant tail group

moieties for coacervate formation with poly(vinylpyridinium hydrochloride) polymers.
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Effects of Polymer and Surfactant Structure on Coacervate Formation

Using surface tensiometry, dynamic light scattering, viscometry, and high-
throughput screening we observed that coacervate formation with SDBS differed greatly
between P4VP and P2VP. Coacervate formed readily with both P4VP-SDBS and P2VP-
SDBS, but the amount of coacervate was much greater for P4VP than for P2VP and
solubilization was not observed in the former, but was prominent in the latter.
Interactions between polymer and surfactant occurred at very low concentrations for both
systems, but the coacervate complexes that were formed differed in hydrodynamic size
and the effect of surfactant concentration on complex size was more substantial for the
P2VP-SDBS system. Based on the polymer solution studies and the polymer-surfactant
interaction studies it is evident that polymer solution conformation in regards to the
position of the cationic charge has a direct bearing on the interaction of the polymer with
oppositely-charged surfactant.

The conformation of P4VP, with cationic groups in the 4-position rather than the
more sterically-hindered 2-position may favor ion-ion association with the large SDBS
anions and hydrophobic association of the hydrocarbon tail groups of SDBS when bound
electrostatically to the polymer chain. Chen and coworkers® investigated polymer-
surfactant interactions of a high charge density ionene bromide polymer (3,3-ionene
bromide) with SDS and observed the formation of irreversible, stable complexes that
remained insoluble even at high surfactant concentrations. The authors attributed this
insolubility to strong side-by-side hydrophobic associations between bound surfactant tail
groups, forming a lamellar-like packing.” It is reasonable to expect that a similar

complex structure was formed with the P4VP-SDBS system, where the lack of
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solubilization was due to the free energy of micelle formation along the polymer chain
being less favored than the existing highly-ordered tail group structure such that no
driving force existed for resolubilization at increased surfactant concentrations.'* In the
P4VP-SCS system, contrary to the PAVP-SDBS system, resolubilization was observed at
all compositions after 24 hours. Site-specific interactions were likely in this system as
well, but it could be argued that the smaller hydrophobic tail groups provided
hydrophobic interaction insufficient to prevent resolubilization to a micellar state with
lower free energy.

Contrary to P4VP, the second virial coefficient of the P2VP polymer indicates a
polymer close to theta conditions. From the chemical structure and the polymer solution
measurements, the cationic groups are sterically-hindered by the polymer backbone.
Steric hindrance would limit the number of bulky surfactant molecules that could bind to
each cationic charge due to space restrictions. Interactions between P2VP and SDBS
were observed below and above the CMC, however the mechanism of coacervate
formation does not neatly fit into either the site-specific (Goddard) or macroion-macroion
(Dubin) interaction models. Rather, it shows characteristics of each of these models
depending upon the conditions of the system. The charge density of P2VP was similar to
that of P4VP so the solubilization of P2VP-SDBS complexes indicates that structuring of
bound surfactant tail groups was not favored in the P2VP-SDBS system. This is in
agreement with a coiled solution conformation and sterically-hindered cationic charges.
It is possible that at surfactant concentrations near and above CMC this solution
conformation promoted macroion-macroion interactions as described by Dubin.?’ The

interaction of P2VP with SCS produced unstable coacervate that was completely
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resolubilized after 24 hours, which did not clarify the mechanism of P2VP-surfactant
interaction. The initial contour phase diagram for P2VP-SXS was nearly identical to that
of P4VP-SXS, which may indicate site-specific interactions in this system.

As indicated in the above discussions, the surfactant tail group structure affected
coacervate formation and coacervate stability. Initially, coacervate formation was
observed for P4VP and P2VP with all surfactants studied, however only coacervate
formed between P4VP-SDBS and P2VP-SDBS was stable over 24 hours. The instability
of the coacervate formed initially with SCS and SXS compared with the stability of the
coacervate initially formed with SDBS indicates that neither an aromatic group nor a
short hydrophobic alkyl chain is sufficient to provide thermodynamically stable
coacervate complexes. In fact, a hydrophobic chain with sufficient length and/or an
aromatic group is necessary to form thermodynamically stable coacervate.

Combining the understandings gained from the detailed investigations of
poly(vinylpyridinium hydrochloride) interactions with SDBS with the macroscopic and
wide compositional range investigations of the polymers with surfactants of different tail
group architecture, we can conclude that the mechanism of polymer-surfactant interaction
and coacervate formation differs depending on the position of the cationic group along

the polymer backbone, and in some cases the surfactant tail group architecture.

Salt Addition Studies
Using multiple methods we determined that P4VP-SDBS interactions occur
through site-specific interactions, probably forming highly-ordered complex structures

and that the formation of these structures is a function of the polymer solution
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concentration, the position of the cationic group in the macromolecule, and the packing
ability of the surfactant hydrophobic tail group. It was of interest to understand how the
addition of the common ion salt, sodium chloride, would influence these interactions due
to its propensity to alter the solution properties of polyelectrolytes and surfactant
molecules.'*® For example, salt in sufficient concentration can cause dissociation of
oppositely charged ion-ion complexes, but salt also causes surfactant micelles to grow in
size.

The effect of salt on PAVP was studied using DLS (Figure 4E-29). The P4VP

concentration was 0.15 g/dL and the NaCl concentration was 8.6 mM.
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Figure 4E-29. Relaxation time (t) of 0.15 g/dL P4VP and 0.15 g/dL. P4VP with 8.6 mM
NaCl.
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As discussed in the P4VP solution studies (Figure 4E-6), PAVP in salt-free solution
exhibits a bimodal diffusion due to the polymer charge. A bimodal distribution was also
observed for the P4VP/NaCl solution. The fast diffusion mode for P4VP in salt solution
was observed at a higher relaxation time (12 ps) indicating a decreased rate of diffusion.
The slower Dy of polymer in the salt solution suggests screening of intermolecular
electrostatic repulsions; however bimodality indicates that the concentration of NaCl was
not high enough to screen all electrostatic repulsions. Diffusion in the slow mode was
identical for P4VP in aqueous and salt solutions, which is reasonable given the lack of
sensitivity of the slow mode to charge interaction parameters.'*?

The effect of NaCl on SDBS particle sizes in solution was also investigated using
DLS. Previous DLS studies with P4AVP and SDBS focused on low surfactant
concentrations. When exploring the impact of salt on coacervate formation, higher
surfactant concentrations were explored because significant differences were observed in
high-throughput experiments over a wide range of surfactant concentrations. The Dy
values were similar (Dg = 1.3 - 2.0 nm) for all concentrations studied above CMC
(29 - 200 mM SDBS). The consistent diameters at these concentrations indicated that
micelle growth at high surfactant concentrations was not predominant in this system. For
comparison, Dy was 1.1 nm in this concentration range for salt-free SDBS solutions.
Micelle theory describes micelle growth with the addition of salt due to shielding of head
group repulsions.”®* The absence of micelle growth in our systems can be attributed to
the low concentration of NaCl used in these studies.

Investigation of the effects of salt on coacervate formation was studied using

high-throughput screening. Two addition orders were investigated for the P4VP-SDBS-
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NaCl system: Polymer, Salt, Surfactant (PES) and Surfactant, Salt, Polymer (SEP).
Complementary DLS studies were attempted; however settling of the coacervate in a
short time was observed so high-throughput screening proved to be a more beneficial tool
for investigating these systems. For reference, the PAVP-SDBS contour phase diagram

with no salt added is shown in Figure 4E-30.
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Figure 4E-30. Contour phase diagram of P4VP-SDBS in salt-free aqueous solution.

As discussed earlier, coacervate formation in the P4VP-SDBS system was due to site-
specific interactions and possible high-ordered packing of surfactant tail groups forming
a complex with an ordered structure. Solubilization was not observed for this system and

at low polymer concentrations these ordered structures were unaffected by the high
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surfactant concentrations, which was attributed to the associations in the tightly packed
system of bound tail groups being more favorable than comicellization. The “no salt”
diagram was used as a baseline for understanding the effects of addition order in the
presence of salt.

Coacervate formation with the addition of NaCl was affected differently based on
the addition order used. The contour phase diagrams for both addition orders are shown

in Figure 4E-31.
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Figure 4E-31. Contour phase diagrams of PAVP-SDBS in 8.6 mM NaCl solution,
combined using the addition orders of (a) polymer, salt, surfactant and (b) surfactant, salt,
polymer.

The phase diagrams shown in Figure 4E-31 were prepared using the Constant Salt
method (Chapter III), so there was a constant salt concentration of 8.6 mM for all points
on the diagram.

In the PES system (Figure 4E-31a), we observed that the addition of salt affected

the amount of coacervate formed at some, but not all compositions investigated. At

P4VP concentrations greater than 0.15 g/dL, coacervate formation was similar to the “no
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salt” system. With this addition order, salt and polymer interacted before the addition of
surfactant and from the DLS studies we know that addition of NaCl to P4VP caused
screening of some intermolecular electrostatic repulsions. Shielding of electrostatic
interactions between P4VP and SDBS would therefore be expected with the addition of
salt; however the lack of effect of salt at low surfactant concentrations indicated that this
was not a predominant effect, and it is probable that the complexes formed at high P4VP
concentration in the presence of NaCl were similar to those formed in the salt-free
solutions.

Below 0.1 g/dL P4VP, coacervate formation was significantly decreased for
almost all compositions compared to the “no salt” system. Since salt concentration was
constant at all compositions, screening is inferred to be more effective at these low
polymer concentrations. It is well known that salt causes polyelectrolyte conformational
collapse. It is reasonable to expect that in this collapsed conformation the availability of
the ionic nitrogens would be lessened. This would result in a lesser degree of polymer-
surfactant interaction and highly ordered packing of bound surfactant tail groups would
be absent. The absence of coacervate at intermediate surfactant concentrations can be
attributed to solubilization of complexes by free surfactant due to a lack of highly ordered
bound surfactant tail group packing. At low surfactant concentrations, the free surfactant
concentration is not sufficient to cause solubilization of complexes. The presence of
coacervate at high surfactant concentration would theoretically be attributed to micelle
growth, however the DLS results do not show larger particle sizes and therefore

coacervation in this region is not completely understood.
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In the SEP system (Figure 4E-31b), coacervate formation was very similar to the
“no salt” system at all compositions investigated. With this addition order, surfactant and
salt interacted before the addition of PAVP. The DLS studies showed little effect of salt
on micelle size and a constant micelle size between 120 — 200 mM SDBS with salt,
despite the increased surfactant concentration. From all of the foregoing results, we can
confidently predict that, with this order of addition, the polymer molecules would be in
an expanded conformation when introduced to the surfactant molecules. This would

explain why there is no difference between the SEP and the “no salt” phase diagrams.

Concluding Remarks

As a result of the combination of high-throughput screening experimentation with
more detailed techniques we have determined that coacervate formation could occur by
either the Goddard mechanism or the Dubin mechanism, dependent on the polymer
solution conformation, which was ultimately dependent on the position of the cationic
charge along the polymer backbone. We have shown that P4VP interacts with anionic
surfactant by a site-specific Goddard mechanism. Alternatively, P2VP appears to interact
with anionic surfactant via a mixed mechanism comprising elements from both site-
specific (Goddard) and macroion-macroion (Dubin) interactions. We also determined
that polymer-surfactant interaction and coacervate formation was dependent on surfactant
tail group architecture. The existing theoretical models present two distinct viewpoints
based on only a few polymers and surfactants. We have shown that in fact the mode of

interaction depends critically on the detailed polymer and surfactant molecular structures.
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CHAPTER V

CONCLUSIONS

Two classes of polymers, polysaccharides and poly(vinylpyridines), were chosen
to enhance our understanding of the effects of various polymer, surfactant and solution
properties on interactions between polymer and surfactant, and subsequent coacervate
formation. A cationic polysaccharide series, polyquaternium-10 (PQ-10), was chosen
because a range of molecular weights and degrees of charge substitution is available, and
these polymers are traditionally used to study polymer-surfactant interactions. The
molecular weight and PDI of each PQ-10 polymer was characterized using SEC-MALLS
and the c* in salt-free solution was measured using solution viscometry. The effect of
molecular weight on interactions between PQ-10 and the anionic surfactant sodium lauryl
ether sulfate (SLES) was studied for the JR400 and JR30M polymers using surface
tensiometry, dynamic light scattering and viscometry. Both polymer-surfactant systems
exhibited interaction at very low surfactant concentrations. Formation of polymer-
surfactant complexes was observed at surfactant concentrations below and above the
surfactant CMC. Below CMC, minimal hydrophobic association occurred between
polymer bound surfactant molecules. At higher surfactant concentrations, near the 1:1
stoichiometric ratio, hydrophobic associations between polymer bound surfactant
molecules did occur and complexes larger than the pure polymer were produced. This is
consistent with the theories of cooperative interaction between oppositely-charged
polymer and surfactant.

The effects of polymer molecular weight and charge substitution (CS) on

coacervate formation were systematically studied using this PQ-10 series and a novel
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high-throughput screening method developed in this research. This method allowed rapid
and reproducible preparation and analysis of multi-component polymer-surfactant
systems and representation using contour phase diagrams showing the compositions
exhibiting coacervate formation and the amount of coacervate formed at each
composition. Maximum coacervate formation was observed near the 1:1 stoichiometric
ratio for all PQ-10-SLES systems, and coacervate formation was consistent with the
traditional JR400-SDS system. The effect of CS on coacervate formation was studied by
holding the polymer molecular weight approximately constant across multiple polymer
systems. A minimal amount of coacervate was produced at very low CS and the amount
of coacervate and the compositional range of coacervate formation increased with higher
CS. This same trend was observed with both low and high molecular weight polymers.
The effect of polymer molecular weight at constant CS was also studied. At constant CS
the amount of coacervate increased, as did the compositional range of coacervate
formation, with increasing polymer molecular weight. This same trend was observed
with both low and high charge substituted polymers. Also with both low and high CS,
the amount and compositional range of coacervate formation showed a dependence on
the polymer critical overlap concentration (c*). Coacervate formation was observed
below c* in all systems studied, and for the polymers that were also studied above c*, the
coacervate amount and compositional range increased near and above c*. This effect of
polymer molecular weight, and c*, on coacervate formation and coacervate amount was
attributed to hydrophobic associations of surfactant molecules along the polymer chain
decreasing the effective mesh size of the polymer chain, lowering the configurational and

conformational entropy of the polymer chains, and thus increasing the free energy of
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mixing so that phase separation was favorable. Overall, the highest amount and
compositional range of coacervate formation was observed for the polymer with the
highest molecular weight and CS in this PQ-10 series.

The effects of polymer backbone structure and micelle charge density on
coacervate formation were studied using different series of cationic polysaccharides,
interacting with anionic surfactants and analyzed using high-throughput screening.
Cationic guars have molecular weights similar to the PQ-10 series, but a different
backbone structure, with similar rigidity but more regularity in pendant group
positioning. Despite the difference in backbone structure, the trends in coacervate
formation with SLES, as a function of polymer molecular weight and CS, were similar to
that of PQ-10. The highest amount of coacervate and broadest compositional range of
coacervate formation was observed for the cationic guar with the highest molecular
weight and CS. The effect hydrophobic substitution along the polymer backbone,
including the degree of hydrophobic substitution, was studied using a series of polymers
similar to PQ-10 polymers. At low degree of hydrophobic substitution, the amount and
compositional range of coacervate formation was similar to that of the unsubstituted
polymer. With higher degrees of hydrophobic substitution the compositional range of
coacervate formation shifted to lower polymer concentrations and as the degree of
hydrophobic substitution increased this shifted compositional range of coacervate
formation was maintained and the amount of coacervate formed increased. This shift in
compositional range was attributed to the variation of the cooperative mechanism of
coacervate formation with hydrophobically-modified polyelectrolytes and the increased

coacervate amount with increasing degree of hydrophobic substitution was attributed to
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the formation of micellar junction zones between polymer chains. High-throughput
screening was also used to study the effect of micelle charge density on PQ-10-surfactant
interactions. In systems with surfactants of differing EO lengths a decrease in coacervate
formation with a decrease in micelle charge density was observed. A similar trend was
observed with mixed nonionic/anionic surfactant systems, where coacervate amount
decreased with a decrease in micelle charge density, although the compositional range of
coacervate formation was relatively unaffected by micelle charge density.
Poly(vinylpyridines), cationically-modified via pH adjustment, were chosen
because they have flexible, hydrophobic backbones and offer isomers with different
positioning of the cationic charge relative to the backbone. This allowed investigation of
the site-specificity of polymer-surfactant interaction as well as the investigation of the
effects of polymer solution properties and charge isomerism on polymer-surfactant
interaction and coacervate formation. The molecular weight and PDI of the uncharged
polymers was determined using SEC-MALLS and it was determined from solution
viscometry that the polymers were below c* at all concentrations studied. The solution
properties of P4VP and P2VP in salt-free solution were studied. Using static light
scattering and solution viscometry, it was determined that water was a good solvent for
P4VP but a poor solvent for P2VP. Surface tensiometry indicated a that P2VP was more
surface active than P4VP. The fast diffusion process observed with dynamic light
scattering was faster with P4VP than P2VP, due to enhanced intermolecular electrostatic
repulsions in the former. Based on these results, we deduced that the cationic groups of

P4VP were oriented into solution, shielding the hydrophobic backbone from the solvent,
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whereas the cationic groups of P2VP were exposed to water, providing solubility, but the
polymer likely adopted a collapsed solution conformation.

The effect of charge isomerism on the interactions, and subsequent coacervate
formation, between polymer and surfactant was studied using surface tensiometry,
dynamic light scattering, viscometry, and high-throughput screening. In all techniques,
coacervate formation between polymer and the anionic surfactant sodium
dodecylbenzene sulfonate (SDBS) differed greatly between P4VP and P2VP. Coacervate
formed readily with both P4VP-SDBS and P2VP-SDBS, but the amount of coacervate
was much greater for P4VP than for P2VP and solubilization was not observed in the
former, but was prominent in the latter. Interactions between polymer and surfactant
occurred at very low concentrations for both systems, but the coacervate complexes that
were formed differed in hydrodynamic size and the effect of surfactant concentration on
complex size was more substantial for the P2VP-SDBS system. Based on the polymer
solution studies and the polymer-surfactant interaction studies it is evident that polymer
solution conformation in regards to the position of the cationic charge has a direct bearing
on the interaction of the polymer with oppositely-charged surfactant and it is deduced
that this affects the mechanism of polymer-surfactant interaction.

The conformation of P4VP, with cationic groups in the 4-position rather than the
more sterically-hindered 2-position may favor cooperative binding via ion-ion association
with the large SDBS anions and hydrophobic association of the hydrocarbon tail groups
of SDBS when bound electrostatically to the polymer chain. Contrary to P4VP, the
second virial coefficient of the P2VP polymer indicates a polymer close to theta

conditions. From the chemical structure and the polymer solution measurements, the
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cationic groups are sterically-hindered by the polymer backbone. Steric hindrance would
limit the number of bulky surfactant molecules that could bind to each cationic charge
due to space restrictions. Interactions between P2VP and SDBS were observed below
and above the CMC, however the mechanism of coacervate formation does not neatly fit
into either the site-specific (Goddard) or macroion-macroion (Dubin) interaction models.
Rather, it shows characteristics of each of these models depending upon the conditions of
the system.

The effect of surfactant tail group structure on coacervate formation was also
studied using high-throughput screening. Initially, coacervate formation was observed
for P4VP and P2VP with all surfactants studied, however only coacervate formed
between P4VP-SDBS and P2VP-SDBS was stable over 24 hours. The instability of the
coacervate formed initially with sodium capryl sulfonate and sodium xylene sulfonate
compared with the stability of the coacervate initially formed with SDBS indicates that
neither an aromatic group nor a short hydrophobic alkyl chain is sufficient to provide
thermodynamically stable coacervate complexes. Combining the understandings gained
from the investigations of P2VP and P4VP interactions with SDBS with the macroscopic
investigation of coacervate formation with these polymers and surfactants of different tail
group architecture, we can conclude that the mechanism of polymer-surfactant interaction
and coacervate formation differs depending on the position of the cationic group along
the polymer backbone and the surfactant tail group architecture.

The effects of solution properties on polymer-surfactant interaction and
coacervate formation were studied with both classes of polymer. The effects of

surfactant concentration on interactions between polymer and surfactant were studied
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using surface tensiometry, dynamic light scattering and viscometry and the interactions
were observed to be affected by concentration in manners similar to conventional
coacervate mechanisms of interaction as described by Goddard (PQ-10, P4VP, P2VP)
and Dubin (P2VP). The effect of salt concentration and addition order was
systematically studied using high-throughput screening with both classes of polymers.
Using a constant salt high-throughput method, the effect of salt concentration was
investigated using high molecular weight PQ-10 polymers, one with low and one with
high CS. In the low CS polymer-salt-surfactant system, the amount of coacervate
decreased with increasing salt concentration. Initially, with the addition of salt the
compositional range of coacervate formation increased but at a much higher salt
concentration the compositional range was less than that of the polymer-surfactant
system in the absence of salt. In the high CS polymer-salt-surfactant system, the
compositional range of coacervate formation increased with increasing salt concentration.
However, at high salt concentration the amount of coacervate formed decreased. The
increased compositional range of coacervate formation in both systems was attributed to
“salting out” of the polymer-surfactant complex and the decreased coacervate amounts
were due to screening of the electrostatic charges by the salt molecules, which was more
efficient in the system with the low charge substituted polymer.

The effect of addition order in the presence of salt was studied using a high-
throughput gradient method with PQ-10 polymers and SLES. Overall, The addition of
even a small amount of NaCl changed the phase diagram for all systems, with the degree
of change dependent on the addition order. For all polymer molecular weights and CS,

the addition of NaCl curtailed coacervate formation in dilute solution. A decrease in
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coacervate amount with the addition of salt was observed with addition orders where salt
and polymer interacted before sample mixing. The addition of surfactant and salt before
polymer addition caused an increase in coacervate amount and compositional range for
all systems. The effect of addition order in the presence of salt was studied using the
high-throughput constant salt method with P4VP and SDBS. Dynamic light scattering
studies of the polymer in salt solution and surfactant in salt solution indicated that at the
NaCl concentration studied, some screening of electrostatic interactions occurred
however the interactions were not fully screened. These studies also indicated that the
NaCl concentration was not sufficient to cause a measurable increase in micelle size.
Coacervate formation with the addition order of surfactant, salt, polymer was nearly
identical to that of the salt-free system. However, an absence of coacervate was observed
at intermediate surfactant concentrations for the polymer, salt, surfactant system and this
was attributed to inability of polymer bound surfactant tail groups to associate due to

polymer-salt interaction leading to complex solubilization.
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CHAPTER VI

RECOMMENDATIONS FOR FUTURE RESEARCH

The cationic polymer-anionic surfactant systems studied in this research have
proven to be effective model systems for investigating the interaction of polymer and
surfactant and the subsequent formation of coacervate. The effects of various polymer
properties have been studied and the effects of these properties in salt-free solutions are
now well understood. These model systems were also studied in the presence of salt, and
specifically the order of addition of components was investigated. These results have
provided the base knowledge that addition order does affect coacervate formation, and
likely affects the mechanism of interaction of polymer and surfactant. However, the
studies of salt and addition order discussed in this work only represent preliminary
endeavors that are a component of a larger research program dedicated to understanding
the effect of salt, and specifically of addition order on coacervate formation. It would be
advantageous to understand the time-scale of component distribution in solution
compared to the time-scale of complex formation. The high-throughput screening
method could be advantageous for these studies, with some modification such that
mixing time of individual components is controlled to ensure molecular scale intermixing
before introduction of additional components. Dynamic light scattering, combinatorial or
traditional, is a necessary supplemental technique to observe the occurrence of polymer
collapse and/or micelle growth with the addition of salt to either component. This
instrumental method could provide information on the size of the polymer-surfactant

complexes formed as a function of addition order to provide insight into the mechanism
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of interaction. These time study investigations could also be beneficial in gaining a better
understanding of whethér coacervate formation is kinetically or thermodynamically
controlled, or both.

Another area of research that merits further investigation as a larger research
program is the characterization of the rheological and structural properties of the
coacervate formed in the different polymer-surfactant systems. The coacervate was
described based on visual observation for both the PQ-10-SLES and P4VP-SDBS/P2VP-
SDBS systems, and the coacervates were visually very different with these different
polymers. Rheological measurements of the coacervate complexes may further enhance
the understanding in regards to a reduction in mesh size proposed with the PQ-10-SLES
systems and the effect of polymer c* on coacervate amount. Previous researchers have
demonstrated the usefulness of X-ray scattering and neutron scattering techniques in
determining the presence or absence of an ordered network structure in coacervate
complexes. This understanding would enhance the preliminary conclusions drawn from
the current P4VP-SDBS studies of formation of a highly-ordered packing of bound SDBS
tail groups along the polymer chain, which would enhance the understanding of the

mechanism of polymer-surfactant interaction.
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APPENDIX

As discussed in Chapter IV-B, dynamic light scattering (DLS) measurements
were performed on polyquaternium-10 polymers in salt-free aqueous solutions and due to
the long-range electrostatic interactions between polyions in solution the diffusion rate is
generally much faster than their neutral analogues.'** This increased rate of diffusion can
lead to error in determination of polyelectrolyte particle size, however, for comparison of
particle size in pure polymer solution with particle size in polymer-surfactant solutions,
the polymer apparent hydrodynamic diameter (Dy) was employed. JR400 (MW = 500 x
10° g/mol) and JR30M (MW =2 000 x 10° g/mol) were studied using this method and the
time autocorrelations for both polymers were deconvoluted to understand their observed

differences in Dy (Figure Al-1).
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Figure Al-1. Relaxation time (t) of 0.35 g/dL JR400 and 0.35 g/dL JR30M in aqueous
solution.
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In both polymers solutions a multimodal distribution of relaxation times was observed,
including a fast diffusion process (Dy) and a slow diffusion process (D;), as well as

intermediate diffusion processes (D;). The slow mode diffusion rate was approximately

the same for both JR400 and JR30M (3.0 x 10* ps). Generally, D, is dependent on

17 50 the similarity observed in these systems is surprising. The

molecular weight
difference in Dybetween these polymers was also surprising because Dris generally
independent of molecular weight.'*’ Diffusion in the fast mode has been attributed to

"s0a possible

coupled diffusion of a portion of the polyion chain and counterions
explanation of the difference observed with molecular weight may be a difference in
association due to non-homogeneous distribution of cationic charges along the polymer
backbone, as discussed in Chapter III. The appearance of D; is consistent with the broad
PDI values for these polymers as determined by SEC-MALLS (Chapter III).
Polyelectrolyte interaction modes have been observed at diffusion rates slower than Dy
and have been attributed to a mixture of two or more polyelectrolytes with different

molecular weight.'*
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