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ABSTRACT
Rheological Studies of Fully-Formulated Coatings Thickened With HEUR: Effects of Surfactants
Brandon Michael Bonilla

Rheology modifiers such as hydrophobically-modified ethoxylated urethane (HEUR)
thickeners are included in waterborne latex coatings to optimize shear-rate dependent
viscosity and other rheological properties. While these HEUR polymers are commonly used in
industry, the complex chemical interactions that contribute to rheological properties are still not
completely understood. Prior work in this area has focused on understanding latex-HEUR and
latex-surfactant-HEUR interactions that affect rheological properties. Additionally, studies have
been previously conducted to understand the relaxation mechanisms of complex interactions
present in HEUR-thickened waterborne latex coatings under various dynamic conditions. The
objective of this work is to extend the experimental work to fully-formulated coatings and
determine the effects of additional ingredients in a fully-formulated system.

Coating formulations were prepared with a target 90 KU (Kreb Units) viscosity, having
0.23wt% HEUR. The pigment volume concentration (PVC) and non-volatiles by volume (NVV)
were kept constant at 19.87% and 30.47%, respectively. An analysis of phase stability (presence
or absence of syneresis), flow sweep (102 to 102 s1), oscillatory strain (102 to 102 %), and
oscillatory frequency (102 to 102 Hz) data was carried out in an attempt to determine connections
among these properties. Furthermore, brief comparisons were made with previous results on
latex-HEUR and latex-HEUR-surfactant systems that utilized the same HEUR thickener and latex
used in this study. In the fully-formulated system, 0.23wt% HEUR was found to be in excess of
what is needed to saturate latex surfaces. This HEUR level is less than half of the level needed to
saturate latex surfaces in simpler latex-HEUR systems in previous studies. Fully-formulated
coatings, in addition to having TiO2 and other ingredients are more crowded than the previous
systems. It appeared that a depletion flocculation mechanism dominated at low surfactant
concentrations for fully-formulated systems in this study as evident from syneresis; large HEUR
aggregates appear to build enough osmotic pressure to drive aggregation of latex and pigment

particles resulting in depletion flocculation. At increasing surfactant levels, the depletion



flocculation mechanism was negated allowing the associative HEUR bridge networks to dominate
and stabilize the system. Phase stability for fully-formulated systems in this study were
associated with Newtonian viscosity plateaus on flow sweeps, strain hardening on oscillatory
strain sweeps, and formation of high frequency moduli plateaus in frequency sweeps. Further
increase of surfactant concentration appeared to disrupt the stable latex-HEUR network due to
competitive adsorption of surfactant on latex particles, resulting in syneresis from bridging
flocculation.

Possible correlations between phase stability and high relaxation times were seen,
although further analysis of relaxation time data and simulations will need to be carried out to

better understand the behavior of HEUR in fully-formulated systems.

Keywords: Fully-Formulated Coatings, HEUR, Phase Stability, Relaxation Time, Associative

Thickener, Surfactant, Rheology, Latex Paints, Bridging Flocculation, Depletion Flocculation
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Chapter 1:

INTRODUCTION

Rheology modifiers such as hydrophobically-modified ethoxylated urethane (HEUR) thickeners
are included in waterborne latex coatings to optimize shear-rate dependent viscosity and other
rheological properties. For example, a low viscosity is needed for brush or rolling applications while higher
viscosities are required to balance coating sag and leveling after application [1]. The addition of HEUR
rheology modifiers in waterborne latex coatings allows for these dynamic viscosity needs to be met. While
these HEUR thickeners are commonly used in industry, the complex chemical interactions that contribute
towards rheological properties are not completely understood. Prior work at Cal Poly has focused on
understanding latex-HEUR [2] and latex-HEUR-surfactant [3] interactions that affect rheological
properties and phase stability. In latex-HEUR systems a systematic change in stability mechanisms were
observed as HEUR concentration increases [4,5]. There is a transition between three mechanisms of
stability represented by changes in phase behavior as seen by optical microscopy [4,5]. As HEUR
concentration is increased, a homogenous phase is seen to transition to a grainy heterogenous phase,
and then transition back to a homogenous phase. These phase changes are accompanied by a formation
of a Newtonian plateau following shear thinning behavior as seen in flow sweep data. Furthermore, these
phase changes are accompanied by the formation of a strain hardening peak following formation of
plateau behavior as seen in oscillatory strain data. In latex-HEUR-surfactant systems, a Newtonian
plateau is seen to remain as surfactant concentration increases where no phase instability is experienced
[3]. The objective of this work is to add rheological insights via analysis of a fully-formulated latex-
pigment-dispersant-surfactant-HEUR system that utilizes identical HEUR thickener as prior latex-HEUR
and latex-HEUR-surfactant systems. A brief overview of rheology, dispersion stability, and suspected
chemical interactions in a fully-formulated HEUR thickened waterborne latex will be described below.

1.1 RHEOLOGY

Rheology is the science behind the flow and deformation of materials. The study and control of
waterborne latex rheology is very important to control the long-term stability of a coating and its
application; application methods include brush coating, spray coating, or roll coatings. Furthermore,

rheology is important in preventing paint from dripping and also showing brush marks [6]. Typical



rheological tests include analysis of viscosity, or resistance to flow, of a fluid as functions of time, shear
rate, and as shear stress. Viscosity is defined as the ratio of shear stress and shear rate as seen in
Equaton1l. Shear st r es sppliedto afluid pertuhiteared, and theeshear rate, [ is the
change in velocity across a fluid. Figure 1 visually demonstrates this phenomenon assuming a linear
velocity profile where successive layers of fluid move in their own planes relative to a reference layer (i.e.,

laminar flow).

d = )

A - Area

F - Force

..................................... Velocity =V,

Velocity =V,
Shear Stress = F/A [N cm™)
Shear Rate = (V,-V,)/d [ 5]

Figure 1. Description of shear stress and shear rate.

A cone-and-plate rheometer can be utilized to measure rheological properties such as viscosity
over range of shear rates. This rheometer can be configured to have a truncated cone that rotates against
a flat plate. In this configuration, the shear rate does not vary from the center axis of rotation because the
linear velocity and the gap between the cone and the plate increase with an increase distance from the
axis of rotation as seen in Figure 2 [6]. As the angular velocity of rotation of the cone increases, the shear
rate increases. Experimentally, the torque or moment of force from the applied stress is measured for a

given shear rate in order to calculate viscosity [7].

Figure 2. Schematic illustration of cone-and-plate configuration on a rheometer [6].

A fluid is Newtonian when viscosity is independent of shear rate, or non-Newtonian when
viscosity changes with shear rate. Furthermore, a fluid can be shear thickening and shear thinning as

2



seen in Figure 3. In the case of fully-formulated waterborne latex paints with associative, hydrophobically-

modified, ethoxylated urethane (HEUR) thickeners, complex shear dependant behavior occurs as seen in

Shear-thinning
Shear-thickening

Figure 4.

log (Viscosity)
//

>

102 10" 10° 10** 102 10+ 10+ 10v 10*6

log (Shear Rate (s 7))

Figure 3. Various viscosity profiles as a function of shear rate.

Viscosity (Pa s)

II III v

Shear rate (1/s)

Figure 4. Complex shear dependant behavior for fully-formulated coatings where I) Newtonian plateau, I1)

shear thickening, Ill) complex shear thinning, & IV) simple shear thinning occurs.

Viscosity could also be referred as the ability of a material to dissipate energy [6]. When HEUR
thickened waterborne latex systems are subject to stress, they can absorb stress like an elastic solid and
then flow like a viscous liquid due to the presence of a transient network of bridged particles [8]. This is

represented as viscoelastic behavior, represented by the Maxwell model utilizing a spring that represents



the elastic response and a dashpot that represents the viscous response; the spring is in series with the
dashpot as seen in Figure 5. When the Maxwell element is subject to stress, the spring first experiences
immediate reversible deformation whereas the dashpot experiences slow permanent deformation [6].

Figure 5 demonstrates the correlated stress and strain for a real or non-ideal viscoelastic system. Figure

6 demonstrates the generalized Maxwell model having multiple Maxwell elements connected in paralell.

time
Figure 5. lllustration of Maxwell model and its viscoelastic response to stress. The spring represents the

Strain

Stress

elastic reversible element, and dashpot represents non-reversible viscoous element.

E DS

Figure 6. lllustration of generalized Maxwell model.

Pure HEUR aqueous solutions are known to demonstrate viscoelasticity similar to a single
Maxwell element, and fully-formulated HEUR thickened coatings have a viscoelasticity akin to multiple
Maxwell elements, demonstrating a broad range of independent relaxation times; each Maxwell element
has an independent relaxationtime [9]. Th e r e | a x aat i$ defimed iad the ¢ime reduired to let the

initial stress, o, @f a mode relax to 1/e (36.79%) of its initial value [10].

A rheometer with truncated cone and plate geometry can perform dynamic oscillatory testing that
can be utilized to investigate viscoelastic responses in HEUR thickened waterborne latex coatings. In
dynamic oscillatory testing, a coating is tested for responses to oscillating stress or strain in a sinosoidal
pattern as seen in Figure 7; typically strain and frequency sweeps are performed. The resultant stress
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and strain sine waves are then analyzed to determine if a materiald sesponse is elastic, viscous, or

viscoelastic [6]. For elastic responses the maxima will line up having no time shift between sine waves,

demonstrating no energy dissipati on; (idedhdlasticsoldpr esent s a

behavior). An ideal viscous liquid response demonstrates a phase angle shift of 90° where the maximum
stress aligns with the maximum shear at the inflection point, demonstrating maximum energy dissipation.

A viscoelastic response demonstrates a phase angle shift anywhere between 0° and 90°.

\ /-\ Sinusoidal Stress
N

Strain In-Phase Elastic

. Strain 90° Qut-of-Phase

\/ Viscous

Strain or Stress Amplitude

Strain & Out-of-Phase
0 =5 = 90; Viscoelastic

Time

Figure 7. Dynamic oscillatory testing.

In an oscillation strain sweep seen in Figure 8 the frequency, (rad/sec or Hz), is held constant
and complex modulus G* (Pa) information can be measured. The complex modulus can be resolved into
thest or age mdRaydndiless mo@udus ,GO ( tRahrepresent the elastic and viscous
responses, respectively, as seen in Equations 3 and 4 [6]. Furthermore, the storage and loss moduli
relate to phase angle as seenin Equation2. Th e cr i t i iadicates the sérainnaboveowhich the

structure starts to break down as seen in Figure 9. Furthermore, this test can determine the melting strain

where the system becomes more viscous than elastic(t hat i s where GO be.comes

great



tan @ = (2)

G6 = @G@* cos )

Go = @* sin (4)

Strain Amplitude

Time

Figure 8. Oscillatory strain sweep.
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Figure 9. Strain sweep response as function of strain amplitude.

In an oscillatory frequency sweep illustrated in Figure 100, G6 and GO are measured as
of frequency while the strain remains constant; typically, the strain is chosen within the linear viscoelastic
region previously determined from the strain sweep experiment [6]. This experiment can be used to

determinethec har act er i st i whichis teedva®svell celaxatiomt i me, seerin Equation 5.



Figure 11 demonstrates a generalized viscoelastic liquid response to an oscillatory frequency test, where
G6 i s equia | FuthermdregthisSeaperiment demonstrates that energy can be dissipated as
viscousflowf or | onger term e xwhernriemé&and kss @®rgys dissipated for short

term experiments at higher frequencieswher e %and &0 < GO

Lh = — (5)
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Figure 10. Oscillatory frequency sweep.
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Figure 11. Oscillation frequency response [6].



1.2 COLLOIDAL ASPECTS OF WATERBORNE COATING FORMULATIONS

The long-term storage and stability of fully-formulated waterborne coatings is important, so it is
critical to look at the in-can stability and phase separation or syneresis behavior that may take place over
time. Typical fully-formulated waterborne latex coatings consist of dispersed latex particles, pigments,
fillers, rheology modifiers, surfactants and dispersants [11]. All formulation components contribute to the
overall stability of these colloidal systems. Typical methods to describe the stability of colloidal
dispersions are Derjagin-Landau-Verwey-Overbeek (DLVO) theory and dispersion phase diagrams
(DPDs) [12]. According to DLVO theory a stabilized colloidal dispersion will have repulsive electric double
layer forces greater than attractive van der Waals forces that prevents flocculation or coagulation [13]. An
electric double layer is the sum of the stern layer and diffuse layer or slipping plane as seen in Figure 12.
These attractive and repulsion forces can be represented as potential energies summed to produce a

chart such as Figure 13 [13].

SLIPPING PLANE
——

wﬂFACE POTENTIAL
T STERN POTENTIAL
mV | |
| —ZETA POTENTIAL|
| |
| |

> DISTANCE FROM PARTICLE SURFACE

Figure 12. Representation of an electronic double layer (stern layer and slipping plane) [13].
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Figure 13. Representation of potential energy of colloids as funciton of interparticle distance in a typical

fully-formulated coating. Energy barrier must be surpassed for irreversible aggregation to occur.

Stabilization of a colloidal dispersion is described as having good dispersions where neither

flocculation nor aggregation occurs as visualized in Figure Figure 14a and Figure 15 with DPDs.

Furthermore, fully-formulated coatings can be visualized in Figure 16 where the phase stabilities of

pigments and latexes vary [12].

(a)

(b)

Figure 14. A good dispersion (a) versus a dispersion (b) undergoing depletion flocculation, bridging

flocculation, or coagulation.
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Figure 15. Dispersion phase diagram that can apply to all particles in a coating (primarily latex and
pigment particles). Concentrations of thickener are based on the continuous phase and concentration of

dispersant or surfactant is based on the specific solids phase [12].

) ()

Figure 16. Schematic representation of pigment and latex dispersion states in waterborne HEUR
thickened latex coatings where (b) represents the idealized uniformly dispersed state. Dispersion (a)
resembles a depletion state where HEUR thickener is not associating causing co-flocculation. Dispersion
(c) resembles flocculated pigment due to poor choice of dispersant. Dispersion (d) resembles well

dispersed pigment surrounded by latex flocks [12].

Aggregation, bridging flocculation, and depletion flocculation can occur when attractive forces
surpass the repulsive forces [13]. At aggregation the particles are virtually in physical contact with one
another as seen in Figure 13. Bridging flocculation is typically seen at additive and HEUR concentration
levels far less than levels found in fully-formulated coatings, and is therefore rare to occur [12]. This type

of flocculation occurs when two or more particles are linked using a polymer chain adsorbed to the
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surface as seen in Figure 17 [13]. For the HEUR to act as an effective bridge, it must remain extended
beyond the double layer thickness for a significant time. Therefore, higher molecular weight HEUR can

have longer Maxwell relaxation times Uh, acting as effective bridges.
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Figure 17. Schematic representation of bridging flocculation.

Depletion flocculation, as seen in Figure 18, occurs from osmotic pressure becoming greater

outside particles than in between particles, resulting in attractive forces causing aggregation and

flocculation [6]. This type of flocculation is typical for non-associative thickeners such as hydroxyethyl

cellulose (HEC) [14].

Figure 18. Depletion flocculation phenomena where the blue circles represent latex or pigment particles
and the yellow lines represent free floating polymer in the continuous media. This yellow polymer can be

a rheology modifier such as HEC or HEUR.

Fully-formulated HEUR thickened waterborne latex dispersions can have steric and/or
electrostatic repulsions that prevent destabilization and syneresis. Steric, entropic, or osmotic repulsion
can be present where a nonionic surfactant or HEUR thickener is adsorbed onto the surface of a patrticle.
Particles in a colloidal dispersion typically undergo rapid and random movements known as Brownian
motion. For latex particles with adsorbed surfactant or thickener molecules, these adsorbed layers

become crowded as particles come closer together. When the particles are closer, they become more
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ordered and adsorbed species become crowded with less possible conformations and lose entropy,
resulting in an unstable high energy transition state. This is an unfavorable energy state and therefore the

particles repel each other to create a more favorable lower energy state [11].

Another method of stabilization is to promote electrostatic repulsion forces with the use of ionic
surfactants such as sodium dodecyl sulfate (SDS). The surfactant hydrophobic tail adsorbs to the particle
surface while the ionic head faces outwards and interacts with the water. The surface of the latex particle
then can become negatively charged, causing electrostatic repulsion between the particles [14]. It is

common for both steric and electrostatic (electrosteric) repulsion forces to be present.
1.3 CHEMISTRY AND COMPOSITION OF A FULLY-FORMULATED COATING

Waterborne latex paint formulations typically contain latex particles as the binder, pigments,
thickeners or rheology modifiers, dispersants, and surfactants to stabilize colloidal dispersions of latex
particles. Each formulation component has a chemical contribution to the stability of the aqueous resin
system. A typical fully-formulated coating will contain these components, and for the purpose of this study
biocide, defoamer, and coalescing aid was excluded. The coatings formulated for this project contained a
waterborne latex stabilized with sodium dodecyl sulfate (SDS), an organically treated titanium dioxide
pigment (TiOz2), one of six surfactants used in the study, a relatively hydrophobic polyelectrolyte

dispersant, and a hydrophobically modified urethane ethoxylate (HEUR) thickener.

Waterborne latex coatings have several distinct properties associated with them. Polymer resin
particles are typically enveloped by surfactant such as SDS seen in Figure 19. For the case of Figure 19,
an anionic surfactant such as SDS has formed a micelle enveloping the hydrophobic polymer or
copolymer chains. A hydrophobic effect orients the surfactant hydrocarbon chains inward to envelope
polymer while the anionic sulfate group orients outwards in the aqueous media. As a result, the latex

particles then create an electrostatic repulsion between like particles producing colloidal stability.

12



Anionic Surfactant — ()

Copolymer Latex ——p»

Copolymer
A B C
NANANS

Figure 19. Copolymer latex with partial sodium dodecyl sulfate surfactant surface coverage.

Surfactants are surface active agents that decrease interfacial tension between two phases of
material. In the case of waterborne latex coatings these phases are liquid-gas at the water-air interface,
and solid-liquid at the polymer-dispersion medium interface. Surfactants are amphiphilic, comprised of
both oil-loving lipophilic and water-loving hydrophilic properties. The lipophilic hydrocarbon chain is
referred to as the tail and the hydrophilic portion is referred to as the head. Furthermore, there are many
types of surfactant categories such as nonionic, anionic, cationic, and zwitterionic as seen in Figure 20. In
latex paints, it is common to both nonionic and anionic surfactants to impart electrosteric stabilization of

colloidal systems.

As surfactant concentration increases in a system, a critical micelle concentration (CMC) is
reached where the surface tension no longer decreases, and aggregate formation becomes the dominant
surface transport and assembly process, due to interfaces already being saturated with surfactant. These
surfactant aggregates can form structures such as spherical micelles, as is common in waterborne latex
systems, or even cylinders and bilayers. These aggregate geometries depend on the packing ratio of
surfactants, a ratio between the volume of the hydrophobic chain, and the product of the hydrocarbon
chain length and effective area per head group [15]. SDS surfactant is restricted in transforming into rod-

like micelles unless aqueous solutions are saline [16].
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Figure 20. Types of surfactants categorized by a) non-ionic Triton-X-100 b) cationic
cetyltrimethylammonium bromide (CTAB) c) anionic sodium dodecyl sulfate (SDS) d) zwitterionic

Amidopropyl Hydroxysultaine.

Pigments are a class of material that can add properties such as enhanced color, hiding, gloss,
UV resistance, and durability to waterborne latex coatings. A commonly used pigment is TiOz in its
crystalline form of anatase or rutile [17]. These pigments are typically surface treated with alumina to
reduce aggregation and improve dispersibility, due to alumina having a lower Hamaker constant,
therefore having fewer attractive van der Waals forces between compositionally similar pigments [17].
Furthermore, an inorganic oxide deposition process typically occurs that forms composites containing
hydroxyl functionality such as Al-OH, and Si-OH if pigments are organically treated. As a result of the
surface treatment, a heterogenous surface can be formed, having both negative and positive charges.
However, the presence of dispersants can ensure only one charge is present as seen in Figure 21. This

new surface charge is now heavily dependent on pH as metal oxides are protonated or deprotonated.
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Figure 21. TiO2 pigment in alkaline pH with attached polyelectrolyte dispersant.

In the scope of waterborne latex coatings, dispersants are designed to promote wetting and
colloidal dispersion stabilization [18]. Dispersants are akin to surfactants in their amphiphilic nature and
stabilizing behavior as seen in Figure 20. A common dispersant for aqueous systems that promotes
charge-repulsion are polyacrylates as seen in Figure 22 [19]. They contain ionic functional groups that
anchor or adsorb onto the surface of pigments while adding a hydrophobic backbone as seen above,
adding electrostatic, steric, or electrosteric repulsion forces between pigment. In agueous systems,
dispersing agents shift the zeta potential at the particle-liquid interface to a negative value to remove
attractive forces [19]. This helps to stabilize the colloidal dispersion and prevent flocculation. It is
important to note that the stability of pigment dispersions depends on the pH of the system due to the
impact of pH on surface charges. For pH values above the isoelectric point the surface is negatively

charged, promoting charge-repulsion and electrostatic stabilization [11].
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Figure 22. Polyacrylate dispersant.

A common class of rheology modifiers used in waterborne latex coatings are hydrophobically-
modified ethoxylated urethanes (HEURS). These rheology modifiers are commonly known as associative

thickeners because they associate with themselves and other components in the coating. These rheology
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modifiers typically contain a hydrophilic poly(ethylene glycol) center, urethane groups, and hydrophobic
alkyl end caps as seen in Figure 23. Due to the dual hydrophobic end cap nature, these molecules can

form bridges between hydrophobic particles, causing viscosity increases in the system.

Alkyl  Urethane Poly(Ethylene Glycol) Urethane Alkyl
O O
R, (@] R
~N
SN Nt~
H 0 H
Hydrophobe Hydrophile Hydrophobe

Figure 23. Structure of an associative HEUR thickener.

Associative thickeners in a waterborne system can form looped micelles where the hydrophobic
ends point inward and the hydrophilic polyethylene oxide (PEO) chains are looped outwards as seen in
Figure 24 [20]. At points above the critical micelle concentration (CMC) these loops can interact and form
flower-like micelles. Furthermore, above the critical aggregation concentration (CAC) an aggregate
associative network can be formed [20]. In this aggregated network, super-bridges can be formed
between the flower-like micelles that serve to transmit stress through the bridge network. All the HEUR
conformations are reversible, constantly undergoing dynamic motions. This new ability to transmit stress
across the aggregate network creates complex rheology and shear thinning behavior as seen in Figure 4.
Additionally, as seen in phase Il of Figure 25 a shear-thickening phenomenon can occur. One proposed
model to describe shear thickening is seen as an incorporation of unassociated flower micelles into the
super-bridge associative network [8]. This theory is supported by an increase in Go, the high frequency
plateau modulus, at the shear thickening region. The high frequency plateau modulus is a function of
density of strands or bridges, and its evident increase at the shear thickening region indicates that
unassociated flower aggregates are becoming more involved in the associative HEUR network. A second
phenomena to describe shear thickening is a gaussian chain stretching of the associative HEUR

thickener as seen in Figure 25 [21].
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Figure 24. HEUR loops, flower-like micelles and aggregate networks in an HEUR aqueous solution.
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Figure 25. Shear induced chain stretching.

The strength of the HEUR associative network is strongly correlated to the hydrophobic functional
group and chain length. Hydrophobic ends that are cyclic cannot form micelles, and therefore will weaken
the associative aggregate network due to an inability to form loops and flower-like aggregates [21].
Longer hydrophobic end groups promote the formation of these flower-like micelles, lower the CAC,
increasing the strength and viscosity of the system [22]. Therefore, if the molecular weight of the HEUR
increased while the hydrophobic concentration remained constant, a decrease in viscosity would be seen.
Additionally, the viscosity increase as a function of molecular weight of HEUR is limited due to decreased
intramolecular forces and increased bridging since hydrophobic ends are further apart and less likely to

form flower-like micelles [23].

The hydrophobic ends of HEUR thickeners can associate with hydrophobic portions of a latex
particle surface. These interactions can increase in strength due to increasing the HEUR hydrophobic end

length [24]. At low concentrations of HEUR, it is thought that end groups and urethane links adsorb onto
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the surface in a pancake like structure. At high concentrations it is believed urethane links desorb and
only hydrophobic end groups attach to the latex particle surface [25]. Viscosity is increased due to larger
effective particle volume from HEUR adsorption onto the latex particle surface [25]. In older models it was
thought that the viscoelasticity of latex-HEUR dispersions depended on three dimensional HEUR
associative networks as seen in Figure 26; the viscoelasticity of pure HEUR solutions has been attributed
to the formation of a similar network [9]. In a recent, revised model it is realized that practically all of the
HEUR thickener in fully-formulated coatings is adsorbed onto the latex particles, and the rheology of
latex-HEUR dispersions is determined by transient HEUR bridges between particles as seen Figure 27
[9]. These bridges are in a dynamic equilibrium, constantly undergoing loop-to-bridge or bridge-to-loop
transitions. This new model also assumes that even above the HEUR critical micelle concentration the
HEUR-latex interaction is more energetically favored over latex-surfactant interactions or the formation of
flower micelles [26]. It is hypothesized that super-bridges can still form at excessively high concentrations
of thickener (>2.0wt%), but is outside the scope of a typical fully-formulated coatings [26]. Viscosity
increases in the revised model are due to effective volume increases of latex particles due to HEUR

adsorption [25].

Figure 26. Representation of the original model for HEUR/latex dispersion interactions. SDS covered

latex particles bridged by HEUR thickener in agueous media.
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Figure 27. Representation of the new model for HEUR/latex dispersion interactions.
1.4 LATEX-HEUR-SURFACTANT INTERACTIONS

In latex particle-HEUR-surfactant interactions, it is realized that HEUR desorption from latex is a
result of surfactant competition, and the ability of the HEUR to complex with the surfactant in the
continuous phase [25]. The relative affinity of the surfactant to the HEUR thickener and latex particles
determines the mechanism of HEUR desorption from latex if any HEUR desorption was to occur. It is
realized that SDS can complex with the PEO backbone of HEUR, effectively causing desorption of HEUR
from the latex particle and solubilizing the HEUR polymer in the continuous phase [25]. Therefore, the
affinity of anionic surfactant for HEUR can be higher than non-ionic surfactant that solely interacts with

hydrophobic end groups [25].

As discussed earlier, depletion flocculation is a well-established phenomenon in in colloidal
systems containing non-associative polymer. As surfactant is added to a fully-formulated system it can
adsorb more competitively than HEUR onto latex and pigment particles. As a critical volume
concentration of HEUR and surfactant is reached in the continuous phase, non-adsorbing high entropy
HEUR/surfactant complexes can form, causing the osmotic pressure to become greater outside the

particles than in between particles resulting in depletion flocculation [6,25].
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15 PIGMENT-HEUR-DISPERSANT INTERACTIONS

It has been found that the choice of TiO2 pigment grade and dispersant has a significant effect on
the pigment-dispersant complex to be a part of the HEUR associative network [27]. Interior grade TiO2
(alumina-rich surface) has a significantly larger adsorption of HEUR than exterior grade TiO2 (silica-rich
surface). Furthermore, the dispersant can act as a coupling agent between the TiO2 surface and the
hydrophobes of the HEUR thickener. In this regard it is important for the dispersant be primarily
hydrophobic to attract HEUR hydrophobe end groups. Too much added dispersant can decreases the
adsorption of HEUR to pigment particles due to dispersant acting as a sink for HEUR molecules in the
continuous phase as seen in Figure 28 [27]. At typical dispersant levels of 1.0% most of the dispersant is
in the continuous phase [27]. Additionally, HEUR thickener molecules have a higher affinity to latex
particles than higher surface energy pigment particles; the latex particles are smaller than pigment
particles and therefore have increased surface area for enhanced HEUR adsorption [28]. Due to these
phenomena, virtually all HEUR molecules are expected to adsorb onto latex particle surfaces instead, so
it is critical for the correct dispersant to be chosen to couple pigment particles to HEUR molecules to

enhance phase stability [9].

Hydrophobic

Adsorbed HEUR (mg/g pigment)
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Figure 28. HEUR adsorption as a function of hydrophilic and hydrophobic dispersant concentration [27].
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1.6 RELAXATION MODES FROM FREQUENCY AND FLOW SWEEPS

There are many varying independent relaxation modes for each type of intramolecular or
intermolecular HEUR interaction. The presence or absence of these relaxation modes can be determined
from flow sweep tests and dynamic viscoelastic tests conducted in a range of time scales. According to
simulations conducted by Wang and Larson [29], an idealized latex-HEUR system can have at least four
relaxation modes: 1) relaxation of the HEUR chains 2) relaxation of transitional loops on the surface of
hydrophobes 3) relaxation or breakage of HEUR bridges 4) relaxation of clusters of bridged particles or
interparticle bridging networks. Figure 29 through Figure 31 demonstrate the various relaxation modes

present for various ranges of shear rate in a flow sweep experiments.

In low shear ranges, the HEUR bridges can comfortably relax and rearrange to associate with
latex particles more frequently, promoting formation of latex and pigment particle clusters. A Newtonian
plateau is evident where the particle cluster structure is not disrupted by the external shear stress and
large cluster hydrodynamics dominate. Therefore for low shear ranges, the primary viscosity contributions
arise from jamming and rearrangement of large particle clusters as seen in Figure 29 [9]. In section II,
mid-shear ranges, HEUR bridges are theorized to experience gaussian chain stretching that causes
shear-thickening [21]. In section Ill, the multimolecular bridges as seen in Figure 30 contribute
significantly to elasticity of the system. This mid-shear range contains a broad spectrum of relaxation
times due to the various types of multi-strand bridges; each bridge type has a unique relaxation time [26].
The multimolecular bridges undergo bridge and loop redistributions that disrupt the particle cluster
structure resulting relatively weak shear thinning behavior [9,25]. At higher shear rates the rate of bridge-
to-loop transitions is increased significantly; the HEUR hydrophobes are primarily occupied with
rearranging themselves on the surface of latex particles. As a result, no particle clusters are formed, and
viscosity continues to decrease due to lack of interparticle bridging and thinning of the adsorbed HEUR

layer [25].

For HEUR thickened waterborne latex coatings, a spectrum of relaxation times can be seen on
different timescales in oscillatory frequency sweep tests as determined previously by simulations [9]. For

example, at very high frequencies above 108 rad/s the primary viscoelastic response is dominated by
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rearrangement of hydrophobes on the latex surface. For intermediate frequencies (10° to 10° rad/s) the
dominant viscoelastic response is due to relaxation of monomolecular and unimolecular bridges between
latex particles. Furthermore, at lower frequencies (10 to 10! rad/s) the dominant viscoelastic response is
due to jamming and rearrangement of large particle clusters [9]. Therefore, there are independent
relaxation modes for each type of interaction. Measuring the entire relaxation time spectrum can reveal

mechanisms of the viscoelastic behavior of the system and contributing factors to viscous flow.

Figure 29. Low shear viscosity contributions due to cluster rearrangements.

Figure 30. Mid-shear thinning viscosity contribution due to unimolecular and multimolecular bridging

redistributions.
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