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action rather than a competitive surface interaction; addition of surfactant leads to a preponderance of
polymer/surfactant solution complexes rather than surface-bound complexes.

Experiments: A range of model formulations comprising a hexyl end-capped urethane polymer (Cg-L-
(EO100-L)9-Cs), sodium dodecylsulfate (SDS) and a series of polystyrene-butylacrylate latices (PS-BA-L)

ﬁgjmg;rds: have been characterised in terms of rheology, particle surface area (solvent relaxation NMR), polymer
Latex conformation (small-angle neutron scattering) and solution composition to build up a detailed picture
SDS of the distribution of the HEUR in the presence of both surfactant and latex.

Solvent relaxation NMR Findings: There is very weak adsorption of Cg-L-(EOo-L)9-Ce to only the most hydrophobic latex surface
PGSE-NMR studied, an adsorption that is further weakened by the addition of low levels of surfactant. Macroscopic
Rheology changes in the hydrophobic latex system may be interpreted in terms of bridging flocculation at low
SANS polymer concentrations. No adsorption of Cg-L-(EQ00-L)9-Cg is observed in the case of hydrophilic sur-

faces. In most cases, the observed behaviour of the ternary system (polymer/surfactant/particle) is highly
reminiscent of the binary (polymer/surfactant) system at the appropriate composition, suggesting that
the polymer/surfactant solution interaction is the dominant one.
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1. Introduction

Water-based latex dispersions are used as film formers in a
range of formulations (e.g. paints, tablet coatings) [1-3].
Hydrophobically modified ethoxylated urethane (HEURSs) are ethy-
lene oxide-urethane block copolymers, widely used to control the
rheological profile of latex dispersions. However, polymers with
such complex architectures interact with other formulation com-
ponents, including surfactants.

The nature of the adsorption between HEUR and latex is sensi-
tive to the hydrophobicity of the latex surface as both the HEUR
hydrophobic end-groups and urethane linkers can adsorb on the
hydrophobic surface of latex [4,5]. With decreasing hydrophobicity
(e.g. incorporation of acrylic and methacrylic acid or 2-
hydroxyethyl methacrylate (HEMA) monomers), only the polymer
hydrophobic end-groups adsorb to the surface [6], and ultimately
fewer end-groups adsorb at higher levels of hydrophilic monomer
incorporation into the particles [7].

Ou-Yang et al. studied by dynamic light scattering (DLS) the
conformation of HEUR adsorbed to polystyrene latex as a function
of HEUR concentration [8]. At low concentration, the authors
argued that the end-groups and urethane linkers adsorb to the
latex surface forming a pancake-like structure. However, at higher
concentrations the urethane linkers desorb and only the hydropho-
bic end-groups remain adsorbed forming a brush-like structure.
Generally, the viscosity builds in these particulate formulations
due to the presence of a network of associating polymers, mediated
through polymer bridging between particles forming a dynamic
space-filling network. Additionally, the increase in viscosity also
arises due to increases in the effective volume of the particles
due to HEUR adsorption. The architecture of the polymer affects
the viscosity and performance of the HEUR/latex dispersion, as
increasing the polymer hydrophobic end-group length strengthens
the adsorption leading to viscosity increases [9].

Two models for the possible arrangement of HEURs and parti-
cles in particulate formulations have been proposed. Pham et al.
considered HEUR/latex interactions as a number of idealised con-
figurations assuming that one hydrophobic end-group adsorbs on
the latex surface, and the second end-group is adsorbed to: (a)
the same latex particle (“loop”), (b) another latex particle
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(“bridge”), or (c) the end-group hydrophobic aggregate of another
HEUR polymer (“micelle” or “network”) [10]. Beshah refined this
model, based on a greater association of the hydrophobic moieties
with the particle surface [6], Fig. 1, though in the presence of sur-
factant or at higher HEUR concentrations, the distinction in poly-
mer configuration in the two models is less [6].

In terms of the rheology, the shear thinning behaviour of the par-
ticulate dispersion is a consequence of either or both (i) the re-
distribution of bridges and loops, thus the network structure is dis-
rupted [6] and (ii) the desorption of the polymer molecules from the
latex surface [11]. A series of SANS experiments suggested that the
adsorbed layer thins under shear [12], and that the adsorption in
these system is weak, inducing particle aggregation at low polymer
concentration as a consequence of the inclusion of SDS [13].

In a three-component model system comprising polymer/
latex/surfactant, various interactions can occur. The relative affin-
ity of surfactant for the polymer or latex is likely to determine
whether or not the polymer is desorbed from the latex surface,
and the mechanism of desorption. Polymer desorption from the
latex surface in the presence of surfactant can be due to either
direct competition for adsorption sites on the surface or through
polymer/surfactant solution complexation.

Pisarcik et al. measured the viscosity of 1 wt% hydrophobically
modified hydroxyethyl cellulose (HM-HEC) with a range of SDS
concentrations at a fixed concentration of polystrene latex (PS-L)
[14]. The viscosity increases upon addition of latex at Csps < CMC,
the critical micelle concentration. The latex provides cross-
linking points in the polymer network, hence the viscosity
increase. At Csps > CMC, the viscosity drops as the HM-HEC is des-
orbed from the PS-L surface as a result of the solubilisation of the
polymer hydrophobic segments in SDS micelles, hence the cross-
linking effect of the latex becomes negligible. The diffusion coeffi-
cient measured by DLS of PS-L in HM-HEC/PS-L mixtures increases
as a function of SDS concentration.

Lauten et al. used DLS to study the change of the hydrodynamic
radius (Ry) of 0.01% hydrophobically modified ethylhydroxyethyl
cellulose and 0.001 wt% PS-L mixtures in the presence of a range
of SDS concentrations (5-50 mmolal) [15,16]. The Ry of HM-
EHEC/PS-L mixture decreases, reflective of HM-EHEC desorption,
explained by the binding of SDS to HM-EHEC increasing the

Fig. 1. Schematic illustrating (a) original and (b) revised model conformation of the HEUR in presence of latex in paint formulation. Reproduced with permission from Beshah
et al. [6]. The particles are represented by the larger grey spheres, whereas the smaller black spheres depict the hydrophobic end-groups of the polymer.
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hydrophilicity of the complex. Hence, the complex favours the bulk
phase rather than adsorption to PS-L.

Mahli et al. studied the effect of 0.25 and 0.6 wt% SDS on the
adsorption of HEUR on methyl methacrylate-methacrylic acid latex
(MMA-MAA-L) [17]. The concentration of the desorbed HEUR was
determined by ultraviolet spectroscopy (UV) as a function of SDS.
The SDS displaces all the adsorbed HEUR on the latex surface at
0.35 wt%, whilst the nonionic surfactant nonylphenol ethoxylate-
12 (NPE12) partially desorbed the HEUR from latex surface. Wor-
thy of note, is that the affinity of SDS to HEUR is higher than
non-ionic surfactants as the former interacts with hydrophobes
and PEO backbone, whereas the latter interacts with the hydropho-
bic end-groups only [18-21]. Therefore, the SDS is more capable of
solubilising the polymer in the bulk, hence polymer desorption
from the latex surface occurs.

Glass et al. studied the viscosity of HEUR at concentrations of 2.5
and 0.5 wt% with 25 wt% MAA-MMA-L (120 d.nm) [5].The addition
of SDS at 0.3 wt% showed a drop in the viscosity of the polymer/latex
mixture, which was correlated to the desorption of HEUR from the
latex particle surface due to site competition with SDS.

In contrary to the conclusions drawn by Glass et al., Hulden sug-
gested that the HEUR does not adsorb to latex in presence of SDS due
to HEUR/surfactant interaction [9]. The HEUR adsorbs to methyl
methacrylate-butyl acrylate latex (MMA-BA-L) in presence of a
non-ionic surfactant (nonylphenol ethoxylate-10) NPE-10 but not
in presence of SDS. Since NPE10 can displace the SDS from the
MMA-BA-L surface, the lack of HEUR adsorption can be explained
by solution complexation of HEUR and SDS. Chatterjee et al. postu-
lated that the SDS does not competitively desorb the HEUR from
latex surface, in agreement with Hulden [12]. However, the SDS
micelles provide additional surface for the HEUR end-hydrophobe
adsorption, hence the HEUR hydrophobes desorb from the latex
surface.

Ma et al. used UV spectroscopy to determine the amount of
non-ionic surfactant NPE12 adsorbed to the latex after removal
of the particles from the mixture by centrifugation and measuring
the unadsorbed surfactant concentration in the supernatant [22].
The competitive adsorption of the HEUR and surfactant has been
studied by measuring the amount of surfactant liberated in solu-
tion as a function of HEUR concentration. A C;; HEUR could not
desorb the NPE12 from the latex surface; however, a C;g HEUR des-
orbed the surfactant.

Clearly, HEUR/latex interactions are dependent on many factors
(e.g. latex surface chemistry, particle size, polymer architecture,
concentration). In this paper, the ternary mixtures of the HEUR/
SDS/latex have been studied with two latices of different surface
chemistry, hence hydrophobicity, in an attempt to identify which
of the various interactions is the key interaction and hence control
the rheological properties of formulation.

2. Material and methods
2.1. Materials

Sodium persulphate (>99%, Aldrich), dg-styrene (>98%, Fischer
Scientific), h-butylacrylate (>99%, Aldrich), polystyrene-

Table 1

butylacrylate latex (diameter=173 nm, PDI 0.03) (AkzoNobel),
acrylic acid stabilised polystyrene-butylacrylate latex (diame-
ter = 154 nm, PDI 0.03, acid level 3%) (AkzoNobel), sodium dode-
cylsulphate (SDS) (Aldrich, no impurity observed), deuterated
sodium dodecylsulphate (d,s-SDS) (ISIS deuteration facility),
Hydroin buffer pH 9 (Aldrich), deionized water (18 MQ cm, Purite
Select deionizer) and deuterium oxide (99.9%, Aldrich) were used
as received.

Hydrophobically modified ethoxylated urethane (HEUR) poly-
mers are generally synthesised in two steps: (a) reaction between
poly(ethylene glycol) (PEG) and the urethane linker, 4,4'-diisocya
natodicyclohexylmethane (H;,MDI) is used for the polymers stud-
ied here, through step polymerization technique that yields an
ethoxylated urethane pre-polymer and subsequently (b) reacting
this prepolymer with alcohol to provide the hydrophobic end caps,
Table 1. The polymer used here is a commercial sample, obtained
from Dow, herein denoted Cg-L-(EO1go-L)9-Cs (Dow), where L is
the urethane linker, EO;oo the 100 monomer unit ethylene oxide
block and a Cg hexyl alkyl end-group, and has been used as
supplied.

2.2. Synthesis of deuterated latex particles

The polymerization was carried out on a 50 g scale in a stirred,
5-port round bottom flask, under a nitrogen atmosphere, ther-
mostatted at 70 °C. Half the initiator (sodium persulphate) was dis-
pensed into the reaction vessel which contained 0.8 wt% aqueous
SDS solution. The polymerisation reaction was initiated upon drop-
wise addition of the monomers (dg-styrene, butylacrylate). The
remaining second half of the initiator was added once half the
monomer had been dispensed. The reaction was terminated by
cooling the reaction vessel to room temperature. The sample was
filtered using glass wool, and any unreacted monomer and SDS
were removed by repeated centrifugation / re-suspension in D,0/
H,O0 mixtures. The particle concentration calculated from dry
weight analysis was 20 wt%. The diameter of the particles was
measured by dynamic light scattering (zetasizer Nano-ZS, Mal-
vern) as 160 nm with PDI 0.067.

3. Methods

Free SDS was removed from the (unreacted monomer free)
experimental latices supplied by AkzoNobel by repeated centrifu-
gation and re-suspension in the appropriate solvent, and dynamic
light scattering was used to detect aggregation. All the HEUR/latex
and HEUR/SDS/latex samples were prepared in the appropriate sol-
vent according to the experiment and mixed using a hula-mixer for
24 h before measurement.

3.1. Nuclear magnetic resonance techniques

3.1.1. Solvent relaxation NMR

HEUR/latex and HEUR/SDS/latex mixtures were dissolved in
Hydroin buffered H,O at pH 9. Experiments were carried out at
25°C on a bench-top Acorn XIGO Nanotools spectrometer. A
Carr-Purcell-Meiboom-Gill (CPMG) sequence was used with a

Schematic illustration for the HEUR polymer studied in this paper where n=6, x =100, and y = 9.
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spacing of 0.5 ms, between the 90° and 180° pulse, and a recycle
delay of at least 5 times the spin-lattice relaxation time between
consecutive scans to ensure full recovery of the magnetisation.
Typically, 2118 data points were collected for each scan, and the
signal was averaged over four scans for each sample. Data were fit-
ted to a single exponential on the instrument software.

3.1.2. Pulsed-gradient spin-echo nuclear magnetic resonance (PGSE-
NMR)

HEUR/latex and HEUR/SDS/latex mixtures were dissolved in
Hydroin buffered D,0 at pH 9. Experiments were carried out at
25°C on a 400 MHz Bruker FT NMR spectrometer. A stimulated
echo sequence was used, in which the diffusion time (A) was set
to 800 ms, the duration (8) of the gradient pulses was held constant
at 1 ms and their intensity (G) varied from 5 to 800 G cm~!. Typi-
cally, 16 scans were accumulated over 32 gradient steps. Self-
diffusion coefficients were extracted by fitting the peak intensities
(I) to Eq. (1) for the peaks at 3.75 ppm (EO) where I is signal inten-
sity in absence of gradient pulses, Ds the diffusion coefficient, y the
gyromagnetic ratio of protons [23,24].

| = Ioest}’zczfiz(A—%) (1)

3.2. Neutron scattering

SANS measurements were carried out at 25 °C on the SANS 2D
instrument (ISIS spallation Neutron Source, Oxfordshire, UK). Neu-
tron wavelengths spanning 2-14 A were used to access a Q range
of 0.005-3 A~ (Q=4mn sin(6/2)/4) [25] with a fixed sample-
detector distance of 4 and 2.4 m for the rear and front detector
respectively. Temperature control was achieved through the use
of a thermostatted circulating bath pumping fluids through the
base of the sample changer, which allowed the experiment to be
run at 25%0.5°C. Samples were contained in UV-
spectrophotometer grade 1 mm path length quartz cuvettes
(Hellma). The scattering data were normalized for the sample
transmission and the incident wavelength distribution, corrected
for instrumental and sample backgrounds using a quartz cell filled
with D,0 (this also removes the incoherent instrumental back-
ground arising from vacuum windows), and corrected for the lin-
earity and efficiency of the detector response using the
instrument specific software package. The data were put onto an
absolute scale using a well characterised, partially deuterated PS-
L blend standard sample.

The scattering data were normalized for the sample transmis-
sion and the incident wavelength distribution, corrected for instru-
mental and sample backgrounds using a quartz cell filled with D,0
(this also removes the incoherent instrumental background arising
from vacuum windows), and corrected for the linearity and effi-
ciency of the detector response using the instrument specific soft-
ware package. The data were put onto an absolute scale using a
well characterised, partially deuterated PS-L blend standard
sample.

In the contrast match experiment, d-styrene and h-
butylacrylate monomers were used to synthesize partially deuter-
ated latex particles referred to as d-PS-h-BA-L. The d-PS-h-BA-L
was diluted to 3 wt% in the scattering experiment with the appro-
priate solvent (D,0 or H,0) to make different ratios of H,0: D,0 to
find experimentally the match point of the latex, Fig. S.1. After
detecting the match point, conventionally found where the
v/I(Q) =0, and hence Ap =0, the HEUR and latex mixtures were
prepared in the correct ratio of D,0: H,0 and the scattered inten-
sity was recorded. In this contrast, only the Cg-L-(EO;gg-L)9-Cg con-
tributes to the scattering intensity. The same contrast match
experiment for HEUR/d-PS-h-BA-L has been replicated in presence

of SDS at two concentrations 0.1 and 1 wt%. A mixture of h/d-SDS
was used to match the scattering length density of the surfactant
to the solvent, hence the scattering contribution arises only from
the CG-L-(EO100-L)9-C5.

3.3. Rheology

The rheology of mixtures of HEUR/PS-BA-L and HEUR/SDS/PS-
BA-L have been examined in a matrix of experiments where the
HEUR and SDS concentrations were held constant at 5 wt% and 0,
0.1 and 1 wt¥% respectively, and the latex concentration was varied
(0.5, 3, and 5 wt%) in Hydroin buffered water, pH 9. The samples
were measured using TA instrument rheometer AR-2000ex, with
a 2°/40 mm cone and plate geometry at 25 °C. Shear profiles were
recorded at 25 °C for a shear range of 1-1000 s~!, with an integra-
tion time of 5 s, and delay time of 5s.

4. Results and discussion

The interaction of the HEUR Cg-L-(EOqgo-L)9-Cs with two
polystyrene-butylacrylate latices (PS-BA-L) has been studied in
the absence and presence of SDS. Whilst the Cg-L-(EO;gg-L)o-Cs/
PS-BA-L system is of primary focus, selected experiments were
conducted with the less hydrophobic latex AA-PS-BA-L for compar-
ison, the latter with a 3% incorporation of acrylic acid. Changes in
the polymer self-diffusion coefficient were studied in the presence
and absence of latex to track changes in the unadsorbed polymer
aggregates; solvent relaxation NMR was used to determine
changes in the particle surface area; neutron scattering “contrast
match” experiments to probe polymer conformations and finally,
rheology to provide an indirect measure of polymer location.

4.1. Interaction of HEUR/PS-BA-L mixtures

Solvent relaxation NMR is sensitive to surface area due to equi-
librium of the water molecules adsorbed at the particle surface and
the bulk phase. An increase in surface area leads to a decrease in
the measured spin-spin relaxation time T,, more conveniently

expressed as its reciprocal the relaxation rate, (R = le)., normalized

to the free solvent, (Rysp = :Ti — 1). Since Rysp shows a linear depen-
2

dence on surface area Fig. S.2, any decrease in Ry, of a suspension
at fixed particle concentration reflects a loss of surface area (or
equivalently, a reduction in the level of dispersion of the particles).

The dependence of Ry, on the concentration of Cg-L-(EO100-L)o-
Ce — in the absence of latex - is illustrated in Fig. 2. Rysp = 0 for most
of the polymer range, only at the highest polymer concentrations
does Rysp > 0. The relatively minor increase in R,p at higher poly-
mer concentrations is due to the increase in solution viscosity
which restricts the motion of the solvent molecules [26].

In the presence of a fixed concentration of the latex particles, for
the majority of the concentration range Cyoiymer > 0.6 Wt%, Ryqp is
equal to that of the polymer solution. For 0 < Cyolymer < 0.6 Wt%,
Rasp is negative, reflective of the loss of surface area i.e. aggregation
of particles. Above Cpolymer > 0.6 Wt%, stability of the HEUR/latex
dispersion returns, which is due to the ability of the polymer to
associate in solution at those concentrations, presumably where
one hydrophobic end- group is adsorbed to the latex surface and
the other is in a polymer hydrophobic aggregate. The phase beha-
viour of Cg-L-(EO199-L)9-Cs /PS-BA-L agrees with observations of
Kostansek [27], Reuvers [28], and Jenkins [29] where the phase
separation was correlated to bridging flocculation, and re-
stabilisation induced by HEUR hydrophobe association in aqueous
phase.
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Fig. 2. Specific relaxation rate Ry of the solvent in aqueous solutions containing
Cs-L-(EO100-L)9-Cs as a function of its concentration in absence (Squares) and
presence of 5wt% PS-BA-L (black circles), and 0.1 wt% SDS/5wt% PS-BA-L
(triangles) in Hydroin buffered water, pH 9. R,s, of HEUR/PS-BA-L mixtures
are corrected relative to bare particle, and HEUR as a function of its concentration
relative to water. Measurements were carried out at 25 °C. The solid lines are guides
for the eye. The error bars correspond to one standard deviation around the mean,
derived from 5 repeat measurements on duplicate samples.

To date, few T, studies have been deployed on these systems.
Uemura et al. [30] reported on the adsorption of a HEUR to PS-L.
A strong adsorption of the HEUR to the latex was indicated by
enhancement of the observed T, where more than 50% of the poly-
mer was bound. In the study by Uemura et al. there is a greater
affinity of the polymer for the latex, leading to a significant
enhancement in the T, relaxation. By contrast, in our system the
weak affinity of the polymer for the latex led to bridging floccula-
tion at low polymer concentration.

The addition of 0.1 wt% SDS to the HEUR/latex mixtures in this
study showed the same relaxation curve trend with a less intense

0.3 T T T T T T

0.1} 4

0.0 b

RZsp

—e— 5% PS-BAL+2% C,HEUR
—8— 5% PS-BAL

0.0 1.0 2.0 3.0 4.0 5.0 6.0
[SDS]/ wt%

Fig. 3. Specific relaxation rate R,s, of the solvent in aqueous solutions containing
5 wt% PS-BA-L as a function of SDS in presence (circles) and absence (squares) of
2 wt% Cs-L-(EO100-L)o-Cs in Hydroin buffered water, pH 9. The Ry, of the mixtures
are corrected relative to bare particle. Measurements were carried out at 25 °C. The
solid line is a guide for the eye. The error bars correspond to one standard deviation
around the mean, derived from 5 repeat measurements on duplicate samples.

dip and a narrower aggregation window relative to the binary mix-
ture of CG—L—(EO]oo—L)g—CG/PS—BA—L, Flg 2.

The changes in the specific relaxation rate and equivalently, the
surface area of the dispertsion of 5 wt% particles, were then studied
at fixed polymer concentration (2 wt%) as a function of SDS con-
centrations, Fig. 3. At low SDS concentration, the Ry, of the latex
and 2 wt% HEUR mixtures show very subtle changes. The R,
has negative values at 3 wt% SDS and higher concentrations, where
macroscopic phase separation is observed as well.

The phase separation of the ternary mixture has been observed
by Kostansek [27]. The phase separation was correlated to deple-
tion flocculation due to the interaction of HEUR with SDS. Hulden
illustrated the absence of HEUR adsorption on to acrylic acid mod-
ified latex in presence of SDS at concentrations above the CMC due
to the interaction of the SDS with the HEUR in solution [9]. There-
fore, the depletion flocculation is due to the presence of a non-
adsorbing polymer/surfactant complex. However, depletion floccu-
lation could occur due to the presence of free SDS micelles at high
concentrations as demonstrated by Furusawa et al. [31].

In this study, to differentiate the two potential mechanisms of
depletion flocculation, Ry, as a function of SDS in absence of poly-
mer was recorded. The Rys, of 5wt% latex shows no significant
changes as a function of SDS, Fig. 3. Therefore, the observed deple-
tion flocculation for the ternary system here is due to the presence
of non-adsorbing HEUR/SDS complex.

4.2. Solution polymer aggregates in presence of PS-BA-L

The choice of the polymer concentration (2 wt%) was dependent
on the stability of the HEUR/PS-BA-L mixture determined in the
solvent relaxation experiment. It is hypothesised that if there is a
considerable level of bridging occurring, Fig. 1-a, the diffusion of
the polymer should be reflective of the state of aggregation, at least
to a crude comparison of the simple polymer case. Therefore, mea-
surements of polymer diffusion were conducted in presence and
absence of the latex and the values of the polymer diffusion
compared.

Fig. 4, shows the self-diffusion coefficient of HEUR in presence
and absence of PS-BA-L. The polymer self-diffusion coefficients
for the no-particle case have been taken from our previous study
[32]. One limiting case may be identified - that the polymer is
completely adsorbed to the particle. In that case, the polymer dif-
fusion would be comparable to the (mutual) diffusion coefficient of
the PS-BA-L particles, that being calculated from the Stokes-
Einstein equation based on the particle size measured here by

DLS (D = 6"7;*—;), where D is the mutual diffusion coefficient of the

2% HEUR+1% SDS+5% PS-BAL -

2% HEUR+0.1% SDS+5% PS-BAL

2% HEUR+5% PS-BAL

0.1000 1.0000
Relative diffusion of HEUR/SDS/PS-BAL mixtures

Fig. 4. Diffusion coefficient of Cg-L-(EO;00-L)o-Cs/PS-BA-L and Cg-L-(EO100-L)o-Cs/
SDS/PS-BA-L mixtures relative to simple Cg-L-(EO100-L)o-C¢ and Cs-L-(EO100-L)o-Ce/
SDS, respectively. Samples were prepared in Hydroin buffered D,0, pH 9.
Measurements were carried out at 25 °C.
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particles, kg Boltzmann constant, T absolute temperature, r radius
of the particle and # viscosity. The challenge in this case is what
value to use for the viscosity, though the diffusion coefficient
obtained by using the pure solvent viscosity is close to the
observed value.

Rather, we compare the measured self-diffusion coefficient of
the polymer solution in the absence and presence of the particles;
as can be seen, Fig. 4, the HEUR diffusion (D,) is slightly slower in
the presence of latex particles relative to HEUR on its own. Further,
in the presence of SDS, the values of the D, approach unity, remi-
niscent of the simple polymer/surfactant behaviour. It is natural
to conclude from these observations, that there is little polymer
adsorbed to the particles.

In their NMR study of HEUR in the presence of PS-L, Uemura
et al. [30] detected no signals from the PS-L, though the signal from
the HEUR PEO backbone was evident. However, signals from the
hydrophobes were not detected due to either their short T, or rel-
atively low abundance. The adsorption of HEUR to PS-L was char-
acterised by the observation of two diffusion coefficients, a faster
one assigned to the non-adsorbed HEUR and a slower one to the
adsorbed polymer. Crucially, the results of Uemura et al. are differ-
ent to the results presented here where only one population is
identified, Fig. S.3(a), this difference proposed to arise due to the
weak adsorption of the HEUR to the latex particles in this study.

Beshah et al. [6] conducted a similar PGSE-NMR experiment in
such a way to remove the signals of low molecular weight (fast dif-
fusion) species, rather than having to deconvolute the contribu-
tions from the individual species in the sample. In solution,
signals from the HEUR hydrophobes and the linkers were observed,
but these disappeared on addition of hydrophobic latex. In the
presence of hydrophillic latex, however, the signals from the link-
ers were observed, but those from the hydrophobes were still not
evident, reflecting their adsorption to the particle surface. Here,
likewise, neither the signal from the hydrophobes nor from the
urethane linkers were observed neither in the absence nor pres-
ence of the particles indicating aggregation through these func-
tional groups, Fig. S.3(b&c).

5%C, HEUR-65% D,0
5%C, HEUR-0.5% d-PS-h-BAL-65% D,0
5%C, HEUR-3% d-PS-h-BAL-65% D,0
5%C, HEUR-5% d-PS-h-BAL-65% D,0
3%d-PS-h-BAL-65% D,0

S O > 0o o

1.00

0.10

Scattered intensity I(Q)/ cm™

0.01 0.10

Scattering vector Q/ A

Fig. 5. Small-angle neutron scattering from a series of polymer/particle blends;
5 wt% polymer in presence of 0.5 (squares), 3 (triangles), and 5 (hexagons)
wt% d-PS-h-BA-L, plus controls; 3 wt% d-PS-BA-L on match (diamonds), and 5 wt%
Cs-L-(EO100-L)9-Cs (circles) in 65% D,0/H,0 mixture. Samples were prepared in
Hydroin buffered solvents, pH 9. The solid lines are sphere and network model fits.
The model is presented later in this section.

4.3. SANS from HEUR in presence and absence of PS-BA-L

To gain a better understanding of the HEUR conformation in
presence of latex a partially deuterated PS-BA-L was synthesised
to enable a contrast variation neutron scattering experiment.
Fig. 5 presents the observed scattering from a series of samples
at a H,0/D-,0 ratio that renders the particles “invisible”. Evidence
of this is the negligible scattering from the 3 wt% particle-only dis-
persion (triangles). Also shown, is the scattering from the simple
5 wt% polymer (Cg-L-(EO109-L)9-Cg) structure (circles). The remain-
ing data set are mixtures of 5 wt% polymer and 0.5 wt% (squares),
3 wt% (triangles), or 5 wt% (hexagons) d-PS-h-BA-L.

Several points are striking in these data, and consistent with
similar studies, e.g. [13]. Firstly, at mid-Q where smaller length
scales contribute to the scattering, the HEUR peak is invariant as
a function of latex concentration. Secondly, at lower-Q, there is a
significant decrease in the scattered intensity in the 0.5 wt% d-
PS-h-BA-L sample, which returns to a value close to the simple
polymer with increasing latex concentration, i.e. at higher latex
concentration (3 and 5 wt% latex) the low-Q scattered intensity
increases to be very close to the HEUR on its own.

The peak present in HEUR scattering curve at Q = 0.03 A~ rep-
resents the presence of an order in the sample coming from the
polymer hydrophobic segments. The absence of changes in the
intensity of HEUR peak as a function of latex particles at mid-Q
indicates that only a few hydrophobic end-groups adsorb to the
PS-BA-L surface, which do not disrupt the polymer hydrophobic
aggregates arrangement in solution.

The change in scattered intensity at lower Q reflects that
changes in any larger length scale of the polymer may be due to
the loss of the large-scale solution structure as a result of the for-
mation of bigger aggregates which shifts the scattering intensity to
lower Q. At higher concentration of particles, the increase of the
intensity at low-Q could be explained by particle aggregation and
microscopic phase separation; however, this can be excluded as
R, of the particles as a function of its concentration in presence
and absence of 5 wt% HEUR is barely changing, Fig. S.4. The poly-
mer may rearrange in a manner similar to slightly higher polymer
concentrations due to the volume restriction induced by latex
addition at higher concentration.

Beaudoin et al. conducted a series of contrast variation experi-
ments. In the first contrast the scattering contribution is from
hydrophobically modified poly(ethylene oxide) (PEOM) [13]. At
low concentration, PEOM shows a peak at mid-Q which upon mix-
ing with PS-L is replaced by a shoulder and shifted to lower Q,
indicative of polymer adsorption to the latex particles. However,
at higher polymer concentration the peak position and intensity
of the polymer in the absence and presence of particles is
unchanged; as the adsorbed fraction is negligible relative to total
polymer concentration, in agreement with the results presented
here. In the second contrast variation experiment, the scattering
arose from particles only in polymer/particle mixtures [13]. It
was postulated that the particles are aggregating based on the d-
spacing calculations.

In this paper, we have extended Beaudoin’s et al. study to
encompass a wider Q range to allow the detection of the changes
in the intensity of the scattered intensity at lower Q, and in addi-
tion, taking the lead from Beaudoin et al. have developed a model
with which to fit the scattering data.

Other researchers attempt to fit HEUR/latex mixtures to a
spherical core-shell form factor with polydisperse core-radius
and hard sphere structure factor for inter-particle repulsion [12].
The fit captured the peaks at mid-Q, however, the changes at
low-Q were not captured. The inability of the model to capture
the low-Q features is due to the presence of the polymer network
as shown in Fig. 1. Here, several models to describe these data
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(sphere, core-shell, adsorbed layer) were tested but all were found
to be deficient in some manner. Therefore, the data have been fit-
ted to a compound model which captures all the features in the
data.

Q) = 1), {;‘ e (A o) S(Q)}
I(Q)Z I(Q)3 4 Binc (2)
(1+Q2)f | (1+ @)

The first component of the compound fit with intensity I(Q); is a
sphere model to reflect the scattering from the structures formed
by the polymer hydrophobes or the polymer hydrophobe/SDS
aggregates. A charged structure factor is included here due to the
SDS present in the HEUR/SDS mixed micelles, and is dependent
on the inverse of the Debye screening length. The remaining terms
with intensities I(Q), and I(Q)s reflect the two correlation length
network that the polymer may adopt; a Lorentzian length (¢), the
fluctuation in the polymer network structure, and a Debye-
Bueche length (A) postulated to be a length scale arising from the
larger characteristic of the network. The Debye screening length
was calculated from the sample concentration and ionic strength,
and a backward calculation of volume fraction from the fit param-
eters used to test for fit validity. The values of the size of the poly-
mer aggregates (R), and two correlation lengths; (¢) and (A) of the
polymer were extracted from the fit, Table 2.

From the fitting parameters, the sphere radius, intensity of the
Lorentzian term, and the Lorentzian term are largely invariant with
latex concentration. The Debye-Bueche intensity and term ‘A’
decreases as a function of latex concentration. Collectively, these
observations may be explained by adsorption of the polymer to
the latex particles and therefore a concomitant decrease in the
spacing between the polymer hydrophobic aggregates.

The contrast match experiment HEUR/PS-BA-L, was replicated
with the addition of two concentrations (0.1 and 1 wt%) of d/h
SDS mixture to match the scattering length density (SLD) of the
SDS to the solvent, hence the scattering contribution is from the
polymer only. The scattering behaviour of the polymer in the tern-
ary mixture is compared to the HEUR in HEUR/SDS complex and
pure HEUR solutions.

The peak position (Q = 0.03 A~") of the polymer in the presence
and absence of 0.1 wt% d/h SDS does not show significant changes
relative to the pure polymer solution, Fig. S.5. The addition of PS-
BA-L to solutions of polymer/SDS does not significantly change
the intensity or position of the peak at mid-Q. However, a signifi-
cant change in Cg-L-(EO99-L)o-Ce/SDS scattering is observed at
low-Q, similar to those changes observed in the polymer/latex
mixtures in Fig. 5.

In presence of 1wt% d/h SDS, the polymer peak position is
shifted to higher Q range, Fig. 6. The position of the polymer peak
in the ternary mixture (HEUR/SDS/PS-BA-L) overlaps with the
polymer/SDS complex rather than pure polymer peak. The same
trend of scattering intensities at low-Q as a function of latex con-

Table 2

5%C¢ HEUR-65% D,0

5%Cg HEUR5+1%d/hSDS-65% D,0

1000 Q% 0 5%Cs HEUR5+1%d/hSDS+0.5%d-PS-h-BAL-65% D,0
: 8 A 5%Cg HEUR5+1%d/hSDS+3%d-PS-h-BAL-65% D,0
5%C¢ HEUR5+1%d/hSDS+5%d-PS-h-BAL-65% D,0
3%d-PS-h-BAL-65% D,0

Scattered intensity, I(Q)/ cm™

0.01 0.10

Scattering vector, Q/ A"

Fig. 6. Small-angle neutron scattering from a series of polymer/SDS/particle blends;
5 wt% polymer/1 wt% SDS in presence of 0.5 (squares), 3 (triangles), and 5
(hexagons) wt% d-PS-h-BAL, plus controls; 3 wt% d-PS-BA-L on match (dia-
monds), 5 wt% Cg-L-(EO100-L)o-Cs (circles), and 5 wt% Cg-L-(EQ100-L)o-Cs/1 Wt% SDS
(triangles)in 65% D,0/H,0 mixture. Samples were prepared in Hydroin buffered
solvents, pH 9. The solid lines are sphere and network model fits.

centration in the presence of 0.1 wt% SDS is observed for the binary
mixture (HEUR/PS-BA-L) and ternary mixture in the presence of
1 wt% SDS. The overlapping of the polymer peak in presence of
1 wt% SDS and latex suggests that the SDS favourably interacts
with the HEUR.

The main fitting parameters of the sphere and network model
described earlier are presented for the 0.1 and 1 wt% SDS datasets
in Tables S.1 and S.2, respectively. Similar trends observed for poly-
mer/latex mixtures were noted here. From the fitting parameters,
the sphere radius, Lorentzian intensity, and Lorentzian length do
not change as a function of latex concentration. However, similar
to the HEUR/latex mixture, the Debye-Bueche intensity, and length
‘A’ decrease as a function of latex concentration. The order of the
decrease in the ‘A’ term and its intensity in the presence SDS, fol-
low 1 wt% SDS < 0.1 wt% SDS <0 wt% SDS. These results suggest
the weakening of the HEUR adsorption on addition of SDS.

4.4. Rheology of HEUR in absence and presence of PS-BA-L

In these experiments, the shear profile of the polymer at 5 wt%
is measured as a function of latex concentration, where a shear
independent viscosity is observed, Fig. 7. Similar observations are
noted for the Cg-L-(EO1go-L)o-Cs/PS-BA-L mixtures in presence 0.1
and 1 wt% SDS, Fig. 8.

The relative viscosities (77,) over a range of shear rates (10-
5005~ ') of the Cg-L-(EO;00-L)9-Cs/PS-BA-L mixtures (relative to
the polymer (#, = Imxtwe)) and Cg-L-(EO;00-L)9-Cs/SDS/PS-BA-L (rel-

Hpolymer

ative to the polymer/SDS mixture, #, = Jemnmiure) ywere then plot-

Hpolymer/SDS

SANS key parameters from the sphere and network model for the polymer and polymer/latex mixtures.

Fit parameters/Units 5% HEUR 5% HEUR + 0.5% latex 5% HEUR + 3% latex 5% HEUR + 5% latex
Intensity of radius term 7.2 %1077 7.2 x 1077 7.2 x 1077 7.2 x 1077

Radius (A) 65+5 65+5 65+5 65+5

C 10 10 10 10

I 0.44 0.44 0.44 0.44

E(A) 25+1 25+1 25+1 25+1

I 325 325 325 5

A(A) 650+ 10 600 £ 10 450+ 10 80+10
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Fig. 7. Shear profile of 5 wt% PS-BA-L (| ), 5 wt% HEUR in absence (circles)
and presence of 0.5 (squares), 3 (triangles), 5 (diamonds) wt% PS-BA-L;
linear addition of 5wt% HEUR and 5 wt% PS-BA-L (black line). Samples were
prepared in Hydroin buffer, pH 9. Measurements were carried out at 25 °C. The
error bars correspond to one standard deviation around the mean, derived from
multiple repeat measurements recorded by the rheometer over the integration time
of 5.
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Fig. 8. Shear profile of 5 wt% PS-BA-L ( ), 5 wt% HEUR in absence (circles)
and presence of 0.5 (squares), 3 (triangles), and 5 (diamonds) wt% PS-BA-L
at 0.1 wt% SDS (closed symbols) and 1 wt% SDS (open symbols). Linear addition 5 wt
% Ce-L-(EO100-L)9-Cs/0.1 wt% SDS/5 wt% PS-BA-L (black dashed line), and 5 wt% Ce-
L-(EO100-L)o-Cs/1 wt% SDS/5 wt% PS-BA-L (blue solid line). Samples were prepared
in Hydroin buffered water, pH 9. Measurements were carried out at 25 °C. The error
bars correspond to one standard deviation around the mean, derived from multiple
repeat measurements recorded by the rheometer over the integration time of 5 s.

ted as a function of latex concentration, Fig. 9. The viscosity of both
mixtures increase with latex concentration. The increase in both
relative viscosities are not additive (i.e. Niveure ™ Mpotymer + Ndispersion)»
reflective of synergistic increases due Cg-L-(EOqgo-L)9-Cs adsorp-
tion. However, in the presence of increasing amounts of SDS, the
increase in viscosity associated with the addition of the latex is
greatly reduced - the relative viscosity as a function of latex con-
centration displays a shallower slope with increasing SDS - reflect-
ing the weakening of the interaction between the polymer and
latex in presence of SDS.

—o— 5%Cg HEUR
—a— 5%Cy HEUR+0.1% SDS
—e— 5%Cg HEUR+1% SDS
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Fig. 9. Average relative viscosities over a range of shear rates (10-500 s~ ') of Cg-L-
(EO100-L)o-Cs/PS-BA-L mixtures in absence (circles), and presence of 0.1 (fx7), and 1
(fx9) wt% SDS. Samples were prepared in Hydroin buffered water, pH 9. Measure-
ments were carried out at 25 °C. The solid lines are guides for the eye. The error bars
correspond to mean values derived from the standard deviations associated with
the raw data presented in the earlier figures.

4.5. Effect of latex hydrophobicity

Some selected experiments from the HEUR/PS-BA-L system
have been repeated with a less hydrophobic latex. For brevity,
the results only are presented here but the analyses are included
in the supplemental section. The Ry, curve for the HEUR/AA-PS-
BA-L overlaps the simple HEUR curve, indicating the absence of
adsorption, Fig. S.6. The absence of phase separation in the
HEUR/AA-PS-BA-L allowed measurement of the size of the particles
under conditions where excess polymer would preclude such a cal-
culation; no appreciable change in particle size upon mixing Cg-L-
(EO100-L)o-Cs with the acrylic acid latex AA-PS-BA-L, Fig. S.7 was
observed. The self-diffusion cofficient of the polymer measured
by NMR also showed no change upon the addition of the particle,
Fig. S.8. All these results strongly suggest the absence of adsorption
of the polymer to the less hydrophobic particle.

5. Conclusion

The interaction of HEUR and latex is complex and dependent on
many factors (e.g. latex surface chemistry, size, polymer architec-
ture, and concentration). In this paper, the interaction of a HEUR
with latices of different surface chemistries have been studied in
the presence and absence of SDS. The use of the more hydrophilic
latex AA-PS-BA-L shows no evidence of HEUR adsorption to the
latex surface; evidenced by the absence of enhancement of the T,
(spin-spin relaxation times) of the solvent in of HEUR/AA-PS-BA-
L mixtures, no change in the particle size of the latex on addition
of polymer, and no change in the self-diffusion coefficient of the
HEUR. On the contrary, there is a weak interaction between the
HEUR and the more hydrophobic latex PS-BA-L evidenced by the
changes in the relaxation time of the solvent (a measure of the sur-
face area of the particles) attributed to bridging flocculation at low
polymer concentrations. An increase in the HEUR solution viscosity
as a function of latex concentration and a decrease in the polymer
self-diffusion coefficient upon addition of latex also supports the
presence of an interaction. In addition, changes in the polymer lar-
ger scale length (bridging polymer chains) have been observed in
the SANS data. The presence of only weak adsorption of Cg-L-
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(EO100-L)9-Cs HEUR to the particles may be due to a preferential
(self-)aggregation in solution or the adoption of a highly extended
conformation at the particle surface on account of the short size of
the hydrophobic end-groups of the polymer. In the Cg-L-(EO;go-L)g-
Cs/AA-PS-BA-L mixtures, the model presented by Pham et al. [10]
seems to better describe this system compared to the newer model
proposed by Beshah et al. [6]; though this most likely reflects a
greater association of the polymer hydrophobes in solution.

The addition of SDS to polymer/latex mixtures further weak-
ened the adsorption of the polymer to the latex, evidenced by
the similarity of several characteristics of the system (polymer
self-diffusion coefficient, viscosity, relaxation time of the solvent)
as a function of latex concentration.
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