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Abstract

Hypothesis

Hydrophobically modified ethoxylated urethane polymers (HEURS) are widely used to
control the rheological profile of formulated particulate dispersions through associative
network formation, the properties of which are perturbed by the presence of surfactants. At
high polymer concentrations and in the presence of surfactants, it is hypothesised that the
dominant factors in determining the rheological profile are the number and composition of
the mixed hydrophobic aggregates, these being defined by the number and distribution of
the hydrophobic linkers along the polymer backbone, rather than the end-group hydrophobe
characteristics per se that dominate the low polymer concentration behaviour.

Experiments

Three different HEUR polymers with formulae (Cs-L-(EO100-L)9-Cs, C10-L-(EO200-L)4-C10 and
Cis-L-(EO200-L)7-C1s (where L = urethane linker, Cn = hydrophobic end-group chain length,
and EO = ethylene oxide block) have been studied in the absence and presence of SDS
employing techniques that quantify (a) the bulk characteristics of the polymersurfactant
blend, (b) the structure and composition of the hydrophobic domains, (c) the dynamics of
the polymer and surfactant, and (d) the polymer conformation. Collectively, these
experiments demonstrate how molecular-level interactions between the HEURs and sodium

dodecylsulphate (SDS) define the macroscopic behaviour of the polymer/surfactant mixture.

Findings

Binding of the SDS to the polymer via two mechanisms - monomeric anti-cooperative and
micellar cooperative - leads to surfactant-concentration-specific macroscopic changes in the
viscosity. Binding of the surfactant to the polymer drives a conformational rearrangement,
and an associated redistribution of the polymer end-groups and linker associations
throughout the hydrophobic domains. The composition and size of these domains are
sentisitve to the polymer architecture. Therefore, there is a complex balance between
polymer molecular weight, ethylene oxide block size, and number of urethane linkers,
coupled with the size of the hydrophobic end-groups. In particular, the urethane linkers are
shown to play a hitherto largely neglected but important role in driving the polymer

association.
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Introduction

Hydrophobically modified polymers (HMPs) are water-soluble polymers comprising
hydrophilic backbones into which hydrophobic chains have been chemically incorporated,
often classified as end-capped or comb-like depending on the location of these hydrophobic
groups (1). Also known as associative thickeners, there are three common types: ethylene
oxide-urethane block copolymers, hydrophobically-modified alkali-swellable (HASE) and a
family of cellulose derivatives (2). This paper focuses on the first, viz hydrophobically
modified ethylene oxide urethane block copolymers, or hydrophobically modified
ethoxylated-urethane (HEUR) thickeners. HEURSs are widely used to control the rheological

profile of formulated particulate dispersions.

The presence of hydrophobic regions in the HMP structure induces a complex,
concentration-dependent set of inter- and intra-molecular associations, dependent on
factors such as the length of the hydrophilic backbone and the number, length, and
distribution of the hydrophobic groups. Below the critical overlap concentration (C*), end-
capped HMPs adopt the so-called loop, bridge, closed loop conformations, as well as
forming flower micelles. At concentrations above the overlap concentration, HMPs tend to
associate into super-bridges, super-loops, dangling ends, and hence form networks of flower
micelles (3—-8). Most of the published papers in this area focus on the flower micelle forming
HMPs.

Various technigues have been used to characterise the hydrophobic aggregates of model
systems of hydrophobically modified PEO (PEOM), ChEOmCn. The number of polymer end-
groups (or polymer chains) aggregating per micelle (Nagg) can be detected using quenching
fluorescence, electron-paramagnetic resonance (EPR) and small-angle neutron scattering
(SANS) techniques. EPR has been used to determine the Nagg 0f C12EO200C12 using 16-
doxyl-stearic methyl ester (16-DSE) as a probe, the polymer Nagg is 31 + 6. Microviscosity
and effective relative permeability, which is correlated to the polarity of the polymer
aggregates have been determined as well showing no change as a function of C12EO200C12
concentration (9). Fluorescence experiments have been employed to determine the Nagg Of
PEOM Ci16EO100C16. The CAC of C16EO100C16 is 0.001 wt%. The polymer forms spherical



hydrophobic aggregates each consisting of 10 £ 1 chain loops. Over a wide range of
concentration, Nagg 22 £ 2 per micelle, reflective of the insensitivity of the flower micelle size
to concentration. Francois and co-workers found, using SANS and small-angle X-ray
scattering (SAXS), that the core size of PEOM increases at very high concentrations
(10,11). The scattering from the PEO in the flower micelle shows at least one broad peak
at small Q value and a second one that appears as a shoulder at high-Q value. These peaks
indicate a liquid-like order that is temperature and concentration dependent. These

diffraction patterns are characteristic of a cubic phase (7,12).

The polymer arrangement changes as a function of polymer concentration. Bridges are
formed between the flower micelles as the polymer concentration increases to form
secondary aggregates, clusters, of a specific size (13). The mean number of bridge-forming
chains per micelle increases linearly as a function of polymer concentration and a network
structure is formed (13,14). The network structure has been studied as a function of shear
by Richey et al. who synthesised a HEUR polymer with a pyrene group attached to the
hydrophobic end group (15). The fluorescence was recorded throughout the shearing
process. The intensity ratio remains constant as a function of shearing, though the rheology
experiment shows a shear thinning behaviour. The invariant pyrene probe intensity confirms
that the shear thinning behaviour is not accompanied by a change in the polymer micellar
structures, and that the shear thinning behaviour is correlated to the breakage of the bridges

connecting the hydrophobic aggregates.

The interaction between sodium dodecylsulphate (SDS) and HMPs affect some properties
of the polymer system such as viscosity, self-diffusion coefficient, hydrophobicity, and size
of the hydrophobic aggregates. In the HEUR and PEOM series of polymers, the SDS
interacts with two sites in the polymer; the hydrophobic end-group, and the PEO backbone.
The interaction of SDS with the hydrophobes forms polymer/SDS mixed hydrophobic
aggregates, whereas a bead and necklace structure is formed as a result of SDS interaction
with PEO, as well-documented in the literature (16—19).

The effect of SDS on the viscosity of HEUR solutions has been extensively reported
previously; in general, the viscosity increases to a maximum at a characteristic SDS
concentration before decreasing. The SDS concentration at which this maximum occurs
shifts to a lower SDS concentration for polymers with a longer hydrophilic backbone or
hydrophobic end groups (2,20,21). A similar behaviour has been observed for other HMPs
(22-24).



The local structure has been probed by several techniques such as EPR to characterise the
polarity of the hydrophobic aggregate of C12EO200C12 with increasing SDS concentration (9)
and diffusion NMR to measure the self-diffusion coefficient. The results demonstrate the

formation of larger aggregates with increasing SDS concentration (25,26).

This study focuses on correlating the macroscopic and microscopic properties of SDS and
HEUR systems using a range of techniques with particular focus on polymer concentrations
well above the critical overlap concentration (C"). Three polymers with different hydrophobic
and EO chain lengths are explored to understand how the molecular structure of the polymer

impacts on its interaction with SDS, thereby manifesting the bulk characteristics.

Materials and methods
Materials

Hydrophobically modified ethoxylated urethane (HEUR) polymers are generally synthesised
in two steps: (a) reaction between poly(ethylene glycol) (PEG) and the urethane linker, 4,4'-
diisocyanatodicyclohexylmethane (H12MDI) is used for the polymers studied 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,

Figure 1 (27,28).
O 0
H H
cn.__N N o ﬁj\ /O\/O\
y

Figure 1. General structure of HEURs studied here, where Cn is the
hydrophobic end-group, x number of EO unit, y number of polyurethane
segments.

The samples employed here were all gifts from Dow, from their RM range. Here, we denote
these polymers more schematically as Cn-L-(EOx-L) y-Cn where Cn denotes the length of the
hydrophobic end group, L the urethane linker, x the number of ethylene oxide units per
“block” , and y the number of blocks per polymer. Sodium dodecylsulphate (SDS) (Aldrich,
no impurity observed), deuterated sodium dodecylsulphate (d2s-SDS) (ISIS deuteration
facility), Hydroin buffer pH 9 (Aldrich), deionized water (18 MQ cm, Purite Select deionizer)

and deuterium oxide (Aldrich, purity 99.9%) were used as received.



Number of
Hydrophobic end- | ethylene oxide | Number of blocks
Polymer
group length, N segments per per polymer, y
block, x

Cée-L-(EO100-L)9-Cs 6 100

C10-L-(EO200-L)4-C10 10 200 4
Cis-L-(EO200-L)7-C1s 18 200

Table 1. Structure of the HEUR polymers studied in this paper.
Methods

All samples were prepared in Hydroin buffer at pH 9 (pH checked by Orion Star A111 pH
meter), the buffer ionic strength is 100 mM. All measurements were carried out at a
temperature of 25 + 0.5°C.

Rheology

Viscosity was recorded at 25 °C at a shear rate of 0.4 s on a Malvern GEM 200 rheometer
using a cone and plate geometry (4/40) calibrated against silicone oil. Sample volumes were
1.5 ml.

Pulsed-Gradient Spin-Echo Nuclear Magnetic Resonance (PGSE-NMR)

Polymers and surfactants were dissolved in Hydroin buffered deuterium oxide (D20), 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 of the gradient pulses (&) was held constant at 1 ms and their intensity (G) varied
from 5 - 800 G cm™. Typically, 16 scans were accumulated over 32 gradient steps. Self-
diffusion coefficients were extracted by fitting the peak intensities (I) to Equation 1 for the
peaks at 3.75 ppm (EO) where lois the signal intensity in the absence of gradient

pulses, Ds the diffusion coefficient, ¥ the gyromagnetic ratio of protons (29,30).

2 )
[=1,e P 5%(a-3) Equation 1



Surface tension

The surface tension of aqueous polymer/surfactant solutions was measured at 25 °C using
a maximum bubble pressure tensiometer (SITA Science online t60), calibrated with
deionized water. Samples were prepared in Hydroin buffered water, pH 9. A bubble lifetime
of 10 seconds was used to ensure full equilibration.

Fluorescence

For all samples, a stock solution of 8-anilinonaphthalene-1-sulphonic acid (ANS) was first
prepared in Hydroin buffered water (pH 9) at a concentration of 2.5 x 10> M. All samples
were then prepared from this ANS stock solution and measured after 24 hours of
preparation. Measurements were performed on Horiba Jobin Yvon Fluoromax-4
spectrophotometer at 25 °C in a semi-micro quartz cell. The excitation frequency was set to
380 nm, and the excitation spectrum recorded over wavelength range 400-600 nm (31).

Electron-paramagnetic Resonance (EPR)

EPR spectra of the water-insoluble spin-probe 16-doxyl-stearic acid methyl ester (16-DSE)
solubilised into hydrophobic domains have been examined as a function of SDS and HEUR
polymer concentrations. A range of SDS concentrations were mixed with the polymer at two
concentrations, 7 wt% and 1 wt%. A concentration of 3 ug/ml of 16-DSE was used in all
HEUR, SDS and blend samples. The probe samples were mixed for 24 hours in a hula-

mixer before measurement.

EPR spectra were recorded at 25 °C on a CMS 8400 ADANI EPR spectrometer, centre field
setto 337.4 mT, sweep width 6 mT, amplitude 70 uT, power attenuation 12 dB, gain value

1, gain order 3, sweep time 50 s. Each EPR spectrum is an average of four scans.

Neutron Scattering

SANS measurements were carried out at 25 °C on the SANS 2D instrument (ISIS spallation
Neutron Source, Oxfordshire, UK). Neutrons wavelengths spanning 2-14 A were used to
access a Q range of 0.002 to 3 Al (Q = 4r sin(6/2)/2) (32) 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
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wavelength distribution, corrected for instrumental and sample backgrounds using a quartz
cell filled with D20 (this also removes the incoherent instrumental background arising from
vacuum windows), and corrected for the linearity 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 polystyrene blend standard sample. The
intensity of the scattered radiation, I(Q), as a function of the wave vector, Q, is given by

Equation 2:

1(Q) = N,VEAP*P(Q)S(Q) + Bine Equation 2

where Vp is the volume of the scattering species, Np the number of scattering species,
Ap the difference between the neutron scattering length density of the scattering species
and the solvent, P(Q) describes the morphology of the scatstering species
and, S(Q) describes the spatial arrangement of the scatterers in solution, Binc incoherent

background.

Results and discussion

The interaction of the anionic surfactant SDS has been studied with three HEURs, namely
Ce-L-(EO100-L)9-Cs, Ci0-L-(EO200-L)4-C10, and Cis-L-(EO200-L)7-C1s at two polymer
concentrations, Cpolymer, Spanning the critical overlap concentration (C”) of Ces-L-(EO100-L)o-
Ces which is the key polymer investigated here, C* = 3 wt%, Viz Cpolymer = 1 Wt% and Cpolymer
=7 wt%. For consistency, similar concentrations were used for the other two polymers. The
concentrated systems are the subject of the main paper, whereas the dilute regime systems
have been largely included in the supplemental as the conclusions from those studies are
entirely consistent with literature precedence. Where appropriate, comparisons between the

behaviour of the HEUR/SDS in the dilute and concentrated regimes will be made in the main
paper.

The study is laid out thus - interaction of the polymer with surfactant results in changes in
the bulk viscosity and polymer diffusion, therefore the polymer viscosity and self-diffusion
coefficient are studied as a function of SDS. Changes in the structure and dynamics of the
hydrophobic domains formed from the polymer hydrophobic end-groups and the surfactant

have been studied by fluorescence and electron paramagnetic resonance (EPR). Finally, a



series of contrast match neutron scattering experiments are presented to study the

arrangement of the polymer and surfactant in the polymer/surfactant blends.
Solution behaviour of HEUR/SDS mixtures

The viscosity and self-diffusion coefficient of Ces-L-(EO100-L)9-Cs as a function of SDS
concentration were measured above C" and are presented in Figure 2 (a) and (b),
respectively. The viscosity and self-diffusion data are generally complementary to each
other; an increase in viscosity is reflected by a decrease in the self-diffusion coefficient. With
increasing SDS concentration, the viscosity increases to a local maximum (Vmax), then
decreases, before it plateaus at higher SDS concentrations. The self-diffusion coefficient,
therefore, follows a similar, inverted profile. Analogous observations are reported for Cio-L-
(EO200-L)4-C10 and Cis-L-(EO200-L)7-C1s, Figure 2 (a) and (b). Before Vmax, the polymer
viscosity curve shows the trend Cio-L-(EO200-L)4-Ci10 < Cs-L-(EO100-L)9-Cé < Cis-L-(EO200-
L)7-Cas, which agrees with the polymer viscosity curves as a function of their concentration,
Figure 3 (a). After Vmax, the relative order of the viscosity curves slightly change, Cis-L-
(EO200-L)7-C18 < C10-L-(EO200-L)4-C10 and Cs-L-(EO100-L)9-Cs. In addition, the Cis-L-(EO200-
L)7-C1s shows the greatest decrease in the viscosity.

Analogously, the diffusion data shows the highest diffusion below Dmin for Cio-L-(EO200-L)as-
C10> Ce-L-(EO100-L)9-Cs > Cis-L-(EO200-L)7-C1s (Figure 2 (b)), in agreement with the diffusion
of simple polymers as a function of their concentration, Figure 3 (b). However, after Dmin, the
trends are again different where the highest diffusion is for Cio-L-(EO200-L)4-C10 > Cais-L-
(EO200-L)7-C18 > Ce-L-(EO100-L)9-Cs. The Dmin in the dilute regimes are shifted to lower SDS
concentration for Cis-L-(EO200-L)7-Cis < C10-L-(EO200-L)4-C10 < Ce-L-(EO100-L)9-Cs, Figure 2
(c and d).
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Figure 2. (a) viscosity at shear rate 0.1 s'! and (b) self-diffusion coefficient
of 7 wt% Cs-L-(EO100-L)9-Cs (circles), Cio-L-(EO200-L)4-Ci0 (squares), and Cis-
L-(EOz200-L)7-C1s (triangles) as a function of SDS concentration, (c) viscosity
(white circles) at shear rate 0.1 s! and self-diffusion coefficient (blue
circles) of aqueous solutions of 1 wt% Ce-L-(EO100-L)9-C6s/SDS mixtures as a
function of SDS concentration and (d) self-diffusion coefficient of 1 wt% Ces-
L-(EO100-L)9-Cs (circles), Cio-L-(EO200-L)4-C10 (squares), and Cis-L-(EO2o00-
L)7-Cis (triangles) as a function of SDS concentration. Measurements were
carried out at 25 °C, pH 9, and ionic strength 100 mM. The solid lines are
guides for the eye.

Generally, the increase in viscosity (and decrease in self-diffusion coefficient) with
increasing surfactant concentration reflects the number and composition of mixed micelles
of SDS and hydrophobic end-groups, as this defines the strength of the polymer network.
The network is generally strengthened by increasing the residence time of the polymeric
end-groups within such micelles or increasing the number of cross-links by increasing the
number of hydrophobic aggregates, or conversion of loop-forming polymer chains to bridges
1,2).

At 7 wt% HEUR, a dense network conformation is expected where most of the loop-forming
polymer chains in the polymer hydrophobic aggregates are converted to bridges. Therefore
the adoption of a different conformation for the polymer chains as a function of SDS is
excluded. The viscosity increase (and diffusion decrease) can be correlated with the
strengthening of the network structure due to the formation of more aggregates of smaller
size, therefore, the number of cross-links increase, hence the viscosity increases. At higher

SDS concentration, the polymer hydrophobes are solubilised in SDS micelles which annul
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their presence. As a result, the network structure is broken and the HEUR behaves in a
similar manner to PEO/SDS mixtures (15,26).
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Figure 3. (a) viscosity (b) self-diffusion cofficient of Ce-L-(EO100-L)9-Cse
(circles), Ci1o0-L-(EOz200-L)4-C10 (squares), and Cis-L-(EO200-L)7-C1s (triangles)
at shear rate 0.1 st as a function of polymer concentration. Measurements
were carried out at 25 °C, pH 9, and ionic strength 100 mM. The solid lines
are guides for the eye.

Analysis of HEUR/SDS hydrophobic aggregates

Since the diffusion/viscosity insights reflect different, but complementary facets of the
polymer/surfactant blend, fluorescence was also used to probe the effect of SDS on the
hydrophobic domains, formed initially from the polymer end-groups, Figure 4 (a). In the ANS
fluorescence experiment, variation in the structure and composition of the hydrophobic
domain leads to changes in the measured ANS intensity as the fluorescence yield is
sensitive to the interaction between the two organic rings in the ANS molecule, a factor that
is sensitive to both the polarity and fluidity of the probe location. This technique is a useful
experimental approach to probe for anionic surfactant micellization, showing a substantial
increase in the measured intensity at the CMC, Figure S.4, with the fluorescence estimate
for the CMC = 0.05 wt% showing excellent agreement with the same value extracted from
the surface tension data (0.06 wt%, Figure S.1).

The fluorescence data for Cs-L-(EO100-L)e-Cs as a function of SDS concentration show a
decrease of ANS intensity to a minimum (Imin), Which then slightly rises at higher SDS
concentration, Figure 4 (a). lans decreases with reduced ANS solubilisation, or the
environment is less polar and/or one that is more mobile. A combination of all of these factors
is likely to be occurring here. The ANS intensity of Cis-L-(EO200-L)7-C1s was not measured

as the viscosity of the sample was too high in presence of SDS. There are very subtle
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differences between the ANS intensity of the Ce-L-(EO100-L)9-Ce and Cio-L-(EO200-L)4s-C1o,
Figure 4 (a). In the concentrated regime, the decrease in the ANS intensity is likely due to
the formation of smaller aggregates of HEUR/SDS mixed micelles (as will be shown latter
in the scattering data) as well as the binding of the charged SDS monomers and the
associated counter-ion to the hydrophobic aggregates increasing the polarity of the thus-
formed mixed micelle. The increase in lans at higher SDS concentrations is due to the
cooperative micellar binding of SDS micelles. The gross features of the ANS intensity curves
below C" are similar to the polymer behaviour in the concentrated regime, however, the Imin
is shifted to lower SDS concentrations, Figure 4 (b). The decrease in the lans in the dilute
regime is correlated to the changes in the polarity of the mixed micelles, as the scattering

data doesn’t show any evidence of significant change in aggregate size.
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Figure 4. ANS fluorescence of (a) 7 wt% Ce-L-(EO100-L)9-Cs (circles), Cio-L-(EO200-L)4-
Cio (squares) and (b) 1 wt% Ce-L-(EO100-L)9-Cs (circles), Cio-L-(EO200-L)s-C10 (squares),
Cis-L-(EO200-L)7-C1s (iriangles) as a function of SDS concentration. Measurements
were carried out at 25 °C, pH 9, and ionic strength 100 mM. The ANS intensity of Cais-
L-(EO200-L)7-C1s has not been measured due to very high viscosity. The solid lines are
guides for the eye.

The change in the hydrophobic aggregate structure as the SDS interacts with the polymer
is also reflected by changes in 16-DSE signal measured by electron paramagnetic
resonance (EPR). The 16-DSE shows a signal for 7 wt% Ce-L-(EO100-L)9-Cs for all the SDS
concentrations used in this study (0.1, 1, and 3 wt%) indicative of the presence of
hydrophobic aggregates, Figure 5, left column. The EPR spectrum shows splitting of the 15
(low-field) and 3™ (high-field) peak for all polymer/surfactant blends. The peak splitting is
reflective of the presence of two different environments, which we ascribe to polymer-like

and surfactant-like environments by comparison with the reference single component
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systems. A similar behaviour is observed for the Cis-L-(EO200-L)7-C1s (Figure 5, right
column) but not for the Cio-L-(EOz200-L)4-C10. For the Cio-L-(EO200-L)4-C10 case (Figure S.5),
left column), the data are much noaisier, indicative of the absence of polymer dominated
hydrophobic domains of sufficient size to solubilise the probe. It is interesting that this
corresponds to the polymer system with the fewest urethane linkers, suggesting that the
urethane groups are key component to the aggregation. When SDS is present in the system,
the observed behaviour for Cio-L-(EO200-L)4-C10is dominated by the SDS-rich environment,
however, for the Cis-L-(EO200-L)7-C1s the two environments are observed at the higher SDS

concentrations.

These observations are quite distinct to those made from model systems. Persson et al.
studied the polarity of C12EO200C12/SDS in dilute systems by EPR using 16-DSE. The
polarity sensed by the probe increases as the SDS interacts with the PEO end-group
hydrophobes up to 20-30 mM (7). The polarity decreased at higher SDS concentration due
to the increase in the Nagg of SDS. Those results agree with the fluorescence data (Figure 4
(b)), however the ANS Imin is observed at lower SDS concentration 1 mM (0.05 wt%) and
intensity increased at 17 mM (0.5 wt%) to reach the value of Ce-L-(EO100-L)9-Cs in the
absence of SDS. The increase in the ANS intensity after Imin is interpreted differently here,
where it is hypothesised that the increase in the intensity is due to the cooperative micellar
binding of SDS micelles, rather than changes in the SDS Nagg. The scattering data presented
in Figure 6 and Figure S.7 suggests the absence of change in the size of the SDS micelles
adsorbed to the polymer as a function of SDS concentration where Ians increases after Imin,
hence no change in SDS Nagg may occur.

— 0.1% SDS
—— 0.1%SDS 7% polymer

7% polymer —— 0.1% SDS + 7% polymer
—_ 0.1% SD§ +7% pol\(mer

T T T T T T T T T
335.0 336.0 337.0 338.0 339.0 340.0 335.0 336.0 337.0 338.0 339.0 340.0

Field /mT Field /mT
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Figure 5. EPR spectrum for 16-DSE in presence of three different
concentrations of SDS, and a fixed polymer concentration of 7 wt%; Cs-L-
(EO100-L)9-Cs (left panel) and Cis-L-(EO200-L)7-C1s (right panel), and the
polymer/SDS blend. Measurements were carried out at 25 °C, pH 9, and ionic
strength 100 mM.

As in the concentrated regime, the EPR data for Ce-L-(EO100-L)9-Cs and Cis-L-(EO200-L)7-
C1s below C" in the presence of SDS also show two environments, Figure 5S.6 left and right
columns respectively. The spectra from blends of Cio-L-(EO200-L)4-C10/SDS at Cpolymer = 1
wt% are dominated by the SDS-rich environment, similar to the behaviour noted for the

concentrated regime, Figure S.5, right column.
SANS from HEUR/SDS mixtures

To gain a better understanding of the polymer conformation, and the impact of the surfactant

aggregation on the polymer conformation, a series of “contrast variation” neutron scattering
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experiments were undertaken. The degree of interaction between the neutrons and a
molecule consisting of atoms, I, is given by the scattering length density p, Equation 3:

p = Yib; (‘Lﬂ Equation 3
w

where b is the scattering length, & the bulk density, Na Avogadro’s number (6.02 x 1022 mol-
1), and Mw the molecular weight of the scattering body. The contrast is the difference in p
value between the molecule of interest pp, and the surrounding medium pm, squared i.e.
(Ap)? so if this equals zero there is little/no scattering and the scattering bodies are said to
be “contrast matched”. In such an approach, the scattering from the polymer or surfactant
may be highlighted through judicious choice of hydrogenous and deuterated materials e.g.
the scattering arising from a deuterated surfactant/hydrogenous polymer/hydrogenous
solvent blend is dominated by the surfactant, whereas that from a deuterated
surfactant/hydrogenous polymer/deuterated solvent blend arises principally from the
polymer. The examination of the polymer/SDS systems with different contrasts has

therefore be used to highlight different facets of the system.

First consider the overall scattering of the h-Ce-L-(EO100-L)9-Ce/h-SDS/D20,where the
overall size and shape of the polymer/surfactant complex is characterised. There is an SDS
concentration-dependent increase in intensity observed at mid-Q, Figure 6 (a), top row. The
peak at mid-Q is shifted to higher-Q range as the SDS concentration increases. Worthy of
note, is the presence of surfactant-like scattering around mid-Q (0.03 A1) even at very low
concentrations of SDS (this feature might be more aptly described as a shoulder but the
term “peak” will be used to highlight the comparison with surfactant scattering), reflecting
the structure of the aggregates of hydrophobic groups present within the polymer. The
polymer peak emerges from a shoulder to a micelle-like scattering peak as the SDS
concentration increases. This may be correlated to the decrease of the average size of the
aggregates and hence smaller d-spacing is observed. Similar conclusions may be drawn
from the overall scattering of the other two polymers, Figure 6 (b) and 6 (c), top row. In the
dilute regime, similar observations are reported for the scattering curves at mid-Q, however
at low-Q there is a concomitant decrease in intensity, indicative of repulsive interactions

between charged structures Figure S.7, top row.
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Figure 6. Comparison of Small-angle neutron scattering from the three
polymers where column (a) shows the different contrasts for Cs-L-(EOu100-

L)o-Cs,

(b) Cio-L-(EO200-L)4-Ci1o,

and (c) Cis-L-(EO200-L)7-Cis.

The three

different contrast are h-polymer/h-surfactant/D20 (top row), h-polymer/d-
surfactant/D20 (middle rowl), and h-polymer/d-surfactant/H20 (bottom row);

Cpolymer = 7 Wt% with SDS 0 (circles), 0.1 (squares), 0.5 (

(triangles) and 3 (

), 1

) wt% ‘last three points have been omitted for
clarity’. Measurements were carried out at 25 °C, pH 9, and ionic strength
100 mM. The solid lines are fits for sphere and gel model.
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In the h-Ce-L-(EO100-L)9-Cs/d-SDS/D20 contrast, the intensity of the peak at mid-Q
decreases as a function of SDS and moves to higher Q, Figure 6 (a), middle row. The
changes in the Ce-L-(EO100-L)9-Cs Scattered intensity at low-Q is very subtle as a function of
SDS concentration. The decrease in the scattered intensity of the polymer peak as a
function of SDS concentrations indicates the decrease in the number of polymer
hydrophobes in the mixed aggregates. The shift of the peak position to lower-Q reflects
changes in the size and composition of the HEUR/SDS mixed aggregates, where smaller
aggregates are formed, hence the d-spacing decreases. The subtle changes in the
scattering at low-Q suggests the presence of insignificant changes in the conformation and
hence the network structure, this agrees with the viscosity and diffusion data, over this range
of SDS concentrations. Similar observations and conclusion may be drawn from the Cio-L-
(EO200-L)4-C10, Figure 6 (b), middle row. However, for Cis-L-(EO200-L)7-C1s (Figure 6 (c),
middle row) the changes in the scattered intensity of the polymer backbone shows more
significant decrease at 3 wt% SDS, indicative of the presence of polymer conformation
changes in agreement with the viscosity data for this polymer, Figure 2 (a). In the dilute
regime, the peak (0.02 A1) in the 1 wt% HEUR disappears at low values of surfactant
concentration, 0.1 and 0.5 wt% SDS, reflecting the conversion of polymer loops into bridges.
The peak (0.02 A1) reappears at higher SDS concentration, 1 and 3 wt%, where micellar
binding of SDS to the PEO backbone occurs, the PEO starts to wrap itself around the SDS
micelle as expected forming the bead-and-necklace model of PEO/SDS interaction, Figures
S.7 (a), (b), and (c), middle row.

In the h-Ce-L-(EO100-L)9-Ces/d-SDS/H20 contrast, the 0.1 wt% SDS shows a flat curve as the
mixed aggregates are dominated by polymer hydrophobes, Figure 6 (a), bottom panel. The
intensity of the peak increases as a function of SDS as the mixed micelles become more
dominated by SDS. Similar conclusions may be drawn for the SDS scattering contrast of the
other two polymers, Figures 6 (b), (c), bottom row. Worth mentioning, the SLD of the Cio-L-
(EO200-L)4-C10 and Cis-L-(EO200-L)7-C18 was not perfectly matched and hence there is some
minor scattering from the polymer at low-Q. Below C, there is a move towards more
polymer-like scattering emerging in the surfactant-only scattering contrast, Figures S.7 (a),
(b), and (c),bottom row. It is envisaged that the surfactant interacts first with the hydrophobic
domains, illustrative of the micellar-like scattering, and then subsequently interacts with the
polymer backbone, giving rise to the polymer-like form to the data in the scattering of SDS

only.
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Similar systems for pure PEOM and HEUR have been fitted to a polydisperse sphere model
(11,12). However, this model does not capture the features of the data presented here,
especially the low-Q data points. The steepness of the scattering curve at low-Q suggests
the presence of large structures which can be correlated to the sparse network structure
postulated by Suzuki et al. for telechelic polymers below C* due to the connection of flower
micelles via bridging polymer chains (33). Therefore, terms that describe network structure
have been added to the model to capture all the features in these scattering curves. Saffer
et al. used a two correlation length network model to describe two-phase net-like mesh
structures formed by cross-linked PEG gels (34), these systems are very close to the system
used here. Therefore, the scattering has been modeled using a compound model,
comprising a solid sphere model to reflect the micelle scattering and a two correlation length

model to reflect the polymeric network described by Equation 4:

9o _ 2 2 [ (4. p3Isin(QR)-QRcos(QR)] I I .
g (@) = NV (Ap) ((3 R OTE * S(q)) + e T (1+Q2A2)2) + Binc

Equation 4

where Np is the number of scattering species V, the volume of scatterers, Ap the difference
of scattering length density between molecules and solvent, R the radius of the sphere, Q
the wavevector, S(q) sphere structure factor, l1 the intensity of Lorentzian term of length &,

I2 the intensity of the Debye-Bueche term of length A, and Binc the inchoherent background.

The sphere term will capture the radius of the hydrophobic HEUR aggregates, SDS micelle,
or HEUR/SDS mixed aggregates. The structure factor of the sphere is represented by the
charge density (C) per SDS micelle or the HEUR/SDS mixed micelle and inversely the
Debye screening length. Two correlation lengths are considered which may describe a
shorter length scale "¢’ which defines the mesh size of the network and a longer length scale
‘A’ which may be correlated to the distance between the inhomogenous centres of the
system. However, the correlation length values extracted from the fit for the polymers
studied here suggested that the shorter length scale may describe gel network structure
fluctuation, whereas the longer length scale is approaching the limit of the instrument

resolution e.g. an extended polymer network.

In the dense network regime, the size of the aggregates decrease as the SDS concentration
increases, where a shift from a large polymer aggregate to a SDS micelle sized aggregate

is observed. The fit is sensitive to the micelle charge at higher SDS concentrations only, 1
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and 3 wt%. The length scales of the polymer show very subtle changes as a function of SDS
concentration, Table 2. Similar conclusions may be drawn from the other two polymers, fits
are presented in the supplemental section, Tables S.1 and S.2. The sphere structure factor
at low SDS concentrations can be “turned off”, however, at higher SDS concentration (1 and
3 wt%) the fit becomes sensitive to the charge.

In the polymer scattering contrast in the concentrated regime, the parameters are in good
agreement with those extracted from the overall scattering contrast, Table 3, S.6 and S.7.
In the Cis-L-(EO200-L)7-C1s at 1 and 3 wt% SDS, the network structure is broken, reflected
by decrease in the scattered intensity at low-Q and decrease in the ¢ and A length scales.
The decrease in the polymer length scales at 1 wt% and 3 wt% can be explained by a

collapse of the polymer chains as the latter wraps itself around the SDS micelles.

Unsurprisingly, the surfactant-only contrast show aggregates with size consistent with an
SDS micelle for all the SDS concentrations, Table 4, S.11 and S.12.

In the dense network regime, the only change observed is related to the aggregate size and
composition, at least over the range of SDS concentration studied here. The decrease of
the sphere radius is reflective of the formation of smaller polymer hydrophobic aggregates.
There is a less significant change in the polymer length scale which may be correlated to
the maintaining of the polymer network structure in the SDS range studied in this
experiment. This agrees with the viscosity data where the decrease in viscosity, which is
correlated to the breakage of the network structure, is observed at SDS concentrations
higher than 3 wt%. However, in the dilute regime the size of the aggregates measured in
presence of SDS is equal to the SDS micelle size. In addition, changes in the polymer
conformation evidenced by changes in the polymer scattered intensity at low-Q.

Below C" and analogous to the concentrated regime, the length scales extracted from the
polymer scattering contrast (Table S.8-S.10) and sphere size extracted from the surfactant
scattering contrast (Table S.13-15) agree with the values of the same quantities extracted
from the fit to the overall scattering contrast (Table S.3-S.5) . The only key difference is that
the intensity of the shorter length scale is lower in the polymer-only contrast. Further, in the
surfactant scattering contrast, the values for the shorter length scale support the hypothesis
of the decoration by SDS monomers of the urethane linkers distributed along the polymer
backbone.
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Fit parameters/|7 % HEUR +| 7 % HEUR + | 7 % HEUR + |7 % HEUR +|7 % HEUR +
Units 0 % SDS 0.1% SDS | 0.5% SDS 1 % SDS 3 % SDS
Intensity of
. 1.8 x 10°® 2.8 x10° 6.5x10° 2.0x10° 7.5x10°
radius term
Radius (A) 62+5 52+ 3 42 +3 35+1 20
C n.d. n.d. n.d. 10 10
l1 1.7 14 14 0.8 0.9
&R 20+ 1 20+ 1 16+1 17+1 14+ 1
2 7190 7190 7190 6190 6000
AR 672+ 10 672+ 10 672 + 10 672 + 10 672 + 10

Table 2. SANS key parameters from the sphere and network model for Ce-L-
(EOlOO-L)9-C6 /ISDS/D20 at Cpolymer = 7 Wt%.

Fit parameters/|7 % HEUR +| 7 % HEUR + | 7 % HEUR + |7 % HEUR +|7 % HEUR +
Units 0 % SDS 0.1 % SDS | 0.5 % SDS 1 % SDS 3 % SDS
Intensity of
_ 1.8 x 106 2.0x10° 2.0x10° 2.2x10° 1.9x10°
radius term
Radius (A) 62+5 54 +3 42 +3 35+1 30+1
C n.d. n.d. n.d. 10 10
1 1.7 1.2 0.8 0.7 0.7
&R 20+1 20+1 17+1 17+1 17+1
2 7190 7190 7190 5490 3400
A A 672 + 10 670 + 10 674 + 10 674 + 10 674 + 10

Table 3. SANS key parameters from the sphere and network model for Ce-L-
(EOlOO-L)Q-CG /d-SDS/D20 Cpolymer = 7 Wt%.
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Fit parameters/ 7 % HEUR + 0.5 % 7% HEUR +1 % 7% HEUR + 3 %
Units SDS SDS SDS
Intensity of radius
4.0 x 10 5.5x 10° 4.8 x10°
term
Radius (A) 18 20 17
C n.d. 10 10
l1 0.065 0.03 0.002
¢ (A) 7 4 3
2 n.d. n.d. n.d.
A (A) n.d. n.d. n.d.

Table 4. SANS key parameters from the sphere and network model for Ce-L-
(EOlOO-L)Q-CG /d-SDS/H20 Cpolymer = 7 Wt%.

Compare the viscosity, fluorescence and EPR data for the two similarly sized polymers Ce-
L-(EO100-L)9-Cs and Cio-L-(EO200-L)4-C10 - the viscosity at 7 wt% for Ce-L-(EO100-L)9-Cé >
Ci0-L-(EO200-L)4-Cao; fluorescence data illustrate the increased partitioning of ANS in the
C10-L-(EO200-L)4-C10 case relative to Ce-L-(EO100-L)9-Cs ; whilst the EPR data shows no
signal (and therefore partitioning of 16-DSE) for the Cio-L-(EO200-L)4-C10, whereas the Ce-L-
(EO100-L)e-Cs has a signal from the 16-DSE reflective of the presence of hydrophobic
aggregates of sufficient size capable of solubilising that probe. Therefore, an indirect
conclusion may be drawn that Cs-L-(EO100-L)9-Cs Seems to have a stronger association
through the urethane linkers (viscosity, EPR) but the Cio0-L-(EOz200-L)4-C10 has an increased
number of- but smaller hydrophobic aggregates (ANS).

As an aside, the importance of the urethane linkers in promoting the association of the
polymer has been studied by SANS. The ability of f-cyclodextrin to form complexes with the
HEUR hydrophobic end-groups has been previously reported by Liao et al. (37,38). Here,
B-cyclodextrin was added to the polymer solution to form a 1:1 end-group - B-cyclodextrin
complex at 5 wt% Cs-L-(EO100-L)9-Cs and the scattering from the polymer recorded, and

contrasted with the same in the absence of the (3-cyclodextrin. Intriguingly, the intensity of
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the shoulder at 0.03 A arising due to polymer self-association decreased in the presence
of B-cyclodextrin, but does not disappear, Figure 7Error! Reference source not
found.Error! Reference source not found.. Thus, it may be concluded that association of
the polymer occurs significantly through the urethane linkers, as this interaction cannot be
nullified by the cyclodextrin.

100.000 F———

® 5% C HEUR-D,0
v 5% C,-HEUR + 0.5% beta-cyclodextrin- D,O

10.000 £ E
F Q ]

1.000

0.100

0.010

Scattered Intenisty, I(Q)/ cm™

0.001 L1 : : —
0.01 0.10

Wavevector, Q/ A

Figure 7. Small-angle neutron scattering from 5 wt% Cs-L-(EO100-L)9-Cs in
absence (circles) and presence ( ) of 0.5 wt% B-cyclodextrin.

Conclusions

HEUR polymers and surfactants are present in many formulations e.g. paints and cosmetics,
often at much higher concentrations than those studied in the literature. Understanding the
behaviour of the HEUR in the presence of surfactants is important for optimizing these
formulations. In this paper, concentrated solutions of three polymers with general structure
Cn-L-(EOx-L) y-Cn have been studied as a function of SDS concentration. It is very clear in
this study, that there is a much stronger correlation of the observed behaviour with the

urethane linker content - the polymers that possess more linkers show higher viscosity
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(slower diffusion) in comparison with those with fewer linkers. The viscosity, diffusion data
together with the scattering of the polymer in presence of $-cyclodextrin, which annulled the
polymer association through the hydrophobic end-groups, suggest the presence of polymer

association through the urethane linkers.

There is evidence of a strong interaction between the urethane linkers and the SDS, an
interaction often neglected in published work. Characterisation of the dilute solution
behaviour of these systems reproduced trends reported in literature (1-3), but it is further
shown that there is a more structure sensitive behaviour in these systems at higher polymer

concentrations.

Comparing the SANS experiments on dilute and concentrated regime highlights rather
different behaviour for the three polymers. In the dilute regime sparse network structure is
formed where the flower micelles are the building unit of the network, therefore the changes
observed in the various techniques used are due to loss of this arrangement. Above C" there
are fewer flower micelles and a dense network is observed. These significant changes may
be interpreted in terms of the number and composition of the mixed polymer hydrophobe /

surfactant micelles rather than the polymer conformation per se.

Since this study highlighted the importance of urethane linkers in the association and
interaction with SDS, more clear cut conclusions could be drawn by fixing the molecular
weight of the polymer and the length of the hydrophobic end-group and only the urethane

linkers number shall be varied.
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