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ARTICLE INFO ABSTRACT
Keywords: Hypothesis: Understanding the complex interactions between polymers and surfactants is required to optimise
Poly(N-isopropylacrylamide) commercially relevant systems such as paint, toothpaste and detergent. Neutral polymers complex with

Polymer brushes

surfactants, forming ‘pearl necklace’ structures that are often conceptualised as pseudo-polyelectrolytes. Here we
Sodium dodecylsulfate

pose two questions to test the limits of this analogy: Firstly, in the presence of salt, do these polymer-surfactant

Surfactant: . . . )
esponsive systems behave like polyelectrolytes? Secondly, do polymer-surfactant complexes resist geometric confinement

Responsive polymers ; !

Electrolyte like polyelectrolytes?

Experiments: We test the limits of the pseudo-polyelectrolyte analogy through studying a poly(N-isopropylacryla-
mide) (PNIPAM) brush in the presence of sodium dodecylsulfate (SDS). Brushes are ideal for interrogating
pseudo-polyelectrolytes, as neutral and polyelectrolyte brushes exhibit distinct and well understood behaviours.
Spectroscopic ellipsometry, quartz crystal microbalance with dissipation monitoring (QCM-D), and neutron
reflectometry (NR) were used to monitor the behaviour and structure of the PNIPAM-SDS system as a function
of NaCl concentration. The ability of the PNIPAM-SDS complex to resist geometric confinement was probed with
NR.

Findings: At a fixed SDS concentration below the zero-salt CMC, increasing NaCl concentration <100 mM
promoted brush swelling due to an increase in osmotic pressure, not dissimilar to a weak polyelectrolyte. At
these salt concentrations, the swelling of the brush could be described by a single parameter: the effective
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CMC. However, at high NaCl concentrations (e.g., 500 mM) no brush collapse was observed at all (non-zero)
concentrations of SDS studied, contrary to what is seen for many polyelectrolytes. Study of the polymer-surfactant
system under confinement revealed that the physical volume of surfactant dominates the structure of the strongly
confined system, which further differentiates it from the polyelectrolyte case.

1. Introduction

Mixtures of polymer and surfactant are ubiquitous in many products,
where their function is often a direct result of interfacial phenomena, ei-
ther within the formulation or at the point of application. Therefore, un-
derstanding the interaction between these two classes of material at in-
terfaces is of fundamental academic and commercial interest. Through-
out this work we compare the behaviour of the polymer-surfactant
complexes to polyelectrolytes. Complexes of neutral polymers and sur-
factants are often described as ‘polyelectrolyte-like’ [1-6], due to the
decoration of the otherwise neutral polymer chain with charged sur-
factant micelles and its subsequent swelling. We test the limits of this
analogy, gaining a better understanding of these important systems and
answering the question: to what extent can polymer-surfactant com-
plexes be conceptualised as polyelectrolytes? Herein, we study the be-
haviour of a polymer-surfactant complex in two systems relevant to
their application: varying ionic strength and mechanical confinement.

The behaviour of polyelectrolytes is distinct to that of neutral poly-
mers due to their charged nature; these differences are particularly evi-
dent when the local polymer concentration is high or the ionic strength
of solution is varied [7]. Surface-tethered or adsorbed polyelectrolytes
are of particular interest due to their ability to lubricate interfaces [8,9],
stabilise particles [10] and otherwise resist confinement [11]. While
polyelectrolyte behaviour is complex, and has been the subject of sig-
nificant study [7,10,12-15], we focus on three phenomena, specifically
for surface-grafted polymer brushes:

+ The salting-in (of weak polyelectrolytes) at low salt-concentrations
(1 to 100 mM) [12,13].

+ The salting-out (of all polyelectrolytes) at higher salt concentrations
(100 to 1000 mM) [12,13].

+ The resistance of polyelectrolyte brushes to mechanical confine-
ment [11].

All three phenomena are driven by the osmotic pressure differential
between the brush and bulk solvent.

Here we use a model system to study these phenomena: a polymer
brush of neutral poly(N-isopropylacrylamide) (PNIPAM), a thermore-
sponsive polymer with a critical solution temperature (CST) of 32.5°C
in bulk aqueous solution. The experimentally accessible CST of PNIPAM
makes it an ideal candidate for examining pseudo-polyelectrolyte be-
haviour as any increase in polymer stability induced by the surfactant
can be easily assessed. As PNIPAM is thermoresponsive, the PNIPAM-
surfactant complexes can most readily be compared to a thermorespon-
sive weak polyelectrolyte like poly[2-(dimethylamino)ethyl methacry-
late] (PDMA). The LCST of PDMA (and other tertiary amine methacry-
lates) is shifted to higher temperatures as the degree of protonation is
increased at pH values below the pK, [16]. Eventually all thermore-
sponsive behaviour is lost when the polymer is sufficiently protonated.
Furthermore, the use of polymer brushes eliminates instability issues
associated with untethered studies and allows the polymer to be exam-
ined in poor solvent conditions or above the CST. By examining polymer
brushes at planar surfaces, we enable use of surface-sensitive techniques
such as spectroscopic ellipsometry, quartz crystal microbalance with
dissipation monitoring (QCM-D), and neutron reflectometry (NR). We
have previously studied the behaviour of our PNIPAM brush system
in the presence of several surfactants [17]. The addition of sodium
dodecylsulfate (SDS) imbues PNIPAM with charge, exhibiting strong
swelling and resisting thermally induced collapse [17].
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1.1. Response to ionic strength

To probe the pseudo-polyelectrolyte nature of polymer-surfactant
systems, the behaviour of SDS-decorated PNIPAM brushes is exam-
ined in the presence of sodium chloride (NaCl). The properties of each
of these materials have been well characterised in isolation, and the
phenomenological behaviour of each binary system (PNIPAM-NaCl,
PNIPAM-SDS, SDS-NaCl) is also well understood. For brevity, a very
concise summary of the three binary systems in aqueous conditions is
made here with more details provided in the Supporting Information.

PNIPAM-NaCl. The presence of certain ions, such as chloride, at con-
centrations ~#100 to 1000 mM results in a reduction in poly-
mer solubility, decreasing the CST, and an associated structural
collapse due to salting-out effects [18-22].

PNIPAM-SDS. SDS has been shown to adsorb to PNIPAM as complete
micelles that are smaller than their free-solution counterparts
[23,24], imbuing the polymer with charge and increasing
the CST. For brushes, when the concentration of SDS was
above the critical micelle concentration (CMC), considerable
swelling was observed with a complete suppression of tem-
perature response [17].

SDS-NaCl. Increasing NaCl concentration reduces the CMC through
micellar charge screening [25,26]. The CMC of SDS is ap-
proximately halved from 8 mM in water to 5 mM in 10 mM
NacCl.

Only a single study has examined the free solution ternary PNIPAM-
SDS-NaCl system. Patel et al. [27] observed that at a given surfactant
concentration (2 to 50 mM), increasing the NaCl concentration de-
creased the cloud point of PNIPAM. However, as these experiments
were carried out at a fixed PNIPAM concentration of 1 wt% (~90 mM
PNIPAM repeat units), it is likely that these results are influenced by
the depletion of surfactant from free solution. Specifically, they plot
cloud point against the added SDS, whereas the more relevant parame-
ter (from an equilibrium perspective) is the free SDS concentration. The
ternary system has not been examined in the brush geometry.

1.2. Confinement

We also examine structural changes in geometrically confined
PNIPAM-SDS complexes with neutron reflectometry. By examining the
PNIPAM brush structure under confinement and comparing it to the be-
haviour of conventional polyelectrolytes, we gain further insight into
the nature of the interactions of the polymer and surfactant, particularly
as a mimic of surfaces ‘in action’ at contacting surfaces.

1.3. Critical parameters for polymer-surfactant systems

There are two critical parameters that describe the polymer-
surfactant system in this work:

1. Critical aggregation concentration (CAC): The free surfactant con-
centration at which surfactant molecules begin to adsorb onto poly-
mer chains.

2. Critical micelle concentration (CMC): The free surfactant concen-
tration at which free micelles are formed.
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In free solution a third parameter, the polymer saturation point (PSP),
is needed to account for the depletion of free surfactant from solution
due to surfactant-polymer binding. However, in the current system the
depletion of free surfactant through polymer adsorption is insignificant
due to the vanishingly small concentration of polymer in the system. In
short, the free surfactant concentration is equal to the total surfactant
concentration.

Both CAC and CMC are dependent on temperature [28-30] and ionic
strength [25,26]. To simplify discussion, we denote two extrinsic CMCs:

1. CMC®: The CMC of the surfactant in pure water at 25 °C (no poly-
mer or salt, for SDS 8.07 mM [28,29,31,32]).

. CMC®™f: The effective CMC of the surfactant-NaCl solution (no
polymer, Figure S1 [25,26]).

Due to the aforementioned lack of surfactant depletion, we take the
CMC of our systems as the CMC®',

2. Materials and methods
2.1. Materials

Single-side polished silicon blocks (100 mm diameter, 10 mm thick),
with a native oxide layer, were used as brush substrates for neutron
reflectometry experiments. For ellipsometry experiments appropriately
sized substrates were cut from 100 mm diameter, 1 mm thick native
oxide silicon wafers. All silicon was purchased from EL-CAT Inc. (USA).
QSensor QSX 303 SiO,-coated QCM-D sensors (Biolin Scientific) were
purchased from ATA Scientific and cleaned before use by 30 seconds of
plasma treatment followed by washing in 2 wt% aqueous SDS, rinsing
with MilliQ water, and drying under nitrogen.

SDS (>98 %) and NaCl were purchased from Sigma Aldrich; SDS
was recrystallised in ethanol before use. Deuterated SDS (dSDS) was
purchased from Cambridge Isotope Laboratories and used as received.
Reagents used in the synthesis of the PNIPAM brushes are detailed in
the Supporting Information.

2.2. Polymer synthesis

PNIPAM brushes were grafted from silicon wafers via activators
regenerated by electron transfer atom transfer radical polymerisation
(ARGET-ATRP) [33], as per the protocol of Humphreys et al. [34];
full details of the method are included in the Supporting Information.
For NR modelling, brushes are characterised by their interfacial volume
(VD, which is the volume of polymer per unit area, with units of length
[35]. The dry thicknesses and interfacial volumes of the brushes used
in this work are detailed in Table 1.

Table 1

Dry thicknesses of the brush samples used in this work.
In situ Sample Substrate Dry thickness (nm) via 14
technique number type Ellipsometry NR (nm)
Ellips. - 20 mm Si wafer 150 + 107 — ~135%
QCM-D 1 QSensor QSX 303~ 13 — ~128
QCM-D 2 QSensor QSX 303  ~20% — ~18%
NR 1 100 mm Si block 30.1+0.7 304 25.7
NR 2 100 mm Si block 17.4 +£0.6* 18.7 15.5
NR 3 100 mm Si block 16.1 £0.3* 16.7 13.9

*

Taken from 16 measurements over a 40 x 40 mm area in the centre of the
wafer, see Figure S3. Uncertainty is the standard deviation.

 Taken from 5 points over the wafer surface. Uncertainty is the standard devi-
ation.

# Approximated from a sibling wafer synthesised in the same reaction mixture.
$ Interfacial volume, V;, cannot be directly calculated using ellipsometry, values
are approximated as 90 % of the dry thickness, according to our previous work
[35].
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2.3. Ellipsometry

Ellipsometric measurements were performed on an Accurion EP4 el-
lipsometer using a 1 mL solid-liquid cell. Measurements were performed
at an angle of 65°, dictated by the angle of the cell windows, and at 12
wavelengths between 380 and 910 nm inclusive. Measurements were
conducted in a series of low-to-high salt concentration sweeps, where
each consecutive sweep used a higher surfactant concentration.

The brush studied here is much thicker than those typically studied
with ellipsometry [17,36-39], with an interfacial volume of approxi-
mately 140 nm. A thicker brush was chosen to increase the sensitivity
of ellipsometry to the polymer volume fraction profile; analysis of such
diffuse structures has only recently been enabled by developments in
modelling software [35,40]. All ellipsometry data were analysed using
refellips [40], using the freeform model developed for studying brushes
described in our previous work [35]. Solvated brush thicknesses were
then defined as twice the first moment of the resultant volume fraction
profile, based off previous convention [41].

2.4. Quartz crystal microbalance with dissipation, QCM-D

QCM-D studies were performed using a QSense Analyzer (Biolin
Scientific) and 5 MHz QSensor QSX 303 SiO,-coated sensors. In ev-
ery experiment, all four cells in the QSense analyser were utilised;
two cells contained blank silica-coated sensors, while the remaining
cells contained silica-coated sensors decorated with 13 and 20 nm
PNIPAM brushes, respectively. The cells were connected in parallel and
filled with identical solutions, using a peristaltic pump with a rate of
0.3 mLmin~! and a minimum pumped volume of 1.5 mL to each cell.
All experiments began in MilliQ water, and were not commenced until
all sensor frequencies exhibited less than 0.1 Hzmin~! drift; this typi-
cally occurred around an hour after the cells were filled.

QCM-D experiments were performed at a constant temperature
(20°C) as a function of SDS and NaCl concentration. The Af and AD
values reported are relative to the frequency and dissipation value of the
wafer in pure water and have had the blank QCM-D sensor signals sub-
tracted. This means that the signal is due solely to the interaction of the
solution components with the PNIPAM brush, not the solution density,
viscosity, ionic strength or interaction with the substrate. An example
of the raw data (including the blank sensor signal) is provided in Fig-
ure S11. The brush was measured first in salt solutions in the absence
of surfactant before performing salt ramps at increasing surfactant con-
centrations. Salt concentration sweeps were always conducted from low
to high electrolyte concentration at a fixed surfactant concentration.

2.5. Neutron reflectometry: PNIPAM, SDS, NaCl

Specular neutron reflectometry measurements were conducted on
the Platypus reflectometer at the 20 MW OPAL reactor (ANSTO, Sydney)
[42]. Measurements were made at angles of 0.6 and 3.2° for dry sam-
ples and 0.8 and 3.5° for solvated samples, yielding useful data within
Q-ranges of 0.0073 to 0.31A~! and 0.0096 to 0.31 A=! respectively.
Choppers 1 and 4 were used for all experiments, and data reduction
was performed using refnx [43] following the standard procedure for
Platypus [42], producing a final resolution of AQ/Q = 8.8%. Solvated
experiments were carried out in standard solid-liquid cells (silicon
backed) sandwiched between two heat-exchange plates, the tempera-
ture of which was controlled by a Julabo FP50-HE heater/chiller unit.

The experiments were performed on sample NR1 (Table 1) in both
D,0 and CM solutions. ‘CM’ refers to a mixture of 19.7 vol% D, 0 and
80.3 vol% H,0, intended to match the SLD of PNIPAM (Table 2). In
D, 0-dSDS solutions, contrast between the brush and the solvent is mea-
sured while in the CM solutions scattering from dSDS is highlighted.

Hydrogenous surfactant was not used in the unconfined NR ex-
periments as it did not have sufficient contrast with the hydrogenous
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Table 2

Tabulated SLD values of materials used.
Compound SLD, A2 Compound SLD, A2
Si 2.07¢ PET* 2.57°
Sio, 3.47° SDS 0.28°
H,0 —0.56° dsps 6.16°
M 0.809° PNIPAM 0.72¢
D,0 6.34¢ PNIPAM' 1.25¢

@ Taken from literature.

b Calculated from mass density [supplier provided] and molecular formula.

¢ Experimentally derived.

* PET (polyethylene terephthalate) is used as the flexible backing material in
the confined NR experiments.

¥ For PNIPAM with a deuterated amide.

PNIPAM. The SLD values used in the current work are collated be-
low. Values determined from the mass density and molecular formula
of compounds are indicative only.

Collected NR data were analysed using refnx [43]. Polymer volume
fraction profiles were modelled with a freeform model [35] utilising
the fitting methodology from our previous work [17]. We note that
in this more complex system some of the scattering signal in the CM
experiments may be due to an accumulation of sodium and chloride
ions within the brush, which have an SLD greater than that of the CM
solvent. The SLD of these ions is impossible to calculate precisely, as
their volume is dependent on their chemical environment. We assume
that the non-polymer, non-solvent component (the dSDS NaCl complex,
which produces the reflectivity profiles in Fig. 3) has an SLD equivalent
to that of dSDS (6.16 x 10~ A=2) and report corresponding volume frac-
tion profiles. Scattering from salt ions will affect the magnitude of these
volume fraction profiles, but not their overall shape.

2.6. Neutron reflectometry: PNIPAM, SDS, confinement

The confinement experiments were also performed on the Platypus
reflectometer, utilising a custom-built sample environment described
in our previous publications [44,45]. Briefly, a PNIPAM-decorated
100 mm silicon wafer was placed into the sample environment such
that the brush-coated surface was parallel to, and 3 mm away from, a
clean polyethylene terephthalate (PET) sheet. The PET sheet was forced
against the sample via pneumatic pressure to control the degree of con-
finement, and the temperature was controlled via a Julabo FP50-HE
heater/chiller unit. Measurements were made at angles of —0.35 and
—1.5° (i.e. a downwards reflection on Platypus), yielding useful data
within Q-ranges of 0.004 to 0.13 A~!.

The experiments were performed on sample NR2 and NR3 (Table 1)
in both HZO—hSDS solutions (to enable determination of the silica-PET
separation) and in CM-dSDS solutions (to highlight scattering from
SDS). Before confinement, the surface was wet with 1 mL of surfactant
solution, and the driving pressure increased to 0.1 bar; this slightly de-
formed the PET sheet, dispersing the solution across the entire sample
surface. The system was left in this unconfined state to allow the brush
to equilibrate with its solvent environment (over tens of minutes). After
equilibration, the PET film was brought into molecular contact with the
surface by slowly increasing the pressure. Molecular confinement was
confirmed by a critical edge for silicon-PET appearing at Q =0.0054 A~
(Figure S10).

Collected NR data were analysed using refnx. H,0-hSDS was mod-
elled as described previously [44], while CM-dSDS data were analysed
using a modified freeform model that allowed for surfactant concen-
tration to be zero close to the substrate, described in the Supporting
Information.

3. Results and discussion

We first investigate the effect of NaCl concentration on the swelling
behaviour and structure of PNIPAM brush-SDS complexes with ellip-
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sometry, QCM-D, and NR. We then probe the structure and thermore-
sponse of a PNIPAM brush in the presence of surfactant under geometric
confinement. Through contrast variation NR, the distribution of the sur-
factant molecules throughout the brush is determined in both cases.
With these two approaches, we are able to probe the nature of the in-
teractions of the surfactant and polymer to elucidate the mechanism
through which neutral thermoresponsive polymers are solubilised by
surfactants, and compare this to the behaviour of polyelectrolytes.

3.1. Effect of ionic strength

Before examining the behaviour of SDS-PNIPAM complexes, we
briefly summarise the influence of solution ionic strength on polyelec-
trolyte brush behaviour. The primary consideration when examining
polyelectrolytes is the nature of the charged groups; are they strong
(permanently charged) or weak (gain charge through acid/base reac-
tions)? At lower salt concentrations (<100 mM), long range electrostat-
ics dictate polyelectrolyte behaviour, allowing weak polyelectrolytes to
become charged as electrolyte concentration increases, increasing the
osmotic pressure within the brush and causing them to swell (osmotic
brush regime). No significant impact on the behaviour of strong poly-
electrolytes is observed at these concentrations [12,13]. At high concen-
trations, for both weak and strong polyelectrolytes, the osmotic pressure
difference reverses and brush collapse occurs (salted brush) [12,13].

Naively, one might expect the PNIPAM-SDS system to behave as if
it were a weak polyelectrolyte [46,47]. In pure water, we expect the
PNIPAM-SDS complex would have a charge every 4 to 8 repeat units
(charge fraction of 0.125 to 0.25) [17]. This charge fraction is lower
than a strong polyelectrolyte in water (e.g., polystyrene sulfonate has a
charged fraction of 0.8 [48]). Furthermore, one would expect the charge
fraction to be a strong function of ionic strength as in weak polyelec-
trolytes.

As discussed, the adsorption of SDS to PNIPAM chains increases the
LCST of PNIPAM. If this increase in thermal stability is purely elec-
trostatic in nature, as is hypothesised, the influence of NaCl on the
PNIPAM-SDS complex should be comparable to a weak polyelectrolyte
and its behaviour should be as follows. At a fixed SDS concentration
below CMC®, but above the CAC, the addition of salt (<100 mM)
should lead to polymer swelling as the CMC®' is lowered (analogous
to salting-in). This will in turn lead to an increase in micelle bind-
ing to the polymer and thus an increase in the adsorbed material
and charge fraction within the brush. Above the CMC®, the addi-
tion of salt (<100 mM) will have little effect on PNIPAM, inducing
at most some polymer swelling as the size of the tethered micelles
increases. If the increased SDS micelle adsorption stabilises PNIPAM
brush swelling through purely electrostatic means, then the thermore-
sponse of the PNIPAM will initially be suppressed due to the reduc-
tion in CMC®'T. The thermoresponse would be expected to return at
higher salt concentrations due to the screening of electrostatic interac-
tions, as observed for pure PNIPAM [49] and classical polyelectrolytes
[7,12,13,50-52]. This expected collapse at high NaCl concentrations
(>100 mM) would be independent of the surfactant concentration. In
the rest of this section, we will use ellipsometry, QCM-D and NR to build
up a structural understanding of the NaCl-SDS-PNIPAM brush system
(illustrated in Fig. 4) and compare system behaviour to the polyelec-
trolyte case.

3.1.1. Ellipsometry

The ellipsometry data are summarised in Fig. 1, which plots the
swelling ratio (solvated thickness divided by V;) against the salt con-
centration. Here we study two concentrations of SDS, 0.5 and 2 xCMC?®,
at a range of salt concentrations between 0 and 500 mM (covering 0.5
to 25 xCMC®!). The volume fraction profiles from which the first mo-
ments are derived, as well as the experimental and modelled A and ¥
values, are shown in Figure S2.
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Fig. 1. Swelling ratios, extracted from the volume fraction profiles in Figure S2,
plotted against (a, c, e) NaCl concentration and (b, d, f) surfactant concentra-
tion (C,;) relative to the CMC®!' (modulated by NaCl, Figure S1) as a function
of temperature (top to bottom) and SDS concentration (colours). Swelling ratio
is independent of NaCl and SDS concentration at 15 °C, but becomes a strong
function of both as temperature is increased. The swelling behaviour of the sys-
tem appears to be predominantly sensitive to the concentration of SDS relative
to the CMC, although the contribution of NaCl appears to increase at high con-
centrations (i.e., 500 mM). All data are from the brush labelled Ellips. in Table 1.
(For interpretation of the colours in the figure(s), the reader is referred to the
web version of this article.)

The addition of NaCl in the absence of SDS (0.0 xCMC®) lowers the
swelling ratio at 32 °C (Fig. 1c), corresponding to the volume fraction
profile transitioning from an extended (Figure S2a) to a collapsed pro-
file (Figure S2q), consistent with a CST reduction of ~5°C [18,49].
Similarly, the addition of SDS in the absence of NaCl increases the CST at
0.5 xCMC® and suppresses the thermoresponse completely at 2 xCMC*®
(Figure S2a-c) [17].

The addition of salt to the 0.5xCMC® system caused the PNIPAM
layer to swell and suppressed the thermoresponse completely at high
salt concentrations. The swelling ratio (Fig. 1la, c, e) and structures
(Figure S2) became practically indistinguishable from the 2 xCMC*®
profiles above NaCl concentrations of 50 mM. The addition of salt to
the 2xXCMC*® system had no discernible effect on the swelling ratio
(Fig. 1a, c, e) or volume fraction profile of the system structures (Fig-
ure S2) at any temperature.

The swelling ratios observed in the left panel of Fig. 1 are con-
sistent with the system behaviour scaling around the CMC®! of SDS;
when plotting the swelling ratio relative to the dimensionless CMC
(Cyurt /CMCeff), the 0.5 and 2xCMC?® curves overlay (Fig. 1b, d, f).
As with previous experiments [17], minimal thermoresponse was ob-
served over the investigated temperature range at SDS concentrations
above 1xCMC®, Interestingly, at no point did the addition of NaCl
begin to collapse the brush, as would be expected from a classical poly-
electrolyte [7,14]. We highlight that there is a noticeable discontinuity
at 250 mM salt concentrations at both SDS concentrations studied, we
will return to this feature throughout.

3.1.2. QCM-D

The QCM-D results are summarised in Fig. 2. QCM-D measures both
the change in frequency, A f, and change in dissipation, AD, at a vari-
ety of overtones (harmonic numbers). A f is sensitive to the mass within
the decay length of the acoustic wave generated by the oscillating sen-
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sor. AD measures the rate at which the layer dissipates kinetic energy
to its environment within the decay length; it can be thought of as a
measure of stiffness vs softness or elasticity vs viscosity. As the decay
length decreases at higher overtones, comparison of overtones enables
structural inferences to be drawn for the QCM-D data [53]. QCM-D was
only performed at one temperature, corresponding to the swollen sys-
tem data in Fig. 1a, b. Here the 3" and 7t overtones are plotted (34
to 11t were collected, and exhibit the same trend).

The addition of salt in the absence of surfactant is consistent with prior
work, with NaCl inducing a positive A f and negative AD, indicating a
collapsing brush layer [18,34,49]. Similarly, the addition of surfactant in
the absence of added salt is consistent with prior work, with SDS inducing
a negative Af and positive AD, indicating a swelling brush layer [17].

Focusing first on the difference in trends between 0.5 and 2 xCMC*®
SDS data with increasing NaCl concentration (Fig. 2a, c), there ex-
ist two clear regimes: at low salt concentrations (<50 mM) it is clear
that changes in Af and AD remain dependent on surfactant concen-
tration, but at higher salt concentrations (>50 mM), when the C; >
CMC*f, behaviour becomes purely dependent on salt content. This
trend matches that observed in the ellipsometry data (Fig. 1a, c, e).
Similar to the ellipsometry figure, much of the QCM-D results can be
explained by the dimensionless CMC, plotted in Fig. 2b, d.

Focusing on the values of Af and AD in Fig. 2b, d, we first see
that for SDS concentrations below 1xCMC*f Af decreases and AD
increases at all overtones as salt is added, consistent with the brush
swelling and becoming more dissipative due to the reduction in CMC®'".
Importantly, Af does not plateau when the concentration of surfactant
is above 1 xCMC®!, steadily decreasing as the NaCl concentration is
increased. This behaviour is distinct from the pure SDS system (open
square data points in Fig. 2b, d), where the frequency plateaued at the
CMC even with further increases in SDS concentration [17]. A contin-
ued reduction in A f suggests continued brush swelling in the presence
of added NaCl. However the ellipsometry data indicated that no layer
swelling was observed (Fig. 1), thus decreasing A f with increasing NaCl
concentration indicates that other material such as adsorbed SDS, NaCl,
or associated water are being adsorbed within the brush layer. This is
corroborated by the dissipation results where above 1 xCMC® (and at
NaCl concentrations less than 250 mM) AD decreases. Decreasing dissi-
pation typically corresponds to a reduction in brush swelling [54], how-
ever, considering the ellipsometry and Af results, here it most likely
corresponds to a stiffening of the brush. This increase in mass within
the brush with increasing salt concentration is illustrated in Fig. 4b, d.
Interestingly, a notable change in behaviour at 250 mM can be seen in
both Af and AD (Fig. 2a, c) matching that observed in the ellipsometry
data. It is worth noting the difference in the response of the higher over-
tones indicates that this swelling is more pronounced at the periphery of
the brush. The convergence of the higher overtones at higher salt con-
centration suggests adsorbed material becomes more evenly dispersed
throughout the brush. This implies a transition from a typical parabolic
or exponential brush profile to a more uniform ‘slab’ like structure. To
better understand the physicochemical picture at these conditions we
turn to neutron reflectometry.

3.1.3. Neutron reflectometry

NR experiments were performed at a fixed concentration of surfac-
tant over a range of temperatures and salt conditions informed by prior
QCM-D and ellipsometry measurements. Here, we study the 0.5 xCMC*®
SDS system at increasing salt concentrations. This is the most interest-
ing surfactant concentration, as it allows us to explore behaviour above
and below CMC*".

Control measurements in both pure D,0 and CM were performed
in the absence of salt and surfactant, with results in Figure S7 showing
that the PNIPAM brush exhibits the expected thermoresponse and the
CM solution matches the PNIPAM SLD well [34,55]. Additional control
measurements were carried out at a range of temperatures and NaCl
concentrations to characterise the response of the brush to NaCl; these
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to differentiate between surfactant in the brush layer and salt in the brush layer due to their SLDs. Sample is NR 1 from Table 1.

are shown in Figure S8. The addition of NaCl resulted in the brush Generally, in the presence of SDS, the overall behaviour of the
collapsing at lower temperatures relative to the brush in the absence of PNIPAM brush as a function of temperature is consistent with both the
salt, most evident above 100 mM, as expected [18,50]. ellipsometry (Fig. 1), and QCM-D measurements (Fig. 2) shown above;
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that is, the thermoresponse of PNIPAM (characterised by NR in S7) is
suppressed. It is worth noting that there is no discernible difference be-
tween 100 and 500 mM salt; between these conditions an inconsistency
in behaviour was observed in both ellipsometry and QCM-D. NR indi-
cates that this apparent change in behaviour is due to surfactant or salt
adsorption, rather than a structural change in the polymer. We interpret
this below.

Moving on to the profiles collected from the contrast matched sys-
tem used to highlight the location of the surfactant, we observe that re-
flectometry profiles differ significantly from the control measurements
(Figure S7), indicating that there is adsorption of surfactant under all
conditions. At the zero salt condition, fringes develop as the tempera-
ture is increased, indicating that some surfactant remains in the layer
upon brush collapse. These fringes do not appear at higher salt concen-
trations, consistent with the lack of layer collapse observed with the
D,0 dataset (and confirmed with ellipsometry, Fig. 1). The shape of
the reflectometry profile for 50 and 100 mM NaCl is comparable at all
temperatures, indicating similar levels of adsorption at these conditions;
the shape of the profile at 500 mM is distinct. This fits with ellipsometry
and QCM-D results, which indicated anomalous behaviour at 500 mM.
The surfactant volume fraction profiles produced for high salt concen-
trations are similar in shape to those observed at the 2 xCMC® SDS con-
dition in our previous work [17], congruent with the system behaviour
scaling around CMC®. Interestingly, the volume of adsorbed material
(integral of the dSDS volume fraction profile) increases markedly at
500 mM, matching the step-change in A f and A D observed via QCM-D.

3.1.4. Effect of NaCl on structure of SDS-PNIPAM system

In light of our findings above and relevant literature, we propose a
model for the structure of the PNIPAM-SDS-NaCl system as a function
of salt and surfactant concentration, which we present in Fig. 4.

No NaCl: Previous reports have shown that, in the absence of
salt, SDS adsorbs to PNIPAM as complete, spherical micelles [23,24]
(Fig. 4a, b). These polymer-adsorbed micelles are always smaller than
equivalent free-micelles [23,24,57], but vary in size depending on the
surfactant concentration — with aggregation numbers varying from ~8
at the CAC (Fig. 4a) to ~22 at the CMC (Fig. 4b) [57]. Above the CMC,
no additional surfactant is incorporated into bound micelles [56]. For
brushes, the addition of SDS promotes layer swelling and retards the
thermoresponse of PNIPAM. This influence is dependent on surfactant
concentration between the CAC and the CMC [3,17]. While in solution,
SDS only associates with PNIPAM that is solvated (i.e., not collapsed)
[58], in the brush geometry it appears that some surfactant can be
trapped within the brush interior (Fig. 4a) [17].

NaCl concentration 0-250 mM, Cg,.; < CMC®': For the ternary system
examined here, when the total SDS concentration is below the CMC®"
(Fig. 4c), the addition of NaCl results in brush swelling and an increase
in the CST (transition from Fig. 4c to 4d). Charge screening due to
additional salt at the micelle surface reduces the energetic penalty for
micelle formation and lowers the CMC* [25,26,59]; accordingly, more
SDS adsorbs to the polymer. Mechanistically, the increased adsorption
of SDS occurs through the growth of micelles with increasing salt con-
centration (Figure S1) [25,26]. Similar behaviour has been observed
for PEO-SDS systems, where the addition of NaCl both reduced the SDS
concentration required to swell the polymer and increased the swelling
magnitude [60].

NaCl concentration 0-250 mM, Cgpg > CMC®f: When the concentra-
tion of SDS > CMC*" (Fig. 4d), the polymer conformation is independent
of the total SDS concentration and can be described by the dimension-
less CMC (Cy,¢/CMC*'"). However, addition of salt does change the
amount of surfactant adsorbed within the layer (Fig. 3), and results in
a stiffening of the layer (Fig. 2), potentially through micelles ‘cross-
linking’ the polymer.

NaCl concentration 500 mM, Cgpg > CMC®': At high NaCl con-
centrations the system remains highly swollen (Fig. 4e). A change in
system structure is observed between 250 and 500 mM NaCl by all
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Fig. 4. Schematic of the PNIPAM-SDS-NaCl system shown above the (pure-
water) CST of PNIPAM at various salt concentrations. In the no-salt condition,
SDS either (b) associates with PNIPAM, swelling it, or (a) does not interact at
all [3,56], depending on its concentration relative to the CMC®. (¢, d) Moder-
ate ionic strengths promote the growth of micelles, but the conformation of the
polymer still scales around the CMC®. (e) Higher ionic strengths further pro-
mote micelle growth, and behaviour cannot be explained by the concentration
of the surfactant relative to CMC®. At ~450 mM NaCl we hypothesise that the
geometry of the polymer bound micelles transitions from spherical to rod-like.

techniques. Ellipsometry measures an increase in thickness; QCM-D ob-
serves a decrease in A f and increase in AD; and NR indicates a change
in surfactant adsorption. NR, however, does not resolve a change in
the polymer structure between 100 and 500 mM. As NR is the most
sensitive to polymer structure due to contrast-matching of the surfac-
tant and solvent SLD the change observed at 500 mM must be due
to an increase in surfactant adsorption and a corresponding change in
the optical (ellipsometry) and mechanical (QCM-D) properties of the
layer. This change in surfactant adsorption might be explained by a
transition from spherical to worm-like micelles; it has been reported
that SDS undergoes this transition at a NaCl concentration of 450 mM
(Figure S1c) [26,61,62]. Worm-like micelles (WLMs) would explain the
increase in adsorption observed (increase in magnitude A f and change
in ellipsometric thickness). The adsorption of intact WLMs to polymers
in solution has previously been reported [63-65]. In this instance, en-
tanglement of the polymer chains with (or cross-linking of the polymer
chains by) the WLM could give rise to the unique rheological behaviour,
explaining the observed increase in dissipation. We show the polymer
adsorbing to the surface of worm-like micelles in Fig. 4, consistent with
the low-salt interaction mechanism. It is also possible that the polymer
could be incorporated into the core of the worm-like micelles.

3.1.5. Comparison to polyelectrolytes

The swelling of polyelectrolyte brushes is dominated by osmotic
forces; the degree of brush swelling is determined predominantly by
the increased osmotic pressure induced by ion condensation within the
brush. However, at high salt concentrations, polyelectrolytes should col-
lapse, from the osmotic pressure of the ions outside the brush.
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Below the CMC*f and at intermediate NaCl concentrations, SDS-
PNIPAM complexes behave similarly to a weak polyelectrolyte, with
NaCl ‘salting-in’ the complex by promoting polymer-bound charged
groups (SDS micelles) and thereby ion condensation within the brush
(hence increasing osmotic pressure) [7]. At these low salt concen-
trations, the SDS-PNIPAM complex can be compared to a thermore-
sponsive weak polyelectrolyte, such as poly(tertiary amine methacry-
lates), where the addition of charge suppressed the thermoresponse
[16]. Above the CMC®f and at intermediate NaCl concentrations, SDS-
PNIPAM complexes behave similarly to a strong polyelectrolyte, with
polymer structure being independent of salt concentration.

However, at high salt concentrations (250 and 500 mM) the be-
haviour of the PNIPAM-SDS complex deviates from that expected from
a polyelectrolyte [16], as no salting-out behaviour occurs. We hypoth-
esise that as the salt concentration increases (and with it, micelle size),
the prevailing force preventing brush collapse transitions from osmotic
pressure to excluded volume effects. the increase surfactant adsorp-
tion. This is analogous to the work of Ehtiati et al. [66], who studied
the behaviour of poly[2-(dimethylamino)ethyl methacrylate] polymer
brushes as their alkyl side-chain length is increased. They find that
steric and hydration (i.e., non-electrostatic) effects dominate system be-
haviour as the side-chain length increases. To further elucidate the role
of osmotic and steric forces within surfactant/polymer complexes, we
turn from the effects of salt upon the PNIPAM brush to the effect of
geometric confinement.

3.2. Effect of SDS on the confined behaviour of a PNIPAM brush

Polyelectrolyte brushes behave differently to neutral brushes when
they are placed under geometrical confinement (subjected to a surface-
normal stress), better resisting mechanical confinement [11,55,67]. In
the study of Abbott et al. [11], the behaviour of neutral polyethy-
lene oxide (PEO) brushes were compared to charged poly(acrylic acid)
(PAA) brushes, with the PAA more swollen under confinement than
PEO. Similarly, the reduction of charge in the PAA brushes (via a
change in pH) resulted in brushes which were less able to resist con-
finement. Response to confinement provides another avenue to examine
that pseudo-polyelectrolyte nature of the PNIPAM-SDS system. Here we
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use the same technique as Abbott et al. [11] to probe the behaviour of
PNIPAM-SDS complexes under mechanical confinement.

As above, we examine the behaviour of the PNIPAM-SDS systems
above and below the CMC, here using surfactant concentrations of
0.6 xCMC® and 1.75 XCMC®. We conduct two types of measurement,
one in H,0/hSDS and one in CM/dSDS. hSDS experiments are sensitive
to the separation between the confining PET film and the silica sub-
strate, while dSDS experiments are sensitive to the distribution of the
dSDS within the confined layer. The conditions of greatest interest are
those where the PNIPAM brush in water is most confined, that is, at
high temperatures or high confining stresses. At these conditions, we
expect the presence of the SDS to make the most difference to the sys-
tem structure. We examine the system at 1 bar, 35°C (low confining
stress, high temperature). Measurements at 5 bar, 25 °C (high confining
stress, low temperature) were also conducted with similar outcomes;
plots are included in Figure S9.

The results from the hydrogenous confinement study are presented
in Fig. 5. We use both a modelling approach and a fringe-spacing anal-
ysis to determine the separation between the confining PET film and
the silica substrate [44]. Thickness is either directly calculated from
the fringe spacing, or defined as the mode of the thickness distribution
used to model the data. These thickness values are normalised by di-
viding by the interfacial volume (analogous to the dry thickness of the
polymer layer), such that a value of one corresponds to a completely col-
lapsed (zero solvent fraction) layer. Both modelling and fringe-spacing
analyses yield similar trends and show clearly that the addition of
SDS increases layer thickness. As expected, this increase in thickness
is greater at 1.75xCMC® than it is at 0.6 XCMC®. As previously ob-
served, PNIPAM in pure water collapsed almost completely, exhibiting
a normalised separation of ~1.1 [44], while the 1.75 xCMC® SDS sys-
tem exhibited a normalised separation of ~1.5. Unconfined experiments
indicate a volumetric PNIPAM:SDS binding ratio of between 1:0.5 and
1:1 [17,24,57]. In the confined system we observe normalised separa-
tions of ~1.5, dictating a maximum confined volumetric binding ratio
of 1:0.5; indicating that there is less SDS in the confined system than in
the unconfined system.

To examine the distribution of SDS within the confined layer, we
substituted hydrogenous SDS with dSDS. The dSDS has a significantly
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higher SLD than any other component in the system (Table 2), there-
fore, the experiment becomes sensitive to the SDS distribution within
the confined layer, rather than the silica-PET separation. The reflectom-
etry profiles for the SDS and dSDS samples are unequivocally distinct,
indicating that the concentration of dSDS within the confined layer is
substantial (Fig. Se, f). This stark difference indicates that a significant
amount of SDS is trapped inside the brush upon mechanical confine-
ment, as dSDS is clearly modifying the SLD of the layer. A further
discussion of the interpretation of the reflectivity profiles in Fig. 5f is
made in the Supporting Information.

The modelling shows that the dSDS was enriched near the substrate,
with the dSDS concentration dropping in proximity to the confining sur-
face (Fig. 5e). In isolation, the SLD profile would seem to indicate that
the PNIPAM-dSDS layer is only 18 nm thick, but the hydrogenous con-
trast rules out this possibility as a ~26 nm separation is observed there.
The uneven (surface-normal) distribution of SDS in the confined re-
gion would produce non-uniform SLD profiles (see Table 2 for SLDs) in
the hydrogenous system, and thus explains why we cannot accurately
model the collected reflectometry profiles at high SDS concentrations
(Fig. 5d). However, the modelling of the dSDS shows clearly that the
SDS is concentrated within the confined layer and also that the com-
bined interfacial volume of the PNIPAM and SDS leaves little room for
water (solvent fraction ~10 % by comparing the V; of polymer and dSDS
to the total V;) (Fig. 5e).

We observe similar swelling ratios to the PAA study of Abbott
et al. [11], with our ‘maximally charged’ (1.75 XCMC*®) SDS-PNIPAM
complexes exhibiting a swelling ratio of over 1.5 (Fig. 5). However,
given that there is little water retained in the brush layer, our re-
sults indicate that the primary mechanism through which SDS increases
the layer thickness is steric in nature (rather than electrostatic or
osmotic, as in classic polyelectrolytes). The steric mechanism oper-
ates through excluded-volume interactions between trapped surfactant
molecules and the polymer. Conversely, a confined film where electro-
static or osmotic interaction dominated would still contain a consider-
able amount of water.

It is worth noting that the tightly-packed structure is likely not
at equilibrium. Without confinement, when the PNIPAM-SDS system
undergoes a thermal collapse (as can occur at low surfactant concentra-
tions) we observe that the SDS is mostly ejected from the brush layer
[17]; Chen et al. [3] observe similar behaviour in free-polymer systems.
Here, this surfactant is instead trapped by the macroscopic confining
barrier. The structure in Fig. 5e provides some insight as to how the
SDS gets trapped. The SLD profile pertaining to dSDS shows that the
surfactant is concentrated at the base of the brush (Fig. 5b). Interest-
ingly, there does not appear to be an enrichment of the surfactant near
the hydrophobic PET interface. One explanation for this is that PET-
bound surfactant is able to escape from the system upon confinement,
whilst polymer-bound surfactant becomes trapped at the base of the
brush.

In summary, PNIPAM-SDS systems resist confinement to a greater
degree than pure PNIPAM systems, with the brushes maintaining
swelling ratios comparable to other polyelectrolytes [11]. However,
unlike polyelectrolytes which resist collapse due to electrostatic repul-
sion and osmotic pressure, we find that the PNIPAM-SDS system resists
collapse due to entrapment of the surfactant within the brush thus is
unlikely to be stabilised by electrostatics. This tight-packed polymer-
surfactant system resists compression due to the excluded volume ef-
fects of trapped surfactant molecules.

4. Conclusion

The pseudo-polyelectrolyte character of PNIPAM brush-SDS com-
plexes was investigated with spectroscopic ellipsometry, QCM-D and
neutron reflectometry. The changing thermoresponse of the system at
varying salinities provides insight into the electrostatic (cf. polyelec-
trolytes) and steric mechanisms that solubilise PNIPAM brush-SDS com-

270

Journal of Colloid And Interface Science 655 (2024) 262-272

plexes. Similarly, the resistance of the polymer-surfactant complex to
mechanical confinement was compared to that of a conventional poly-
electrolyte. Through these two approaches, we have gained a deeper
understanding of the mechanism through which anionic surfactants in-
teract with neutral polymers and tested the validity of conceptualising
these complexes as polyelectrolytes.

In the absence of salt, the behaviour of the brush is dependent on
the concentration of SDS. Above the CMC®, micelle adsorption along
polymer chains promotes brush solvation and partially suppresses the
thermoresponse of PNIPAM. Below the CMC®, surfactant adsorption
into the brush is low and not sufficient to resist thermal collapse [17].
At a fixed SDS concentration below CMC®, increasing the concentra-
tion of NaCl resulted in an increase in the thickness of the PNIPAM
brush as detected by all techniques. This behaviour can be fully ex-
plained by a reduction in the CMC®'f, and is analogous to the salting-in
behaviour of weak polyelectrolytes. However, brush collapse was not
observed at high NaCl concentrations, contrary to expected behaviour
from true polyelectrolyte brushes [7,10,14], thereby demonstrating
that PNIPAM-SDS complexes are not purely stabilised through electro-
static interactions. While ellipsometry showed that brush thicknesses
plateaued at higher NaCl concentrations, QCM-D Af results and NR
measurements indicated a continual increase in the adsorbed mass of
surfactant within the layer. This SDS adsorption is due to continued
charge screening due to additional salt, promoting the adsorption of
SDS to the polymer. Additionally, changes in the dissipation at salt con-
centrations >450 mM likely indicate a transition from spherical micelles
to worm-like structures. This transition could be further studied in the
bulk through diffusion nuclear magnetic resonance or small angle scat-
tering techniques.

PNIPAM-SDS complexes were able to resist collapse in response to
applied surface pressure to a greater extent than PNIPAM brushes in the
absence of SDS [44]. The swelling ratios of the PNIPAM-SDS complexes
were comparable to those observed for polyelectrolyte brushes [11].
Upon confinement, PNIPAM brushes trap a large amount of surfactant
in their interior. Excluded volume interactions from the SDS micelles
trapped in this non-equilibrium structure are responsible for the brush’s
resistance to confinement, rather than electrostatic repulsion and high
osmotic pressure.

The application of multiple techniques allowed us to interrogate the
mechanism through which SDS imparts its stabilising effect on PNIPAM
brushes. While the phenomenological behaviour of PNIPAM-SDS com-
plexes is largely reflective of polyelectrolytes, a lack of salting-out be-
haviour at high salinity and steric factors being the major contributor to
brush swelling and resistance to confinement distinguish the two types
of systems.
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