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ARTICLE INFO ABSTRACT
ArtiC{e history: Hypothesis: Anionic surfactants have been reported to interact with poly(N-isopropyl acrylamide)
Received 4 August 2022 (PNIPAM), suppressing its thermoresponse. Scattering and NMR studies of the anionic sodium dodecyl-
Revised 10 October 2022 sulfate (SDS) system propose that the PNIPAM-surfactant interaction is purely hydrophobic. However,
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Available online 25 October 2022 prior phenomenological investigations of a range of surfactant identities (anionic, cationic, nonionic)

show that only anionic surfactants affect the thermoresponse and conformation of PNIPAM, implying that
the hydrophilic head-group also contributes. Crucially, the phenomenological experiments do not mea-
sure the affinity of the tested surfactants to the polymer, only their effect on its behaviour.

Polymer brushes Experiments: We study the adsorption of six surfactants within a planar PNIPAM brush system, elucidat-
Sodium dodecylsulfate ing the polymer conformation, thermoresponse, and surfactant adsorption kinetics using ellipsometry,
Surfactants neutron reflectometry (NR), optical reflectometry and the quartz crystal microbalance technique. NR is
Responsive polymers used to measure the distribution of surfactants within the brush.

Findings: We find that only anionic surfactants modify the structure and thermoresponse of PNIPAM,
with the greater affinity of anionic surfactants for PNIPAM (relative to cationic and nonionic surfactants)
being the primary reason for this behaviour. These results show that the surfactant head-group has a
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more critical role in mediating PNIPAM-surfactant interaction than previously reported. Taking inspira-
tion from prior molecular dynamics work on the PEO-surfactant system, we propose an interaction mech-
anism for PNIPAM and SDS that reconciles evidence for hydrophobic interaction with the observed head-

group-dependent affinity.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Polymer-surfactant systems are ubiquitous in commercial and
industrial contexts, from personal care products to separation pro-
cesses. Furthermore, polymer systems exhibiting stimuli-
responsive behaviour are broadly applicable in the design of
‘smart’ systems, where the solution or interface properties can be
controlled through a change in polymer conformation. It follows
that understanding their interaction with surfactants is key to
the application of responsive polymers in a wide range of systems.
One common responsive polymer system is poly(N-
isopropylacrylamide) (PNIPAM), which undergoes a swollen to col-
lapsed transition in water as the system temperature is increased
past its lower critical solution temperature (LCST) of 32 °C [1,2].
Surfactants have been reported to interact with PNIPAM, suppress-
ing its thermoresponse; it is generally thought that hydrophobic
forces drive this interaction [3-6]. However, it has been shown that
only anionic surfactants affect the thermoresponse of PNIPAM [7-
10], suggesting that the head-group also contributes. Understand-
ing the complex interaction between PNIPAM and surfactants as a
function of temperature and surfactant concentration will enable
the application of responsive polymers in a broad range of
contexts.

In this work, we study several anionic, cationic and nonionic
surfactants, determining the surfactant’s effect on, and affinity
for, a PNIPAM polymer brush. We choose to study these interac-
tions in the brush geometry for three reasons. Firstly, brushes
can be studied with surface-sensitive techniques such as neutron
reflectometry (NR), quartz crystal microbalance with dissipation
monitoring (QCM-D), and ellipsometry, which allow for the direct
study of polymer conformation and surfactant adsorption [11,12].
Secondly, the potential to affect the conformation of a PNIPAM
brush with a small quantity of a specific molecule enhances its
potential as an intelligent surface — surfactants, particularly
sodium dodecylsulfate (SDS), are already known to modify the
structure of PNIPAM [8,10,13] and similar neutral polymers
[14,11]. Thirdly, studying tethered systems simplifies the control
of surfactant concentration. In the planar brush geometry, the
unbound surfactant concentration is essentially equal to the total
surfactant concentration, allowing us to assume that the CMC of
the surfactant within the systems studied is equivalent to that in
a pure surfactant solution at 25 °C, denoted as CMC".

1.1. Summary of prior work

The effects of certain surfactants on the thermotransition of
PNIPAM have been documented in phenomenological studies for
some time [10]. Anionic sulfate-headed surfactants strongly raise
the LCST [10,15-18] and decrease the density [5,9,19,20,21] of PNI-
PAM at concentrations around their CMC for tail-lengths above 7
carbons [22]. Conversely, cationic ammonium-headed surfactants
do not change the behaviour of PNIPAM at concentrations around
their CMC for any tail-length [7,8]. Similarly, nonionic surfactants
do not appreciably modulate the LCST of PNIPAM [7-10].

More detailed work (i.e., that examines system structure or
polymer-surfactant affinity) has also been conducted, focusing on
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SDS as the model surfactant. Small angle neutron scattering (SANS)
reveals that small SDS micelles form along the PNIPAM chain
above the system critical aggregation concentration (CAC) [5,21].
Interestingly, the radius of the attached micelle increases with
SDS concentration (to a maximum of ~1.5 nm), while the distance
between micelles (~6 nm) remains constant. Similarly, time-
resolved fluorescence quenching experiments [23]| show that
adsorbed SDS micelles increase in aggregation number from ~8
to ~22 as the free surfactant concentration increases from the
CAC to the CMC. It has been confirmed via nuclear magnetic reso-
nance spectroscopy (NMR) that no additional SDS is incorporated
into the bound micelles at concentrations above its CMC [24].
These results imply that the number of micelles per chain is rela-
tively constant and that more SDS either increases the number of
solubilised PNIPAM chains or the micelle size. NMR has also
revealed hints as to the interaction mechanism between PNIPAM
and SDS, finding via nuclear Overhauser effect spectroscopy that
the surfactant alkyl tail interacts with the PNIPAM isopropyl group
[3]. The mass binding ratio (grams of SDS per gram of PNIPAM) at
the CMC have been reported as 0.5 [5] (by gravimetric analysis),
0.6 [23] (by fluorescence quenching), and 8 [24] (by NMR). The rea-
son for this large discrepancy is unclear; we will attempt to clarify
this value in the current work.

It is clear from NMR, fluorescence techniques, and SANS that
SDS forms distinct micelles along the PNIPAM backbone
[24,3,6,23,5,21], as in the ‘pearl-necklace model’ first suggested
by Shirahama et al. [25]. These adsorbed micelles are smaller than
equivalent free micelles [23,5,21], with their aggregation number
depending on free surfactant concentration [23,21]. It also seems
that when the polymer undergoes a thermal collapse, micelles
are released into bulk solution, rather than retained by the col-
lapsed polymer [21,24]. In cases with a strong polymer-
surfactant interaction (for instance, polyelectrolytes and oppo-
sitely charged surfactants) surfactants can interact with the poly-
mer as single molecules, rather than micelles [26]. However, all
evidence points to SDS-PNIPAM systems following the pearl-
necklace mode of interaction [24,3,6,23,5,21].

1.2. Models for surfactant-PNIPAM interaction

Whilst the molecular structure of PNIPAM-SDS systems is well
understood, the phenomenological studies of broader ranges of
surfactants raise questions regarding the interaction mechanisms
proposed. Many studies suggest the reason for the PNIPAM-
surfactant affinity is the hydrophobic interaction between the ali-
phatic surfactant tail and the PNIPAM backbone and isopropyl car-
bons [3-6]. If this were true, then anionic and cationic surfactants
would behave similarly. However, it is almost universally reported
that SDS significantly influences the conformation and LCST of PNI-
PAM, whilst its cationic and nonionic counterparts have little or no
measurable effect [10,22,8,9]. Due to these differences, it would
seem that the mechanism through which anionic, nonionic and
cationic (or at least sulfate, ethylene glycol and trimethylammo-
nium headed) surfactants interact with PNIPAM must also differ,
leading to the reasonable conclusion that the head-group plays
an important role in driving the polymer-surfactant association.
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This does not mean that the tail is not also important, only that the
presence of a hydrophobic tail alone is not sufficient to induce sig-
nificant interaction with PNIPAM.

There has been some debate about whether it is the size of the
head-group [27,3-6] or the sign of its charge that is responsible for
this discrepancy. The molecular dynamics simulations of Shang
et al. [28] provide some insight into the nature of neutral, water-
soluble polymer surfactant interaction, although they use PEO as
their model polymer. They conclude that the polymer chain wraps
around the micelles, shielding exposed hydrocarbon tails from the
aqueous environment [29,28]. By swapping the charges of the SDS
and DTAB in the simulation they convincingly show that it is the
head-group charge, not size, that dictates the binding strength
[28].

From a thermodynamic perspective, both the micellisation of
surfactants [30,31] and thermal collapse of PNIPAM [1,32] are dri-
ven by the entropic penalty of hydrating the hydrophobic regions
(the alkyl tail and isopropyl/backbone moiety, respectively). Sur-
factants suppress the thermoresponse of PNIPAM by replacing
the water environment around its hydrophobic moieties with that
of the micelle tails, thereby removing the driver of polymer col-
lapse. Furthermore, when considering the micellisation of ionic
surfactants, counterions must be bound to surfactant head-groups
in order to stabilise the micelle. The condensation of these counte-
rions carries an entropic penalty of its own. The polar amide moi-
eties of PNIPAM could assist in stabilising the ionised surfactant
head-groups without imposing an additional entropic penalty, as
has been shown to be the case for polyelectrolytes [30,33]. The
reduction in counterion condensation would help explain why
anionic surfactants show a strong affinity for PNIPAM.

Despite hints as to the effect of the head-group on PNIPAM-
surfactant interaction from PEO systems, we emphasise that the
phenomenological experiments we review do not measure the
affinity of the tested surfactants to the polymer, only their effect
on its behaviour. Experiments that measure the structure of the
polymer-surfactant system or associated binding ratios only study
the anionic surfactant SDS. There is, therefore, no direct evidence
that the surfactant head-group controls the interaction between
the surfactant and PNIPAM - only that anionic surfactants have a
greater effect on its thermoresponse. In this work, we will measure
both the effect surfactants have on the conformation of a polymer
brush, and their concentration within the brush layer. Through
these measurements, we will demonstrate that prior observations
of head-group dependent behaviour are due to changes in
polymer-surfactant affinity, thereby showing that hydrophobic
explanations of PNIPAM-surfactant behaviour are insufficient.

1.3. Effect of the brush geometry

The discussion above has focused on existing studies of
PNIPAM-surfactant systems, which are generally conducted in
solution or upon polymer microgels. The effect of confinement
must be considered when translating solution-phase experiments
to the brush geometry. For instance, inter-chain repulsion is more
dominant in a brush than in a solution due to the proximity of
neighbouring chains. This is comparable to a concentrated polymer
solution or a polymer microgel but not identical, as the unoccupied
space above the brush allows for anisotropic chain extension.
There have only been two studies of the influence of surfactants
on PNIPAM in the brush geometry, which examined the hydrody-
namic radius of PNIPAM-coated silica nanoparticles in SDS
[13,20]. The findings of these studies are in line with solution
and microgel work, as outlined above and discussed in the Sup-
porting Information. Work on interfacially adsorbed PNIPAM [19]
as well as similar neutral planar polymer brush systems [14,11]
have been able to resolve the changes in polymer structure as sur-
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factant is added. Observed behaviour has been consistent with
free-polymer behaviour in these systems. While more complex
behaviour has been observed in polyelectrolyte systems with
oppositely charged surfactants [12], we anticipate that the trends
observed in free-polymer and microgel systems will translate to
the brush geometry.

2. Materials and Methods
2.1. Materials

Native oxide silicon blocks (100 mm diameter, 10 mm thick)
were used as brush substrates for NR experiments, whilst appro-
priately sized wafers were cut from native oxide silicon wafers
(100 mm diameter, 1 mm thick) for ellipsometry experiments;
wafers were purchased from EL-CAT Inc. (USA). Thermally treated
silicon wafers with an oxide layer thickness of 82 nm (determined
via ellipsometry) were used for fixed-angle optical reflectometry
(FAOR) experiments. QSensor QSX 303 SiO, 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% SDS, rinsing with MilliQ water, and drying under nitrogen.
Reagents used in the synthesis of the PNIPAM brushes are detailed
in the Supporting Information.

The surfactants cetyltrimethylammonium bromide (CTAB,
>=99%), dodecyltrimethylammonium bromide (DTAB, >=98%), hex-
aethyleneglycol monododecyl ether (Cq2Eg, >=98%), sodium dode-
cylbenzenesulfonate (SDBS technical grade), dodecylpyridinium
chloride (DPyC, >=98%) and SDS (>=98%) were purchased from
Sigma Aldrich. SDS was recrystallised in ethanol before use, while
the remaining surfactants were used as received. The deuterated
surfactants dSDS and dCTAB were purchased from Cambridge iso-
tope laboratories and used as received. dCy,Es was synthesised at
the Oxford Deuteration Facility (STFC). The chemical structures of
the surfactants used in this work, and a brief literature review of
their CMC® as a function of temperature, is included in the Sup-
porting Information. CMC® values and degrees of ionisation are
summarised in Table 1.

2.2. Polymer synthesis

PNIPAM brushes were grafted-from silicon substrates via acti-
vators regenerated by electron transfer atom transfer radical poly-
merisation (ARGET-ATRP) [49,50], as per the protocol of
Humphreys et al. [51]; full details of the method are included in
the Supporting Information. For NR modelling, brushes are charac-

terised by their interfacial volume (V1), which is the volume of
polymer per unit area, with units of length [52]. The dry thickness
and interfacial volume of the brushes used in this work are detailed
in Table 2.

Table 1

Critical micelle concentrations and degrees of ionisation () of the surfactants used in
this work in pure water at 25 °C. For the temperature dependence of the CMC see
Figure S2.

surfactant CMC® | mM o
SDS 8.07 [34-37] 0.26 [38,39]
SDBS 2.83 [40,41] 0.76 [42,43]
DTAB 14.80 [43,44] 0.21 [44]
CTAB 0.93 [34] 0.23 [38]
DPyC 16.95 [45] 0.38 [46,47]
C12Es 0.06 [48] -
Ci2Es 0.07 [36,48] -
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Table 2
Dry thickness of the brush samples used in this work.
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Dry thickness (nm)

Sample wafer type Ellipsometry NR Vi (nm)
A 100 mm block 12.9+0.3" 123 11.2
B 100 mm block 13.3+0.2" 13.2 11.6
C 20 mm wafer 19.6 + 0.2 — ~ 188
D 20 mm wafer 60.94 + 1.4 — ~ 55%
E QCM-D sensor ~ 13 - ~ 128
F QCM-D sensor ~ 20° - ~18¢
G thermal oxide wafer 15-17 - ~15-17%

§ Interfacial volume cannot be directly calculated using ellipsometry; values are approximated as 90% of the dry thickness, according to our previous work [52].

* Approximated from a sibling wafer synthesised in the same reaction mixture.
T Taken from 5 points over the wafer surface. Error is the standard deviation.

* Taken from 16 measurements over a 40 x 40 mm area in the centre of the wafer, see Figure S7. Error is the standard deviation.

2.3. Fixed angle optical reflectometry

FAOR was conducted in an impinging-jet flow geometry as
described by Dijt et al. [53]. To increase sensitivity FAOR measure-
ments were performed on silicon wafers with a thick 82 nm silica
layer formed by thermal oxidation (Sample G, Table 2) [53]. A full
description of the analysis method is included in the Supporting
Information.

The geometry of the FAOR cell makes the technique ideally sui-
ted to study adsorption kinetics, as the measurement is carried out
at the stagnation point. Measuring at the stagnation point means
that solvent-exchange over the illuminated area is extremely rapid
and as such can be used to accurately measure surfactant adsorp-
tion kinetics [54,55]. Figure S4 shows that the approach to equilib-
rium is fast, occurring over ~3 min at 0.5xCMC® and within a few
seconds at 2xCMCF. As all other measurements in this study were
given at least twenty minutes to equilibrate upon a change in sur-
factant condition, we are confident that all results reported here
are indeed at equilibrium.

2.4. Ellipsometry

A Woollam M-2000 spectroscopic ellipsometer was used for the
ellipsometry studies in this work. Dry measurements were taken
between 60 and 75° inclusive at 5° intervals. Solvated spectro-
scopic ellipsometry measurements were performed at 75° with
the sample contained in a Woollam 5 mL heated horizontal liquid
cell atop a Woollam HLC-100 heating stage that provided temper-
ature control. Temperature-dependent measurements were per-
formed as a function of increasing temperature (i.e., low to high),
with a thermal equilibration time of 35 min at each step. Solution
changes were made by pumping at least 50 mL of fresh solution
through the cell. For solution changes where a different surfactant
was used the cell was flushed with 100 mL of MilliQ water before
the injection of the new solution. Measurements were performed
under static conditions once the solution exchange was completed.
Samples C and D were studied with ellipsometry; details relating
to data analyses are documented in the Supporting Information.

2.5. QCM-D

QCM-D studies were performed using a QSense Analyzer (Biolin
Scientific) and 5 MHz QSensor QSX 303 SiO, sensors, with mea-
surements carried out as a function of surfactant concentration
and temperature. In all experiments all four cells in the QSense
analyser were utilised, two cells contained blank silica-coated sen-
sors, while the remaining cells contained samples E and F. 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. All experiments began in MilliQ water,

and were not commenced until all sensor frequencies exhibited
less than 0.1 Hz min~! drift; this typically occurred around an hour
after the cells were filled. Surfactant concentration sweeps were
always conducted from low to high concentration, and sensors
and tubing were washed with ethanol before surfactant identity
was changed. Temperature sweeps were conducted from low to
high with a minimum equilibration time of 20 min and were mon-
itored through the built-in thermostat. Temperature effects on sen-
sor frequency were accounted for via the method outlined in the
Supporting Information (Figure S14). All reported Af values have
already been divided by the harmonic number; this is done auto-
matically by the QSense monitoring software.

2.6. Neutron reflectometry

Specular neutron reflectometry measurements were conducted
using the Platypus reflectometer at the 20 MW OPAL reactor
(ANSTO, Sydney) [56]. Measurements were made at angles of 0.6
and 3.6° for dry samples and 0.8 and 3.5° for solvated samples,
yielding useful data within Q-ranges of 0.0073 to 0.31 A~! and
0.0096 to 0.31 A~! respectively. Choppers 1 and 4 were used for
all experiments, and data reduction was performed using refnx fol-
lowing the standard procedure for Platypus [56], 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 temperature of which were con-
trolled by a Julabo FP50-HE heater/chiller unit. The experiments
were performed in D,0-deuterated surfactant solutions to max-
imise contrast between the brush and the solvent, and in water
contrast-matched to the SLD of PNIPAM (19.7 vol% D,0, balance
H,0 — hence referred to as CM) to highlight scattering from
deuterated surfactants (see Table S4 for SLDs). Previously, PNIPAM
has been observed to behave similarly in H,O and D,0, as mea-
sured by ellipsometry and NR, respectively; as such, it is expected
that isotope effects will be of secondary importance here [57,51].
Hydrogenous surfactant was not used in any of the NR experiments
as it would have interfered with the determination of brush struc-
ture (in D,0) and not been visible in CM solution.

Two PNIPAM brush coated wafers were used for the NR mea-
surements. This was done to increase throughput during the NR
beamtime and prevent complexation between cationic and anionic
surfactants. One wafer was used for SDS and C;,Es measurements,
while the other was used for CTAB measurements. Both wafers
were synthesised using the methodology described above and
detailed in the Supporting Information, and both wafers had simi-
lar V; (Table 2).

Collected NR data were analysed using the refnx reflectometry
analysis package [58]. In keeping with our previous work [52],
we enforce monotonicity (i.e., volume fraction must decrease as
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distance from the substrate increases) for samples in pure D50, as
no theoretical justification for non-monotonicity in neutral poly-
mer brush profiles exists. However, it has recently been shown that
non-monotonic volume fraction profiles can arise in more compli-
cated or non-homogeneous systems [59-61]. As such, non-
monotonicity was allowed in our model when a surfactant was
present in the system. A modified freeform profile was used to
analyse the NR data collected from deuterated surfactants in CM
solution. In this modified model, the extent of the freeform profile
was fixed based on the corresponding D,0 contrast data and vol-
ume fraction knots were defined absolutely (as opposed to being
relative to the previous knot). A thorough explanation of the
model, including a schematic of the volume fraction and SLD pro-
files, is included in the Supporting Information.

3. Results and discussion

We first investigate the effect that surfactants have on the
structure and thermoresponse of a PNIPAM brush, before proceed-
ing to measure the amount of surfactant that adsorbs within the
brush. Throughout this section we report surfactant concentration
relative to its CMC in pure water at 25 °C (denoted as CMC®, values
in Table 1). This assumption is valid, as even for the highest poly-
mer to surfactant volume ratio experiment (nonionic NR study),
the number of moles of surfactant in the exchanged solution were
an order of magnitude higher than the number of polymer repeat
units. It is important to note that the CMC is a function of system
temperature, so care must be taken when examining behaviour
in systems where the temperature varies. The CMC of the
surfactants used in this work has previously been investigated over
the temperature range we cover here [34,35,62,36,63,37,43,40,64,
47,44,45,48]. A summary of prior work is provided in Figure S2.
The CMC values for the surfactants studied do not change by more
than 15% over the temperature range investigated here.

3.1. Structural response of PNIPAM to different surfactants

Here, ellipsometry was used to measure the LCST of PNIPAM
brushes as a function of surfactant identity and concentration.
Ellipsometry measurements were carried out on two brushes, with
thicknesses of 20 and 61 nm (Samples C and D), which allows for a
brief investigation into the effect of polymer molecular weight on
the PNIPAM-surfactant interaction. Different modelling techniques
were required for each brush thickness, as detailed in the Support-
ing Information. The LCST is taken as the centre of the sigmoidal fit
to the plots of thickness against temperature, as is standard for
such analyses [51]. Fig. 1 is derived from the thickness vs. temper-
ature plots shown in Figures S5 and S6. The thermoresponse was
considered suppressed (i.e., no observable LCST) when there was
no decreasing inflection in the fitted sigmoidal profile.

Fig. 1 reveals that anionic surfactants have a drastic effect on
the thermoresponse of PNIPAM, whilst nonionic and cationic sur-
factants do not. The anionic surfactants SDS and SDBS completely
suppressed the collapse of the PNIPAM layer over the investigated
temperature range at concentrations in excess of 1xCMC®. Con-
versely, C;,Es, DTAB, DPyC and CTAB did not appear to shift the
transition temperature from its nominal aqueous value of 32 °C
(Fig. 1) by more than a few degrees. The brush thickness was not
a factor in the overall behaviour of the polymer-surfactant system;
both brushes exhibited a swelling ratio (wet thickness divided by
dry thickness) of ~6 at 1xCMC® SDS and 25 °C. Similarly, the brush
thickness did not change the (negligible) effect of cationic surfac-
tants. Patel et al. [7] show that polymer molecular weight can
affect the interaction of PNIPAM with cationic and anionic surfac-
tants for low molecular weight (<12 kDa) polymers. The polymers
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Fig. 1. Ellipsometrically determined LCST of Samples C (filled symbols) and D
(hollow symbols), derived from fitting a sigmoid to ellipsometric thickness against
temperature (see Figures S5 and S6). Anionic surfactants (SDS and SDBS) dramat-
ically raise the LCST of PNIPAM; such behaviour is not observed for cationic (DTAB,
DPyC or CTAB) and nonionic (Cy3Eg) surfactants. The vertical arrows indicate that
the brush did not exhibit a LCST in the temperature range probed at surfactant
concentrations above this point.

here have molecular weights of approximately 200 to 600 kDa>; for
polymers of this size, molecular weight does not appear to have a
significant effect on the interaction of PNIPAM with surfactant.

Further insight into the effect of surfactant on the conformation
of PNIPAM brushes is provided by NR. The volume fraction profiles
shown in Fig. 2 are derived from NR experiments of hydrogenous
polymer brushes in deuterated surfactant-D,0 solutions. We stud-
ied the structure of the system at 0.5xCMC® and 2xCMC" for SDS,
and 2 xCMC® for CTAB and C;,Es. The SDS values were chosen such
that they were below and above the CMC, respectively, regardless
of the effect of temperature (see Figure S2). 0.5xCMC® measure-
ments were omitted for the nonionic and cationic surfactants, as
our ellipsometry experiments (Fig. 1) indicated that they had no
meaningful effect on the brush structure below their CMC.

We first discuss the features evident in the reflectometry data,
shown in the insets of Fig. 2, before discussing the output of the
modelling. In water, the reflectometry data transition from profiles
without strong features (25 °C), to profiles exhibiting two distinct
Kiessig fringes (40 °C). The reflectometry profiles collected from
SDS systems do not follow the same trend as the pure D,0 profiles.
At 0.5xCMC"” of SDS the profile lacks strong features at both 25 and
32 °C, indicating that the layer remains swollen at both conditions.
The fringe spacing at 40 °C is less well defined than in pure water.
At 2xCMCF of SDS the reflectometry profile is independent of tem-
perature, most closely resembling the water profile at 25 °C. These
reflectometry profiles suggests that SDS causes layer swelling at
0.5xCMC® and completely suppresses the thermoresponse of PNI-
PAM at 2xCMC?®, consistent with the ellipsometry experiments in
Fig. 1. Reflectometry profiles collected from PNIPAM in 2xCMC®
Cq2Es (Fig. 2d, inset) and CTAB (Fig. 2e, inset) solutions follow a
similar trend to the pure D,O profiles, strongly suggesting that
these surfactants do not significantly change the polymer brush’s
structure.

The reflectometry profiles discussed above were analysed using
the freeform modelling method documented in our earlier work
[52] (the dataset from Fig. 2a was used as the exemplar dataset
in that work). The modelled profiles support the interpretation
drawn from the reflectometry data in the above paragraph. PNI-
PAM is more swollen in 0.5xCMC® SDS than in water, while the
thermoresponse is completely suppressed at 2xCMC®. The

3 From the results of Murdoch et al. [57], assuming that molecular weight scales
linearly with dry brush thickness
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Fig. 2. Polymer volume fraction profiles at 25, 32 and 40 °C with (inset)
corresponding modelled NR profiles and collected data. The solvent environment
for each set is as follows (a) pure D,0, (b) 0.5xCMC* dSDS, (c) 2xCMC® dSDS, (d)
2xCMC® dCy;,Es and (e) 2xCMC® dCTAB; in all conditions the solvent is D,0. The
temperature dependence of the CMC for equivalent hydrogenous surfactant
systems is shown in Figure S2. The NR profiles (inset) are vertically offset for
clarity. Measurements in (a-d) were carried out on the same wafer (V; = 11.2 nm),
measurement in (e) was carried out on a sister wafer (V; = 11.6 nm), control
measurements are shown in Figure S8. Data and profiles in panel (a) are reproduced
from the work of Gresham et al. [52], where they served as an exemplar dataset.
Expanded reflectometry profiles are included in Figure S12.

thermoresponse of PNIPAM in other surfactants is mostly
unchanged. The freeform modelling process does, however, reveal
two features that are worthy of further discussion. Firstly, the pres-
ence of all surfactants at 2xCMC® and 25 °C appear to reduce the
volume fraction of the substrate-proximal layer. This substrate-
proximal layer has been previously observed in NR studies of
PNIPAM brushes [57], and is thought to consist of physisorbed
segments of the PNIPAM brush. The reduction of the layer
volume-fraction upon the addition of surfactant indicates that
the surfactant is displacing PNIPAM at the silica-polymer interface.
The second interesting feature in the modelled profiles is the lack
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of significant non-monotonicity in the collapsed brush systems
(Fig. 2b-e). Previous NR work on polyelectrolyte copolymer
brushes has shown that the analysis method used here is capable
of accounting for significant non-monotonicity due to an uneven
distribution of charge throughout the brush [60,61,65]. No such
significant non-monotonicity is observed here, indicating that the
distribution of surfactant is reasonably consistent throughout the
brush. Small polymer-depleted regions are observed close to the
substrate, perhaps due to the aforementioned adsorption of surfac-
tant at the silica-polymer interface. Regardless, these polymer-
depleted regions are small features that do not meaningfully
change our interpretation of the reflectometry data.

3.2. Adsorption of surfactant within the PNIPAM layer

We now turn from the effects of various surfactants on a PNI-
PAM brush to an examination of surfactant adsorption within the
brush. Here we use FAOR supported by QCM-D to approximate
the adsorbed amount of surfactant, and NR to determine the distri-
bution of surfactant within the brush layer.

QCM-D measurements at 20 °C are presented in Fig. 3, which
show the change in frequency, Af, and the change in dissipation,
AD, as a function of surfactant concentration and identity for the
314, 5™ and 7" harmonic. Fig. 3 reveals that Af and AD are much
greater in magnitude upon the addition of SDS than CTAB or
C12E6. A negative Af and positive AD, as seen for SDS, are indicative
of a swelling brush [51]. Conversely, a negative Af and a AD of zero,
as seen for CTAB and Cy,Eg, is indicative of adsorption within the
brush layer without any change in brush swelling — one explana-
tion for these observations is that CTAB and C;,Eg are adsorbing at
the silica-polymer interface. We note that the collected Af and AD
signal for CTAB and C;,Eg on the PNIPAM sensors were similar to
the signal collected from bare silica (shown in Figure S15). The
similarity between the PNIPAM brush and a bare silica surface
for CTAB and C;;Eg indicates that the results shown in Fig. 3 can
be explained by adsorption of CTAB and CiEs at the substrate
(rather than adsorption into the polymer layer). An alternative
explanation could be that the change in solution viscosity are
responsible for the Af and AD signals; a change in ionic strength
can not explain the behaviour as Cy,Eg is nonionic. However, CTAB
and Cq,Eg are present at very low concentrations and are expected
to have a negligible impact on the solution viscosity (<0.3% for
CTAB [66]) over the concentrations studied.

Furthermore, examining the differences between the harmonics
in Fig. 3 also supports the substrate-adsorption model. Higher har-
monics do not penetrate as far into the brush layer, and as such are
sensitive to different regions within the brush than lower harmon-
ics [67]. For SDS, the change in frequency decreases at higher har-
monics, which indicates that mass is adsorbing a considerable
distance from the substrate, i.e., within the brush periphery. A
greater increase in mass in the brush periphery is consistent with
a swelling polymer brush. Conversely, the frequency and dissipa-
tion do not change as a function of harmonic number with the
addition of CTAB and C;,Eg, indicating that there is no layer swel-
ling and that the adsorbed mass is concentrated at the base of the
brush (detectable by all harmonics). This substrate interaction is
not surprising, as both CTAB and C;,Eg have been shown to adsorb
to silica surfaces [68,69].

The behaviour of the PNIPAM-SDS system as a function of tem-
perature was also investigated by QCM-D, with results shown in
Fig. 4. The addition of SDS results in a significant decrease in Af
and increase in AD for the PNIPAM coated QCM-D wafer at 20 °C
(as in Fig. 3). As temperature increases in pure water, a positive
Af and negative AD indicate a collapsing brush. As surfactant
concentration is increased this trend disappears, with Af and AD
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Fig. 3. Change in (a) normalised frequency and (b) dissipation of harmonics 3, 5 and
7 for a 13nm PNIPAM brush as a function of surfactant concentration and identity at
20 °C. Af and AD are reported relative to the 1 mM NaNOs condition, and Af values
are divided by the harmonic number. All harmonics are shown for all surfactants,
but are identical for cationic and nonionic surfactants. The addition of SDS causes
significant changes in both Af and AD, while CTAB and C;,E¢ induce only small
changes in Af. This indicates that SDS causes PNIPAM to swell, while CTAB and
C12E6 do not. In Figure S15 is can be seen that the Af and AD values for CTAB and
Cy;Eg are similar for both the PNIPAM brush and bare silica substrate. Here CTAB is
near its Krafft point, which is likely the reason that the signal plateaus before
reaching 1xCMC".

values becoming relatively independent of temperature. This indi-
cates that the layer swells as surfactant is added, and no longer
undergoes a thermal collapse over the temperature range investi-
gated — the same behaviour observed via ellipsometry (Fig. 1).

FAOR was used to provide further insight into the adsorption of
surfactants within the brush layer. Fig. 5 shows the change in
adsorbed mass as a function of surfactant concentration for several
different surfactants; three key conclusions can be drawn from
these results. Firstly, the adsorbed mass of surfactant increases lin-
early between the CAC and CMC®, and plateaus after the CMC® is
reached. Secondly, the adsorbed mass of anionic surfactants at
1xCMCF? is higher than comparable cationic or nonionic surfac-
tants. Thirdly, the adsorbed mass of cationic and nonionic surfac-
tants is non-zero; instead, they are approximately one-third of
the value for the anionic surfactants. This third point implies that
while all surfactants are concentrated within the brush layer (to
some degree), only anionic surfactants have an appreciable effect
on polymer conformation. However, we must stress here that the
swelling of the PNIPAM layer during a FAOR experiment will lead
to a reduction in the sensitivity (see Supporting Information),
which will result in the calculated adsorbed amount of surfactant
being underestimated relative to systems that do not swell; this
is likely the case for the SDS system here.

Of course, if the polymer-surfactant system follows the pearl-
necklace model, then the parameter of significance is the charge
on the adsorbed micelles, which can be calculated from the mass
of the adsorbed surfactant and the degree of ionisation (Table 1).
Fig. 5b approximates the adsorbed charge for all surfactants stud-
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ied based on the adsorbed mass, the surfactant molecular weight
and the degree of ionisation. We find that the adsorbed charge
(as determined by FAOR) is substantially higher for SDS than it is
for CTAB (and obviously infinitely greater than for nonionic C;,Eg).

Now, we move on to examining the distribution of surfactant
within the polymer layer through NR data collected from the CM
system. Here, the primary contribution to the reflectometry pro-
files comes from surfactant adsorbed within the PNIPAM brush
layer because the solvent (19.7 vol% D,0, balance H,0) SLD has
been matched to the SLD of PNIPAM. As before, we first discuss
the trend in the reflectometry profiles, shown in the insets of
Fig. 6. In each inset two profiles are shown: that from the PNIPAM
brush in pure CM (where there is only a small contribution from
PNIPAM to the reflection pattern) and that from the PNIPAM brush
in the deuterated surfactant-CM solution. The difference between
these two reflection profiles emphasises that the presence of
deuterated surfactant significantly changes the reflectivity.

The 0.5 xCMC® SDS sample (inset of Fig. 6a, b) displays minimal
divergence from the pure CM sample at 25 °C, save for the devel-

opment of a slight fringe at Q = 0.1 A", This fringe deepens as
the sample is heated to 40 °C, which results in the reflectometry
profile diverging further from that of the pure CM sample, indicat-
ing that surfactant is being concentrated in the collapsed brush
layer. Interestingly, the fringe location does not change, only its
depth, indicating that the corresponding feature changes in volume
fraction, but not in thickness. The reflectivity of the 2xCMC® SDS
sample (inset of Fig. 6¢, d) deviates significantly from the pure
CM sample at both 25 and 40 °C. Surprisingly, the reflectivity from
the 2xCMC® C;;Es (Fig. 6e-f, e-f, inset) and CTAB (Fig. 6g-h, g-h,
inset) samples also deviate from the pure CM sample. The 25 °C
C13E5 and CTAB samples roughly resemble the 0.5xCMC® 25 °C
SDS data, while the 40 °C samples feature fringes that correspond
to a ~20 nm thick slab-like layer of surfactant. These profiles are
remarkable, as no change was observed in the corresponding
polymer-contrast profiles (Fig. 2d and 2e compared to 2a), mean-
ing that surfactant is present within the layer without changing
the structure of the layer.

The CM datasets were modelled with a modified version of the
freeform profile used for the brush, detailed in the Supporting
Information. Parallel Tempered Markov Chain Monte Carlo
(PTMCMC) [71,72] sampling was used to determine the distribu-
tion of profiles that provided acceptable fits to the data. A descrip-
tion of the PTMCMC method can be found in our previous work
[52], while details of its application to the datasets at hand can
be found in the Supporting Information (Figure S10). For many of
the datasets in Fig. 6 multiple families of profiles were found that
adequately matched the collected data (Figure S10). From these
families, only one was found that approximately matched the
adsorbed amount of surfactant indicated by FAOR and QCM-D;
the profile of best fit from the family that matched additional
experiments were selected for presentation. Incorporating the
adsorbed amount of surfactant into the model as an additional
prior distribution (as was done for the polymer contrast) was not
possible here, as layer thickness was encoded instead. Utilising
our knowledge of the adsorbed amount in the selection of the prior
profile achieves the same outcome.

The accepted profiles are presented in Fig. 6, with correspond-
ing SLD profiles included in Figure S11. These profiles show where
in the brush the surfactant is located, and allow us to calculate the
volumetric binding ratio in the bulk of the brush. There is very lit-
tle surfactant observed in the 0.5xCMC® SDS, 2xCMC® Cq,E5 or
2xCMC® CTAB sample at either 25 or 40 °C. At these conditions,
modelling reveals an enriched surfactant region near the substrate,
with a uniform distribution of surfactant throughout the rest of the
layer. At 40 °C the surfactant seems to be expelled from the poly-
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mer layer, as the surfactant:polymer volume ratio is much higher
at 25 °C than 40 °C. As might be expected, the surfactant volume
fraction is highest in the case of 2xCMC® SDS. An SDS-enriched
region is observed near the interface, while the volume fraction
of SDS is proportional to that of the polymer throughout the bulk
of the brush, with a volumetric binding ratio is approximately 1.
We stress that the similarity between the polymer and surfactant
volume fraction profiles across all measurements is not due to a
poor contrast match or a change in PNIPAM deuteration state, as
the control measurements (in black, Fig. 6) were done immediately
before the CTAB and C;,Es measurements, with all surfactant solu-
tions using the same CM precursor.

The NR results (Fig. 6) along with the FAOR results (Fig. 5) yield
estimates of the binding ratio between the surfactant and the poly-
mer, as shown in Fig. 7. Above the CMCF, the SDS:PNIPAM (mass)
binding ratio is approximately 1.3, which is similar to the values
reported by Mylonas et al. [23] and Mears et al. [5], (0.6 and 0.5,
respectively). The difference can be explained by the sensitivity
of CM NR to all polymer-proximal surfactant, rather than just
bound surfactant. Similarly, the higher binding ratio of Chen
et al. [3] (~8) could be due to the sensitivity of their diffusion
NMR to all surfactant that is mechanically coupled to the polymer
(which would be higher in the untethered-polymer case than in a
brush). It is interesting to note that in the case of polymer-
surfactant systems where the surfactant has not suppressed the
thermoresponse of the polymer (i.e. CTAB, C;;3Ee, and low concen-
tration SDS), the binding ratio is seen to reduce markedly as a func-
tion of temperature, which may be interpreted as the surfactant
being expelled from the brush during this transition. For the sys-
tem with 2 x CMC® SDS, the surfactant:polymer ratio in the layer
is unchanged with temperature and the thermoresponse of the
polymer is correspondingly suppressed.

3.3. Effect of surfactant head-group

Ellipsometry, QCM-D and NR convincingly show that anionic
surfactants affect both the structure and thermoresponse of PNI-
PAM in the brush geometry. Such behaviour has been reported pre-
viously for untethered PNIPAM [21,8,5,8,73,10,23,7] and
nanoparticle-grafted PNIPAM brushes [20]. As found in the
untethered-polymer literature, we find that SDS at the CMC is able
to completely suppress the thermoresponse of PNIPAM over the
temperature range probed (here, 20 to 45 °C). We find that the
effect of SDS on PNIPAM plateaus above the surfactant CMC; this
plateau is not always observed in untethered-polymer literature
[7], likely because these experiments were conducted below the
polymer saturation point, so the Cge. never reached the CMC. In
contrast, the cationic and nonionic surfactants studied here have
a negligible effect at concentrations around their CMC, agreeing
with prior phenomenological studies [7,8,9,10,15].

We contribute to this body of literature by adding an elucida-
tion of polymer-surfactant interaction through quantifying surfac-
tant adsorption into the polymer layer. By quantifying both
polymer conformation (the effect of the surfactant) and the pres-
ence of surfactant in the layer (the affinity of the surfactant for
the polymer), we can unpick the mechanism behind the PNIPAM-
surfactant interaction. The obvious question raised by literature
and the above findings is this: Why do DTAB/CTAB/DPyC (cationic
surfactants) have such a markedly different effect on the behaviour
of PNIPAM compared to SDS/SDBS (anionic surfactant)? Prior work
(that typically examines only SDS) has claimed that SDS interacts
with PNIPAM through the surfactant tail group binding to the
hydrophobic polymer backbone [24,4,5,10]. The interaction model
indicates that DTAB, C;,Eg and SDS would have similar affinities for
PNIPAM, which would result in similar adsorbed amounts. How-
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Fig. 6. SDS, C;,Es and CTAB volume fraction profiles derived from NR experiments where the solvent SLD is matched to that of PNIPAM, shown alongside PNIPAM volume
fraction profiles (dashed black lines) from the D,O measurements in Fig. 2 for reference. Reflectometry profiles are inset, and are shown against data from the pure CM system
(black), to illustrate that there is a significant change in the reflectometry profile when surfactant is added. The modelled profiles show all surfactants appear to aggregate at
the silica interface and associate with the polymer throughout the entire layer. SDS associates to a much greater degree than both C;,E5; and CTAB. Model uncertainties are

quantified in Figure S10 using our established method [70].

ever, our QCM-D, FAOR and CM NR experiments clearly show that
SDS adsorbs in much greater amounts than the other surfactants.
When considering the effects of surfactants on neutral polymers
it is primarily the adsorbed charge, not the adsorbed mass, that
dictates polymer conformation; both quantities are provided for
surfactants above their CMC in Fig. 5b. The adsorbed charge is sig-
nificantly lower for cationic surfactants compared to anionic sur-
factants, especially as the swelling induced by the latter will lead
to their adsorbed mass being underestimated. Still, it is clear from
both FAOR and QCM-D that there is some interaction between
cationic surfactants and the PNIPAM brush. NR reveals the nature
of this interaction, showing that, while some of the adsorption
measured by other techniques is due to interaction with the sub-
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strate, both CTAB and C;3E5 do interact with PNIPAM throughout
the brush layer.

We conclude that the interaction between SDS and PNIPAM
cannot be solely driven by the hydrophobic effect between the sur-
factant tail and the hydrophobic moieties on the polymer, as previ-
ous studies have suggested [4,6,24]. From Figs. 1, 3, 5, and 6, as
well as other work [7,10,8], we see that the surfactant head-group
plays a significant role in the interaction between PNIPAM and sur-
factants. This head-group dependent behaviour has been observed
in molecular dynamics studies of the PEO-surfactant system
[28,29,74,75]. We believe that the best model for PNIPAM-SDS
interaction is one where the polymer binds to the surface of the
surfactant micelle — the same mechanism proposed for SDS-PEO
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Fig. 7. The binding ratio between surfactant and polymer as estimated via FAOR
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(CTAB, Cy3Eg, and low concentration SDS), the binding ratio is seen to reduce
considerably at higher temperatures where the collapsing brush expels the
surfactant. With the higher concentration if SDS, the collapse is suppressed and
the surfactant:polymer ratio is unchanged.

systems by Shang et al. [29]. In this model, the hydrophobic moi-
eties of PNIPAM bind to the exposed regions of the micelle core,
reducing the surface energy of the micelle. The binding of
hydrophobic PNIPAM moieties to the micelle in this matter
matches the NMR study of Chen et al. [4], which finds that SDS
alkyl protons are near the isopropyl groups on the PNIPAM. Simul-
taneously, the PNIPAM amide forms ionic hydrogen bonds with the
anionic sulfate head-group, explaining the head-group depen-
dence observed here and elsewhere [7,8,10,18].

It appears that there is also a mechanism through which the
local concentration of the surfactants studied here is increased in
the presence of PNIPAM without strongly affecting polymer con-
formation. We draw this conclusion primarily from Fig. 5b and
the surfactant volume fractions in Fig. 6, which show that cationic
and nonionic surfactants are present in the brush layer at concen-
trations where SDS has some effect on the thermotransition. This
fits with reports of cationic surfactants having a small effect on
the behaviour of PNIPAM [7,10,76,77,78]. The mechanism behind
this behaviour could be polymer-induced aggregation, the second
mode of surfactant interaction observed by Walter et al. [6], where
the presence of polymer increases the local concentration of sur-
factant by facilitating the formation of transitory surfactant aggre-
gates below the CMC®. These surfactant aggregates are not
strongly bound to the polymer, and hence do not strongly affect
the polymer behaviour.

Finally, we also note that the magnitude of contribution of
counterion condensation on the surfactant/polymer system
changes with salt concentration; we will explore this for the PNI-
PAM/SDS/NaCl system in a future paper.

4. Conclusion

We have investigated the effects of anionic, cationic and non-
ionic surfactants on the behaviour of a PNIPAM brush, finding that
only anionic surfactants induce swelling in, and suppress the ther-
moresponse of, PNIPAM. These finding are consistent with phe-
nomenological studies of the untethered system [7,10,8]. Using
QCM-D, FAOR and NR we have quantified the amount and distribu-
tion of surfactant adsorbed within the brush, revealing that the pri-
mary reason for the exceptional behaviour of the anionic system is
that anionic surfactants have a greater affinity for PNIPAM.
Contrast-varied NR indicates that the SDS:PNIPAM mass binding
ratios of approximately 1:1 above the CMC®, agreeing reasonably
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well with the values reported by Mylonas et al. [23] and Mears
et al. [5]. Conversely, we find binding ratios of cationic and non-
ionic surfactants to be much lower, approximately 0.2:1 at 25 °C.
As part of this work, we have demonstrated that it is possible to
determine the concentration profiles of an adsorbent within a
polymer brush and developed new techniques for the analysis of
such systems.

The difference we observe in the affinity between surfactant
types implies that the polymer-surfactant interaction is mediated
in-part by the head-group, and by extension the electrostatic
interactions it undergoes, rather than exclusively by the tail as
often reported [3,4,6,79]. We suggest that the PNIPAM-surfactant
interaction is the same as the model proposed for PEO-surfactant
systems. In this model, the polymer adsorbs onto the micelle sur-
face, with the hydrophobic polymer moieties in contact with the
hydrophobic surfactant tail, and the hydrophilic polymer moieties
forming ionic hydrogen bonds with the surfactant head-group
[28]. However, our results indicate that the amount of surfactant
present within the layer can not completely account for the beha-
viour change, indicating that there may be a secondary mechanism
through which PNIPAM increases the local concentration of surfac-
tants that does not involve strong binding and subsequent
swelling.
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